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Preface
Subsequent to the discovery that small interfering RNAs (siRNAs) mimicking the Dicer
cleavage products can silence mammalian genes, RNA interference (RNAi) has become
the experimental tool of choice to suppress gene expression in a wide variety of cells and
organisms. The catalytic potency of siRNAs lies in the key discovery that endogenous
RNAi gene silencing machinery can be hijacked to artificially knock down genes of interest. Today, RNAi has also become a method of choice for key steps in the development of
therapeutic agents, from target discovery and validation to the analysis of the mechanisms
of action of small molecules. To date, several strategies have been devised to trigger the
RNAi pathway, each of which is adapted and optimized for different cell types. Although
considerable progress has been made recently in understanding how gene silencing is
mediated by the RNAi pathway, the rational design of therapeutic siRNAs devoted to offtarget effects is still a challenging task. Also strategic success of therapeutic siRNA or micro
(mi)RNAs will depend on the development of versatile delivery systems due to the poor
cellular uptake of naked RNA molecules. The purpose of this book is to provide readers
with the recent advances in siRNA design, delivery, targeting, and methods to minimize
siRNA unwanted effects. Preclinical and clinical use of synthetic siRNAs, the roles of miRNAs in cancer, and the promise of extracellular miRNAs for diagnosis are also covered in
this issue along with novel methods for identifying endogenous siRNAs and annotation of
small RNA transcriptomes.
To design an effective siRNA sequence, one must consider the base composition of the
chosen target site and whether it will be accessible. Delivery methods should be also considered when dealing with primary cells, preclinical, and clinical studies. Chapter 1 critically
reviews several parameters such as design, delivery, and chemical modifications that are
important for successful siRNA applications. Nanostructured RNAs capable of inducing
RNAi and new shRNA constructs are described in Chapters 2 and 3, respectively. With
respect to delivery, new siRNA formulations, including polymers, PGLA microspheres,
magnetic nanoparticles, microwell-based transfection as well as bacteria-based approaches,
are adequately described in Chapters 4–8.
The efficacy and safety of siRNA drugs heavily depends on their delivery to the
intended target. Selectively targeting siRNAs to diseased cells or tissues increases their
accumulation at the site of interest, thus increasing the silencing potency and limiting
toxicity to normal tissues. While Chapter 9 deals with direct injection of siRNAs into
tumors, Chapter 10 describes a strategy for siRNA delivery to hepatocytes for the treatment of chronic hepatitis B virus infection. Interestingly, the addition of a hepatocytetargeted endosome-releasing agent enhances gene silencing. Local delivery of siRNAs
avoids systemic exposure and reduces the likelihood of unexpected harmful effects elsewhere in the body as results of the unwanted siRNA effects. Chapter 11 deals with the
development of aptamers, which are in vitro-evolved RNA or DNA oligomers that bind to
target ligands with a high degree of specificity. Chapter 12 critically reviews the currently
used targeting strategies for directing siRNA molecules to desired cells, including peptides,
antibodies, and CpG oligonucleotides.
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Being RNA, siRNAs are prone to nuclease-mediated degradation in biological fluids,
which has a negative impact on their use in patients. Chapters 13 and 14 describe the development of nuclease-resistant siRNAs with the potential to progress into a new class of
therapeutic drugs against virus-related diseases and cancers.
Notably, the enthusiasm for siRNA-based therapies is reflected by the large number of
pharmaceutical companies pursuing this strategy. siRNA-targeted therapies could also be
used to enhance or to prevent resistance to standard chemotherapeutic agents or other
biological agents. Chapter 15 describes the design of a new vaccine formulation (dendritic
cells loaded with tumor antigens that have been transfected with an interleukin-10 siRNA)
capable of killing leukemic cells in a rat model of acute myeloid leukemia. Chapters 16 and
17 describe the use of siRNA in cancer patients. Reprogramming DC vaccines with siRNA
targeting immunosuppressive factors enhanced DC function and clinical responses in
patients with ovarian cancer. Moreover, targeting bcr-abl transcripts in a patient with
chronic myeloid leukemia with siRNA resulted in inhibition of BCR-ABL, which led to
chronic myeloid leukemia cell apoptosis without any associated adverse effects that could
be ascribed to the siRNA drug. These clinical studies should facilitate the progression of
synthetic siRNA-based drugs to clinical trials.
Although siRNAs are known to induce specific degradation of the target RNA in a
sequence-dependent manner, some concern has been raised about the specificity of gene
silencing. To overcome this challenge, multiple statistical and computational models have
been proposed in recent years to design functional siRNAs. Regardless of the method used,
in my opinion unwanted effects mediated by both the sense and antisense siRNA strands
cannot be eliminated. Chapters 18 and 19 provide researchers with reliable means to minimize off-targeting concerns associated with RNAi experiments.
Small noncoding RNA molecules such as miRNAs, are abundantly expressed in all cell
types and are involved in the regulation of key cellular process such as metabolism, proliferation, DNA repair, apoptosis, and differentiation. Dysregulation of certain miRNAs
expression in the cell was consistently observed during certain pathologies including cancers. Chapter 20 critically reviews the miRNA field and describes a method for gene silencing using intronic miRNAs. Chapters 21–23 describe new strategies for in silico identification
for novel endogenous siRNAs, annotation of small RNA transcriptomes, and a miRNA
capture affinity method, respectively. Chapters 24 and 25 critically review the involvement
of miRNAs in cancers and critically discuss the rationale and the strategies for the therapeutic targeting of miRNAs.
Recent studies have shown that, in addition to being expressed endogenously, miRNAs
can be secreted from cells. Most of these extracellular miRNAs are associated with lipid carriers known as exosomes, which are membrane-derived vesicles. A significant amount of
miRNAs were detected in all biological fluids including blood plasma, urine, and cerebrospinal fluids. The diagnostic potential of extracellular miRNAs for liver injury, cardiovascular, neurological, autoimmune, inflammatory, and metabolic diseases has been documented
by several studies. Chapter 26 describes the recent advances in using urinary miRNAs as a
new class of noninvasive biomarkers in oncology, nephrology, and cardiology.
Circulating exosome-containing small RNAs have been demonstrated in vitro to be
taken up by recipient cells and to alter gene expression through RNAi. Chapter 27 describes
an immunomagnetic method for the isolation of exosomes from human cell lines. This
improved isolation method should have utility in exosome characterization and clinical
applications. Previous work has shown that small RNA such as siRNAs and exosome-derived
miRNAs can bind to Toll-like receptors (TLR)-7/8 resulting in the activation of innate
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immunity. Chapter 28 describes the design of 2’-modified small RNAs capable of blocking
TLR-7/8 signaling and thus functioning as antagonists. Given the involvement of TLRs
in inflammatory diseases, the development of TLR antagonists might have clinical
applications.
Topics covered in this volume will be of interest to researchers, clinicians, teachers, and
biotech companies interested in RNA-based therapies. I would like to thank the authors for
their contributions, the series editor John Walker, and all those involved at Springer for the
production of the book. It is my hope that you will find the book informative and a valuable
addition to your textbook and laboratory bookshelf.
Oslo, Norway

Mouldy Sioud
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Chapter 1
RNA Interference: Mechanisms, Technical Challenges,
and Therapeutic Opportunities
Mouldy Sioud
Abstract
The ability to inhibit gene expression via RNA interference (RNAi) has a broad therapeutic potential for
various human diseases such as infections and cancers. Recent advances in mechanistic understanding of
RNAi have improved the design of functional small interfering (si) RNAs with superior potency and
specificity. With respect to delivery, new developments in delivery strategies have facilitated preclinical
and clinical siRNA applications. This review provides valuable insights to guide the design and delivery of
therapeutic siRNAs.
Key words RNAi, siRNA, Delivery materials, Clinical trials, Functional siRNAs
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Introduction
Although a comparable mechanism had been described in plants
earlier, Fire and Mello showed that double-stranded (ds) RNA can
effectively silence gene expression, when introduced into
Caenorhabditis elegans [1]. It was later discovered that dsRNA was
processed into 21–25 nucleotide fragments when introduced into
Drosophila cells [2, 3]. These fragments were termed small interfering (si) RNAs and proved to be the main effectors of RNA interference (RNAi) induction in mammalian cells [4]. Analysis of the
silencing phenomena in various species revealed that RNAi is a
widespread natural phenomenon that is conserved across fungi,
plants, and animals, and is induced not only by exogenous siRNAs,
but also several endogenous small RNA species such as microRNAs
(miRNAs) and piwi-interacting RNAs [5]. RNAi is involved in several processes such as cell growth, tissue differentiation, heterochromatin formation, and cell proliferation. Accordingly, RNAi
dysfunction is linked to cardiovascular diseases, neurological disorders, and cancers [6]. Although the use of synthetic siRNAs shows
great therapeutic promise, challenges with delivery as well harmful
off-target effects need to be resolved.
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Mechanisms of RNAi
To date, much effort has been made to understand the mechanisms
of RNAi mediated by exogenous and endogenous small RNAs.
The cellular origins of miRNAs and siRNA are somewhat different:
miRNAs are encoded in the genome whereas siRNAs may be
endogenous or arise via viral infection or other exogenous sources
[7]. miRNA genes are transcribed by RNA polymerase II into a
long noncoding RNA known as the primary miRNA (pri-miRNA)
that is processed by the ribonuclease III enzyme Drosha into 70-nt
pri-miRNA [7, 8]. Following its export from the nucleus by exportin-5, the pre-miRNA is further processed by cytoplasmic Dicer
and TAR RNA binding protein (TRBP) into a functional miRNA
duplex, which then assembles with Argonaute 2 (Ago2) protein to
form a miRNA-containing ribonucleoprotein complex, after which
the mature miRNA strand of 21–23 is selected (Fig. 1). Depending
on the homology to mRNAs, miRNA can lead either to mRNA
cleavage and degradation (complete homology) or to translation
inhibition (partial homology). In mammalian cells, miRNA-RISC
complexes are frequently targeted to the 3′ untranslated regions of
mRNAs, whereas in plant miRNAs exhibit complete homology
with their corresponding target genes [8].
With regard to siRNAs, the RNAse III family member Dicer,
along with cofactor RNA-binding proteins, processes long dsRNAs into functional 21–23-nt siRNA duplexes. Like all RNase III
enzyme. Dicer leaves 2-nt 3′-overhangs and 5′ phosphate groups.
These siRNA duplexes are then incorporated into a multiprotein
complex, the RNA-induced silencing complex. In Drosophila, two
distinct enzymes are involved in parallel pathways for small regulatory RNA biogenesis. Dicer-2 processes long-double-stranded
precursors and generates siRNAs, while Dicer-1 processes premiRNAs into mature miRNAs [9, 10]. Mammals possess only a
single species of Dicer in association with the dsRNA-binding protein (dsRBP) such as TRBP protein, which is required for the
recruitment of Ago2 to the siRNA Dicer complex. The tree proteins (Dicer, Argonaute, and dsRBP) constitute a minimal RISCloading complex. Subsequent to strand separation, the antisense
strand guides the activated RISC to recognize and cleave target
mRNA sequences (Fig. 2). The catalytic activity of RISC is mediated by Ago2 protein, which is composed of PAZ, Mid and PIWI
domains. Analysis of the crystal structure of a siRNA guide strand
associated with an Ago2 PIWI domain identified a seed sequence
(nucleotides 2–8) that directs target mRNA recognition by RISC
[11, 12]. The 3′-end of the guide strand is recognized by the PAZ
domain and is accommodated into its hydrophobic binding pocket.
It is strict requirement for the siRNA to be 5′ phosphorylated to
enter into RISC, and siRNA that lack a 5′ phosphate are rapidly
phosphorylated by an endogenous kinase prior to loading into the
RISC complex.
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Fig. 1 Schematic representation of miRNA silencing pathway. miRNAs are
encoded in the genome and are transcribed to yield primary transcripts, which
are processed by Drosha with the aid of DGCR8 protein to generate short precursor
miRNAs (pre-miRNAs) that are exported from the nucleus to the cytoplasm,
where they are further processed by Dicer to generate short RNA duplexes
containing two strands. Subsequent to processing, miRNAs are assembled into
miRNA-induced silencing complex (miRISC). Only one strand of the complex is
stably associated with an active miRISC complex. Unwinding of the complex
seems to occur so rapidly after duplex formation due to the Ago2 presence in the
complex with Dicer and TRBP. The loaded strand RNA guides the RISC complex
to recognize target mRNA sequences. A perfect homology allows Ago-cleavage
of mRNA, whereas central mismatches promote repression of mRNA translation

3

Dicer Serves as Primary Sensor for the Selection of Highly Functional siRNAs
Initial studies indicated that RNAi varies markedly in its gene-silencing
efficacy, where gene silencing effectiveness depends very much
on the target sequence [13]. Therefore, the correct selection of a
target sequence for a given gene of interest remains one of the
most critical components of successful gene knockdown, regardless
of the RNAi strategy. Selective loading of the guide (antisense)
strand into the RISC is essential for avoiding undesirable side
effects. In Drosophila, the orientation of the guide strand of the
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Fig. 2 Schematic representation of siRNA silencing pathway. In general long
double stranded RNAs are processed by Dicer into siRNAs, which are loaded into
a multiprotein complex termed RNA-induced silencing complex (RISC) where the
sense strand with high 5′-stability is cleaved by the nuclease Ago2 resulting in
strand separation. Subsequently, the active RISC containing the antisense (guide)
strand seeks out and binds to complementary mRNA sequences. Bound mRNA
molecules are then cleaved by Ago2 and cleaved mRNA fragment are rapidly
degraded by cellular nucleases [55]. Following dissociation, the active RISC is
able to recycle and cleave additional mRNA molecules. In contrast to long dsRNAs, synthetic siRNAs are directly loaded into the RISC

siRNA is determined by the DCR-2/R2D2 heterodymer with
DCR-2 binds at the 5′ end of the guide strand and R2D2 binds the
5′-end of the passenger strand. They are capable of selecting a
guide strand from siRNAs by sensing the thermodynamic stability
of both ends of siRNAs [14]. Notably, the polarity of Dicer processing preferentially defines which strand serves as the guide.
Dicer preferentially recognizes the 2-nt 3′ overhangs and
thermodynamically unstable ends. Since Dicer can bind to a siRNA
duplex in either orientation, either strand of the duplex can be
selected as the guide strand based on the thermodynamic end
properties of the duplex [15]. Thus, when siRNAs are delivered
exogenously to cells, human Dicer (most likely in the form of a
complex with TRBP and Ago2) serves as a primary sensor for the
selection of highly functional siRNAs leading to handoff to Ago2.
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5

Design Rules
Based on the structure of miRNA sequences, Schwarz and colleagues found that strand incorporation into the RISC depended
on weaker base pairing and thus an A-U terminus may lead to more
strand selection than a G-C terminus [15]. Moreover, the G/C
content seems to play an important role in siRNA efficacy. Reynolds
et al. performed systematic analysis on 180 siRNA targeting the
mRNAs of two genes [16]. The data indicated that strand selection
is biased, and the relative stability of the base pairs at the 5′-ends of
the two siRNA strands is critical for strand selection. Functional
siRNAs exhibited the following features: low GC content, bias
toward low internal stability at the 3′-end of sense strand, and lack
of inverted repeats. The authors also suggested base preference at
position 3 and 10 of the sense strand (A and U, respectively). Ui-Tei
et al. identified several features of the siRNA sequence that can discriminate highly functional siRNAs from those nonfunctional [17].
Again, functional siRNAs contain A/U at the 5′-end of antisense
strand, G/C at the 5′ end of sense strand and more than four A/U
nucleotides in the seed sequence (nucleotide 2–8), and lack a long
stretch in the 5′-end of sense strand. Sano et al. showed that siRNA
with unilateral 2-nt 3′ overhangs on the antisense strand (asymmetric 2-nt antisense strand overhang) are more potent than siRNAs
with symmetric overhangs [18]. While there is no guarantee of
effective gene silencing for a given siRNA until experimentally
proven, numerous algorithms have been designed to select functional siRNA sequences. The overall guanine–cytosine content and
asymmetric thermostability seem to be the most important factors
for the design of effective siRNAs although the contribution of
mRNA structure may play a significant role. Aside from the appropriate selection of the guide strand for incorporation into the RISC,
there is the concern of off-targeting in which either the sense or
antisense strand binds to non-targeted sequences triggering inhibition of expression of these transcripts. In order to enhance the efficacy of RNAi, it is essential to better understand the mechanism of
siRNA selection and strand incorporation in the RNA-silencing
pathway. Figure 3 summarizes the most critical features that need to
be taken into consideration during siRNA design.
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Fig. 3 Design rules for functional siRNAs (for details see text)
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In addition to activity, therapeutic siRNAs should overcome
the challenges of activating immunity and induction of off-target
knockdowns (see Chapter 19). As a seed sequence only contains
seven nucleotides, it is not possible to select such a short sequence
that is unique in the whole transcriptome. Thus, most, if not all,
siRNAs will function as miRNAs, resulting in off-target effects.
Off-target silencing cannot be ignored in developing siRNA-based
therapeutics and all potential therapeutic siRNA candidate
sequences must be tested for perturbation of normal protein
expression profiles. It should be noted that position-specific chemical modifications within the seed sequence were found to reduce
off-targeting [19]. For each target gene, three target sequences
should be designed in order to increase the likelihood that at least
one sequence results in significant gene knockdown. Additionally,
two or tree successful knockdowns can also provide a useful control for off-target knockdowns since it is statistically unlikely that
different sequences will produce the same off-target signatures.

5

Short Hairpin RNAs
The silencing potency of synthetic siRNA is transient. As the cells
divide the siRNA becomes diluted, thereby rendering the generation of a long term cell line with the desired target gene knockdown unfeasible. However, in non dividing cells such as mature
dendritic cells siRNA effect can be detected for several days
(see Chapter 6). To circumvent the problem of siRNA dilution
with cell division, several groups have developed DNA expression
vectors for RNAi in human cells known as short hairpin (sh) RNAs
[20]. Like siRNAs, shRNAs may be transfected as plasmid vectors
encoding shRNAs transcribed by RNA pol III or modified pol II
promoters, but can also be delivered into mammalian cells through
infection of the cell with virally produced vectors (Fig. 4). While
synthetic siRNAs are delivered to the cytosol, shRNAs are transcribed in nucleus and then exported to the cytosol where they are
recognized by Dicer, which processes the shRNAs into the siRNA
duplexes. Then such duplexes will incorporate into the RISC complex for target-specific mRNA degradation. Although siRNA and
shRNA ultimately use a similar cellular mechanism, (RISC), the
choice of which method to apply depends on several factors such as
cell type and the need for transient versus stable gene silencing.

6

Enhancement of siRNA Stability via Chemical Modifications
Being RNA, both un-encapsulated and lipid-encapsulated siRNA
are susceptible to nuclease degradation. Therefore siRNAs should be
modified in order to survive in biological fluids. Progress in chemical
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Fig. 4 siRNA delivery strategies into mammalian cells. Chemically made siRNAs can be delivered to mammalian
cells through several strategies including direct conjugation to a cell-surface binding ligands, encapsulation
into lipids, and electroporation. Plasmid-based shRNA vectors are usually delivered via lipids or electroporation,
whereas virus-based vectors are delivered via infection

modifications provided a real breakthrough in this field allowing
the synthesis of chemically modified RNA that could resistant
nuclease activity. To improve siRNA stability and pharmacokinetics, a variety of chemical modifications have been used [21, 22].
They can be used alone or in combination with a number of
modified nucleotides. The modifications also differ in how they
are tolerated by the RISC complex. Some modifications can be
introduced at most or all bases of both strands, whereas other
modifications can not be placed at some positions. The most promising generation of modifications which is important for siRNAs
are those involving substitutions of the 2′ position of the sugar
ring. These modifications of the sugar moiety are in general
extremely resistant against nucleases and can be incorporated into
RNA strands without altering the backbone conformation of the
RNA, making them ideal candidates for use in siRNAs [21, 22].
2′-O-methyl RNA is the most commonly used modification in siRNAs
[21]. This is a naturally occurring modification and no toxicity has
been reported from its use. Modification with 2′-O-methyl residues at the 5′ end of guide strand combined with full passenger
strand modification can enhance siRNA stability, yet retains potency.
2′-fluoro modification seems to be generally well tolerated in vivo
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and it is usually used in combination with 2′-O-methyl modification
[21]. Locked nucleic acids (LNAs), are bicyclic nucleic acids where
the 2′-position of the ribose is connected to the 4′-position via a
methyl bridge [23]. Although LNA modification increases duplex
stability and improves nuclease resistance, it also leads to loss of
siRNA potency. Therefore, this modification must be used sparingly. Unlocked nucleic acids (UNAs) can be used in combination
with LNAs to improve relative stability of siRNA termini, and has
also alone been proven to increase stability and knockdown in
some models [24]. Interestingly, DNA-modifications at the passenger strand decreased off-target effects without significant effect
on siRNA potency.
The immunostimulatory effect of siRNAs is critical and has to
be taken into account in RNAi, as target gene expression and function of the protein may be influenced by immune effects. Also,
immunostimulation may contribute strongly to the therapeutic
effect of an siRNA. Interestingly, chemical modification inhibited
siRNA activation of innate immunity [25]. PS-modifications,
where a non-ridging oxygen is replaced by a sulfur group in the
internucleocide phosphate linkage, has been shown to increase stability while retaining silencing potency. Moreover, this modification improved cellular uptake of naked siRNAs [21, 26]. In this
respect, naked and chemically stabilized (siSTABLE) siRNAs have
been used in mice for ALDR1 knockdown, to demonstrate the
role of this gene in colon cancer [27]. Thus, chemical modifications may facilitate the therapeutic use of naked siRNAs as demonstrated in Chapters 13 and 14. One main pathway by which both
unmodified and modified siRNA molecules leave the bloodstream
is through the kidney, where they risk being eliminated in urine.
The pore size of the glomerular filtration barrier is around 8 nm,
and naked siRNAs were found to pass through this barrier into
urine [28]. Therefore, many delivery systems should be larger than
20 nm to avoid renal clearance.

7

Delivery Methods and Challenges
There are multiple methods of introducing siRNA and shRNA into
cells. The method of choice depends on the model system and
whether transient or stable expression is desired. Delivery of siRNA
can broadly be divided into three groups: Naked siRNA delivery,
lipid delivery, and conjugate delivery. These can either be applied
systemically through the blood stream, or locally to the tissue of
interest (i.e., tumors). To increase efficiency of the treatment and
avoid off-target effects, nanoparticles and conjugate delivery can be
targeted to the tissue of interest. With respect to shRNAs, lentiviralmediated transduction provides a convenient method of introducing shRNAs into dividing or non-dividing cells and, in general, is
less toxic to the cells than adenoviral-mediated transduction [29].
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7.1 Naked siRNA
Delivery

The first methods of siRNA delivery in C. elegans, was through
dsRNA expressed by bacteria fed to the animal. The uptake of
dsRNA into the cells involves the membrane proteins SID-1 and
SID-2, and transportation of dsRNA through the membrane by
these proteins [30]. In D. melanogaster no sid gene orthologs
were found, but uptake of dsRNA probably happens through
endocytosis [31]. Unfortunately, mammalian cells are deprived of
this uptake and transport mechanisms.
In general naked siRNA are not always ideal to produce efficient and predictable therapeutic results. Within minutes after
intravenous administration, more than 99 % of the injected siRNA
dose is renally excreted or taken up by liver Kupffer cells from the
circulation. Only a very small percentage of the administered dose
remains available for the target cells or tissues. This small percentage of siRNA is additionally subject to nuclease degradation.
Moreover, the efficiency of siRNA passively entering target cells is
usually very low [32]. Therefore, additional delivery agents and
chemical modifications are necessary to surmount siRNA instability
and other barriers in the body. It should be noted that naked siRNAs were used to treat diseases related to eyes, lungs, nervous systems, and cancer [33]. In Chapter 17, unmodified siRNA targeting
the fusion oncogene BCR-ABL was used at doses of 10–30 μg/kg
to a patient that had previously received allogeneic hematopoietic
stem cell transplantation for imatinib-resistant chronic myeloid leukemia. The therapy resulted in detectable inhibition of BCR-ABL,
which led to chronic myeloid leukemia cell apoptosis without any
associated adverse effects that could be ascribed to the siRNA drug
formulated into DLS anionic lipoplexes.

7.2 Lipid Delivery
of siRNAs

As indicated above one of major problems for the use of siRNA
therapeutics in vivo relates to the poor cellular uptake of siRNAs
owing to their size and negative charge, which could prevent them
from crossing through the cell membranes. To overcome the
delivery challenges of synthetic siRNAs, cationic lipids, polymers
and lipid nanoparticles (LNPs) were used to enhance the cellular
uptake and the pharmacological effectiveness of siRNAs in vitro
and in vivo [34]. LNPs are a class of nanoparticles composed of
different lipids that vary in physicochemical properties and biological activities. Several chemically optimized reagents for siRNA
delivery using lipids are commercially available. For example, lipofectamine is a transfection agent that fuses with a negatively
charged membrane. DOTAP is another commercially available
cationic liposomes using the same principle as lipofectamine.
Although cationic liposomes protect siRNAs from degradation by
nucleases and increase circulating half-time and cellular uptake,
they are toxic to the cell and elicit hypersensitivity reactions in vivo.
They form aggregates with negatively charged serum proteins,
which accumulate mainly in lungs, liver and spleen, and often
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induce pulmonary toxicity associated with complement activation
and inflammation [35]. Therefore, several efforts are underway to
make liposomes safer, such as improving their formulation by adding
chemical additives to reduce cell toxicity.
A possible approach to overcome some of the problems related
to toxicity was to develop sustained-release polymer formulations.
Lipid polymers are compounds that protect RNA from degradation
and facilitate sustained delivery to the tissues. Polymers with both
hydrophobic and hydrophilic segments can self-assemble in aqueous solution to form stable polymeric particles on the nanometer
scale. For siRNA delivery, these particles, with the help of cationic
polymer segments, are designed to encapsulate siRNA into the particle core. A widely used strategy for making nanoparticles stable
in vivo, is coating with polyethylene glycol (PEG) [36, 37]. Lipidanchored PEG is a common component in liposomes. PEG groups
serve many purposes: they reduce particle size, prevent aggregation
during storage, increase circulation time, and reduce uptake by
unintended targets such as red blood cells and macrophages.
Moreover, the hydrophilic nature of PEG provides an aqueous
shield around the nanoparticle surface, thus decreasing the extent
of opsonization and the subsequent recognition by the macrophages [38]. In stable nucleic acid-lipid particles (SNALPs) the
siRNA is surrounded by a lipid bilayer containing a mixture of cationic and fusogenic lipids that facilitate internalization of the
SNALP and endosomal escape of its siRNA payload [39, 40].
However, it is uncertain how much of the internalized siRNAs
actually get delivered to the cytosol. A phase I clinical study that
involve a single injection of ApoB siRNA-containing SNALPs
showed target gene knockdown and serum cholesterol reduction
and acceptable safety. Moreover, SNALP-delivered siRNA has been
used to target a gene required for mitotic spindle formation (PLK1)
for liver cancer treatment, resulting in a significant repression of
tumor growth without secondary side effects [41]. Although PEGbased strategies have revolutionized the field of nanoparticle delivery, recent studies have shown the limitations of this strategy. Upon
several administrations of PEGylated liposomes, immune response
have been detected, leading to rapid blood clearance or other side
effects. Also, PEGylation impairs the internalization of siRNA into
target cell, as well its escape from the endocytic pathway [38].
In general LNPs are subject to liver accumulation, and therefore many of the successful results using this strategy, target liver
cells. Indeed, LNP formulations have advanced into clinical trials
for delivery of siRNAs to the liver through systemic administration (see Chapters 10 and 13). Nevertheless, it is estimated that
around 0.1 % of injected dose reaches the cytosol of hepatocytes.
Therefore, there is a need of targeting specific tissues in vivo. In this
respect, Zhung et al. targeted xenograft brain cancer in murine
model by PEGylated liposomes conjugated to antibodies against
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the transferrin receptor, transferring the particle through the
blood-brain-barrier, and antibodies against human insulin receptor expressed by the tumor [42]. Delivery particles with high positive surface charges can exhibit unfavorable aggregation with
blood cells such as erythrocytes. However, some delivery agents
make use of their interaction with particular proteins to aid uptake
by target cells. For example, many liposomal delivery systems, as
well as siRNA conjugated to lipophilic molecules, interact with
serum lipoproteins and subsequently gain entry into hepatocytes
that take up those lipoproteins ([43], see Chapter 10). Delivery
agents that are not degraded, phagocytosed, or cleared by the kidney must leave the bloodstream by traversing the endothelium to
reach other tissues. This occurs in tissues whose endothelia are
discontinuous, such as the liver and many solid tumors. Moreover,
tumors with highly permeable endothelia are characterized by
poor lymphatic drainage, resulting in greater accumulation of circulating nanoparticles in malignant tissue in what is termed the
enhanced permeation and retention effect.
7.3 Trafficking
and Endosomal
Escape of siRNA
Molecules

Endocytosed materials are taken up into membrane-bound endocytic vesicles, which fuse with early endosomes and become
increasingly acidic as they mature into late endosomes [44].
Being negatively charged and hydrophilic, siRNA molecules cannot be spontaneously cross the endosomal membrane to reach
the cytosol and therefore face the fate of degradation. Endosomal
escape thus becomes a key step for siRNA delivery. Some delivery
systems incorporate materials that are designed to respond to this
low pH environment by becoming membrane-disruptive in order
to trigger the release of siRNA from endosomes in the cytoplasm
([45], see Chapter 10). One typical method to enhance endosomal escape is the use of cationic polymers with a pKa around or
slightly below physiological pH. Due to the acidic nature of
endosomes, these cationic polymers therefore absorb the protons
and increase the osmotic pressure inside endosomal compartment. This so called “proton sponge effect” leads to the disruption of plasma membrane and siRNA cytoplasm release [46]. It has
been shown that histidine residues, with pKa of 6.4, can enable
endosomal buffering and escape. Reducible polycations containing histidine monomers are found effective to deliver siRNA
targeting Hepatitis B virus surface antigen and reduce the amount
of viral protein shed from Alexander cells [47]. Similarly, an
siRNA targeting Raf-1 was delivered to cancer cells via histidinelysine rich polymers [48]. The siRNA-polymer complexes markedly decreased Raf-1 mRNA and induced apoptosis in several
cancer cell lines in vitro. Besides the endosomal escape, histidine
has been also found to facilitate nucleic acid condensation and
membrane fusion [49]. Therefore, it holds even greater potential
in the field of siRNA delivery. To facilitate siRNA escape from the
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endosomes, Takea et al. developed PEG-detachable polyplex
micelles, where the PEG palisade surrounding the particle core is
conjugated via reversible disulfide bond [50]. The PEG can be
detached in the reducing endosomal compartment resulting in
the interaction between the exposed nanoparticle cation segments and the endosomal membrane. The PEG detachment also
favors the release of nucleic acid from the polyplex core in the
cytoplasm due to the removal of the surrounding PEG layer.
As indicated above LNPs have the most potential for successful
clinical application because they protect siRNA from nuclease, can
be functionalized with targeting molecules for navigation to the
desired tissues. In addition to endocytosis, there has been an
increasing attention of the significance of exocytosis and autophagy in siRNA intracellular trafficking. These complex process
determine the retention time of cargos in intracellular compartment and directly affect the windows of opportunity for the escape
and release of siRNA into the cytoplasm. Two recent studies found
that certain LNPs were internalized by macroppinocytosis and
trafficked directly into late endosomes, bypassing early endosomes.
Unexpectedly, siRNA molecules that dissociated from the LNPs
were exocytosed to the extracellular milieu [51, 52]. Loss of siRNA
in this manner accounted for 70 % of the uptake dose 24 h after
transfection. These findings indicate that escape from the endosomes is the critical, rate-limiting step in the delivery of siRNA
with the used LNPs and that methods that increase retention in
early endosomes might improve endosomal escape and overall
delivery efficiency. Although several advances were accomplished
in siRNA delivery, more research is still needed to guide the delivery system architecture and the chemical structure that is most
suited for therapeutic siRNA delivery (see Chapters 11 and 12).
7.4 Exosome
Delivery of siRNAs

Another promising lipid based strategy for siRNA delivery, is the
use of exosomes.
First described in 1983 by Pan and colleagues [53], these
membrane vesicles (50–100 nm) are secreted by most, if not all
cells, and are known to affect the function of neighboring cells
through intracellular transfer of mRNA, miRNAs, receptors and
enzymes [54]. However, the efficiency of exosome-mediated delivery has not yet been systemically evaluated, and it is likely to vary
based on recipient cell type, exosome source, and cargo of interest.
In particular, there are likely to be different in the ability of exosomes to package and deliver cargos of various sizes and molecular
structures, since it is now well documented that exosomes naturally
package a subset of cellular and proteins that is related to but not
identical to that found in the exosome-producing cell [54]. By
using the natural shuttling system for RNA in the organism, siRNA
can be delivered without the need of endosomal escape, because
these nanoparticles do not enter the endocytotic pathway, but
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merge with the membrane of the target cell through their CD9
tetraspanin interacting with surface glycoproteins [55]. One
method of introducing exogenous RNAs such as siRNAs into exosomes is via electroporation of purified exosomes [56]. Notably,
exosomes originating from self cells are not expected to trigger
immune response when used for transfection. Indeed, targeting
exosomes to mouse brain did not induce innate immune responses
[56]. These experiments also confirmed exosomes ability to escape
liver accumulation and transcend the blood–brain barrier using targeting peptide–surface protein chimeras expressed on the exosome
surface. Even though exosomes do not trigger opsonins, complement, coagulation factors or antibodies [55], further studies into
the possible adaptive immune response to this method, still has to
be made. In many circumstances a drawback with exosomes will be
that they carry proteins, RNAs, and other molecules from the
mother cell that are difficult to control. This might create adverse
off-target effects. The safety and efficiency of exosome-mediated
delivery must be quantitatively benchmarked against existing
siRNA delivery methods to identify key opportunities and challenges for harnessing and improving this new strategy.
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Chapter 2
Nanostructured RNAs for RNA Interference
Yuko Nakashima, Naoko Abe, Yoshihiro Ito, and Hiroshi Abe
Abstract
We synthesized three types of nanostructured RNAs that induce RNA interference (RNAi): branched
RNAs, dumbbell-shaped RNA, and circular double-stranded RNAs. All three nanostructured RNAs were
transformed into double-stranded RNA of approximately 20 base pairs when they were treated with nuclease
enzymes such as Dicer. These dsRNA species induced gene silencing when they are were introduced into
mammalian cells.
Key words Nanostructured RNA, RNA interference, Small interfering RNA, RNA synthesis

1

Introduction
DNA nanotechnology is a recently emerged technology that can
create various self-assembling nanostructures [1–3]. More recently,
the marked increase in RNA structural information has led to the
development of RNA architectonics, i.e., the scientific study of the
principles of RNA architecture with the aim of constructing RNA
nanostructures of arbitrary size and shape [4–10]. RNA has more
diverse biological functions than does DNA, such as transcription,
translation, maturation, and the catalytic activity of ribozymes;
therefore, it is very exciting to understand, design, and create new
functional RNA nanostructures. To date, various RNA nanostructures have been designed and constructed by assembling small
RNA structural motifs [4–10].
In the field of biotechnology related to dsRNA has received
much attention after the discovery of RNA interference (RNAi) in
1998 [11]. RNAi is induced by double-stranded RNA of approximately 21 nucleotides (nt), called small interfering (si) RNA and
has recently been recognized as a potential therapeutic tool for
silencing genes linked to human diseases ([12], see Chapters 1,
10, 14, 16). The high sequence specificity and relatively small
dose requirement of siRNAs make their use even more attractive
for the treatment of various diseases, including cancer [13–15].
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Fig. 1 Design of nanostructured RNAs synthesized in our laboratory. Branched
RNAs (a); dumbbell-shaped RNA (b); and circular double-stranded RNAs (c) are
shown

However, because natural RNA strands are quickly degraded in
biological fluids [16], a method to prolong the RNAi effect is
required. If there were a method to enhance the RNAi activity of
nontoxic natural RNA strands, it would be very valuable for the
therapeutic application of RNAi technology. In addition, formation of effective nanostructure RNAs could enhance their activity
to induce RNAi. However, there have been few reports focusing
on the relationship between the nanostructure of RNA and its
RNAi activity [6, 17].
In this protocol, we described the synthesis of three kinds of
nanostructured RNAs that can induce RNAi (Fig. 1). Branched
RNAs, containing three- or four-way junctions, were designed by
assembling single-stranded RNAs. They comprise three or four
siRNA motifs, which were termed trimer RNA or tetramer RNA,
respectively [18]. Dumbbell-shaped cyclic RNA, which contains
a 23-bp stem (siRNA motif) and two 9-nt loops, are synthesized
by an enzymatic method [19, 20]. Circular double-stranded
RNA (CDR) comprises two or three siRNA motifs, which were
termed CDR2 or CDR3. Each molecule is a catenane, i.e., a
molecular architecture consisting of two mechanically interlocked
molecules [21].
1.1 Designing
Nanostructured RNAs
as siRNA Precursors

The nanostructured RNAs contain siRNA motifs in their structures, while branched RNAs contain three or four siRNA motifs
as illustrated in Fig. 2a. First, the sequences of canonical siRNA
molecules of 21-nt are determined. Second, we elongate their 19
base pair (bp) core sequence with 2-nt on one side by referring to
the target mRNA sequence (21-bp blunt dsRNA). We then place the
three or four 21-bp dsRNA and connect them at the branch site.
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Fig. 2 Schemes for constructing nanostructured RNAs starting from a canonical siRNA molecule. Branched
RNAs (a); dumbbell-shaped RNA (b); and circular double-stranded RNAs (c)

The sequence of three or four 48-nt liner RNAs are now determined.
We synthesize the 48-nt liner RNAs and anneal them in the buffer
(Fig. 3). As for dumbbell-shaped RNAs, they consist of a doublestranded stem region and two signal-stranded loops (Fig. 2b).
We optimized the structure in our previous studies [19]. As potent
siRNA precursors, RNA dumbbells have a 23-bp stem with two
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Fig. 3 Formation of branched RNAs. (a) Three or four types of 48-nt RNAs were
annealed in aqueous buffer. The samples were analyzed by native agarose gel
(3 % agarose in 1× Tris borate buffer) electrophoresis as shown in (b) and (c). (b)
Formation of a trimer RNA. Lane 1, L48-1; lane 2, L48-1 + L48-2; lane 3,
L48-1 + L48-2 + L48-3 (trimer RNA). (c) Formation of a tetramer RNA. Lane 1,
L48-4; lane 2, L48-4 + L48-5, lane 3, L48-4 + L48-5 + L48-6; lane 4,
L48-4 + L48-5 + L48-6 + L48-7 (tetramer RNA). The bands were visualized using
SYBR Green I

9-nt loops [19, 20]. After the sequence of the siRNA is determined,
we elongate the 19-bp core sequence with 2-nt on both sides by
referring to the target mRNA sequence (23-bp dsRNA) and connect the two strands by attaching 9-nt loop RNA sequences
(5′-UUCAAGAGA-3′) on both ends (Fig. 2b). The synthesis of an
RNA dumbbell is divided into two components. There are two
ways to separate the molecule into two RNA strands. The first
choice method comprises separating the RNA dumbbell into
two RNA strands by nicking the loops. As an alternative method, two
nicks are inserted into the stem region. Each RNA strand is synthesized and purified. Next, these two RNA strands are annealed and
ligated using T4 RNA ligase. Finally, denaturing PAGE is used to
purify the RNA dumbbell (Fig. 4). As for circular double-stranded
RNAs, CDR2 consists of 42-nt circular RNA (sense strand) and
50-nt circular RNA (antisense strand). CDR3 consists of 63-nt circular RNA (sense strand) and 75-nt circular RNA (antisense
strand). After determining the sequence of the siRNA, we elongate
the 19-bp core sequence with 2-nt on the 5′ side of sense and with
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Fig. 4 Synthesis of dumbbell-shaped RNAs. Two RNA strands nicked in their loops (a, upper) or in their stems
(a, lower) were annealed and ligated using T4 RNA ligase. Typical image of synthesized RNA dumbbells by
denaturing PAGE analysis (10 % polyacrylamide, 25 % formamide, 7.5 % urea in TBE buffer) (b, c). Bands 1–5
are as follows: (1) precursor ssRNAs, denatured; (2) precursor ssRNAs, hybridized; (3) a dumbbell-shaped
ligated RNA; (4) precursor hairpin dsRNAs; (5) a dumbbell-shaped ligated RNA

4-nt on the 3′ side of antisense, and with 2-nt on the 5′ side of
antisense by referring to the target mRNA sequence and connect
the two (CDR2) or three (CDR3) building units (Fig. 2c).

2

Materials
Prepare all solutions using Milli-Q water (Millipore) and autoclave.
Prepare and store all reagents at room temperature (unless indicated otherwise). Diligently follow all waste disposal regulations
when disposing of waste materials.
1. Centrifuge tubes (0.6 mL, 1.5 mL, 2.0 mL, 15 mL, and
50 mL).
2. Microcentrifuge tubes with screw caps.
3. Pipette tips (10 μL, 200 μL, and 1,000 μL).
4. Gloves.
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5. Glass beakers.
6. 16 °C, 37 °C, and 90 °C heating blocks.
7. Vortex mixer.
8. Freezers and a fridge (−80 °C, −30 °C, and 4 °C).
9. Centrifuge.
10. Incubator.
11. SpeedVac evaporator.
2.1 RNA Synthesis
Components
2.1.1 RNA Synthesis
Using a DNA Synthesizer

1. 2′-O-Triisopropylsilyloxymethyl (TOM)-Protected RNA
Phosphoramidites
(A-TOM-CE
Phosphoramidite,
U-TOM-CE Phosphoramidite, C-TOM-CE Phosphoramidite,
G-TOM-CE Phosphoramidite) (Glen Research, USA).
2. RNA controlled-pore glasses (CPGs) (Ac-A-RNA-CPG,
U-RNA-CPG, Ac-C-RNA-CPG, Ac-G-RNA-CPG) (Glen
Research, USA).
3. Acetonitrile, dehydrated.
4. Deblocking Solution-1 (3 w/v% Trichloroacetic Acid Dichloromethane Solution).
5. Cap A Solution-2 (Tetrahydrofuran–Acetic
Pyridine (8:1:1) Solution).

Anhydride–

6. Cap B Solution-2 [(10 vol.% 1-Methylimidazole/Tetrahydrofuran
Solution)].
7. Oxidizing Solution-1 [0.1 mol/L Iodine, Tetrahydrofuran–
Pyridine–Water (7:1:2) Solution].
8. Activator Solution-3 (0.25 mol/L 5-Benzylthio-1H-tetrazole,
Acetonitrile Solution).
9. Synthesis column for 0.2 μmol or 1.0 μmol synthesis (Biosearch
Technologies Inc.).
10. Frit, Column, 1/8 in × 0.163 (Biosearch Technologies Inc.).
11. Molecular Sieves 3A 1/16.
12. Argon source.
13. DNA synthesizer.
2.1.2 Deprotection
of Synthesized RNA

1. Methylamine ammonium solution.
2. Tetrabutylammonium fluoride (TBAF) solution (1 M in THF).
3. 1 M Tris buffer: 1 M Tris–HCl, pH 7.4. Weigh 12.114 g Tris
and transfer to the tube (50 mL). Add 90 mL water to the
tube. Mix and adjust pH with HCl. Make up to 100 mL with
water. Store at 4 °C.
4. Nap-25.
5. Isopropyl alcohol.
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6. 3 M sodium acetate (pH 5.2): add 40 mL water to a beaker.
Weigh 20.4 g NaOAc + 3H2O (sodium acetate (NaOAc) + 3H2O)
and transfer the beaker gradually. Mix and adjust pH with
glacial acetic acid. Make up to 50 mL with water and autoclave.
7. 80 % (v/v) ethanol.
2.2 Analysis and
Purification of RNAs
by Polyacrylamide Gel
Electrophoresis (PAGE)

1. 0.5 M EDTA (pH 8.0) solution: add 800 mL water to a beaker. Weigh 186.1 g EDTA (ethylenediaminetetraacetic
acid + 2Na + 2H2O) and transfer to the beaker. Add about 5 g
of granular NaOH to the beaker to dissolve the EDTA. Mix
and adjust pH with 5 N NaOH. Make up to 1 L with water
and autoclave.
2. 10× TEB buffer: weigh 108 g Tris and 55 g boric acid and
transfer to a 2-L glass beaker. Add to the beaker 40 mL EDTA
(0.5 M) and about 800 mL water. Mix using stirrer. Make up
to 1 L with water and autoclave.
3. N,N,N′,N′-tetramethylethylenediamine (TEMED).
4. Ammonium peroxodisulfate (APS).
5. 20 % denaturing acrylamide gel solution (acrylamide: bisacrylamide = 19:1, 7.5 M urea): weigh 190 g acrylamide, 10 g
bisacrylamide, and 450.45 g urea and transfer to a 2-L glass
beaker. Add 100 mL of 10× TEB solution and about 500 mL
water to the beaker. Mix using stirrer. Make up to 1 L with
water. Store in a cool and dark space (see Note 1).
6. 2× formamide loading buffer: weigh 100 mg xylene cyanol and
100 mg bromophenol blue and transfer a 15-mL plastic tube.
Add 8 mL formamide and 200 μL of 0.5 M EDTA (pH 8.0).
Make up to 10 mL with water. Store at 4 °C (see Note 2).
7. 2× formamide loading buffer without dyes: add 8 mL formamide and 200 μL of 0.5 M EDTA (pH 8.0) to a 15-mL
plastic tube. Make up to 10 mL with water. Store at 4 °C.
8. Stains-All dye solution: weigh 20 mg Stains-All dye (SigmaAldrich) and transfer to a 200 mL of plastic bottle. Add
50 mL of N,N-dimethylformamide (DMF) to dissolve the dye.
Then, add 100 mL water to the solution. Store in a cool and
dark space.
9. 0.2 M NaCl, 10 mM EDTA (pH 8.0) solution: weigh 2.34 g
NaCl and transfer to a beaker. Add 4 mL of 0.5 M EDTA and
about 150 mL water to the beaker. Mix using a stirrer. Make
up to 200 mL with water. Store at 4 °C.
10. 10 mM EDTA (pH 8.0) solution.
11. Glass plates (20 × 22 cm).
12. Spacer and comb (1-mm thickness).
13. Large bookbinder clamps.
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14. Electrophoresis apparatus.
15. Power supply system.
16. Tray (to stain gels with Stains-All).
17. Plastic container (to stain gels with SYBR Green).
18. Gel photography equipment.
19. Plastic film.
20. Fluorescent thin-layer chromatographic (TLC) plate.
21. Handheld ultraviolet (UV) lamp.
22. Marker pen.
23. Razor blade.
24. Rotating microtube mixer.
25. Filtration device (0.45-μm pore size).
26. Microcon Ultra YM-3 concentrating and desalting cartridge
(Millipore).
27. Sep-Pack desalting cartridge (Waters, UK).
28. UV-Vis spectrometer.
2.3 Synthesis
of Branched RNAs,
Trimer RNA,
and Tetramer RNA

1. RNA oligomers.
2. 5× annealing buffer: 100 mM potassium acetate, 30 mM
HEPES–KOH at pH 7.4, 2 mM magnesium acetate.
3. 3 % agarose gel solution: weigh 450 mg Agarose S (Wako pure
chemicals) and transfer to a 100-mL beaker. Add TBE buffer
to a volume of 15 mL. Mix and dissolve by microwaving.
4. 1× TBE buffer.
5. SYBER Green I dye (Cambrex, USA).

2.4 Synthesis
of an RNA Dumbbell

1. RNA oligomers.
2. 10× T4 RNA Ligation Reaction buffer: 500 mM Tris–HCl
(pH 7.5), 100 mM MgCl2, 1 mM dithiothreitol (DTT),
10 mM ATP.
3. 0.1 % Bovine serum albumin (BSA).
4. 60 % PEG solution: add 600 mg of PEG 6000 and 450 μL of
water to a 2-mL tube. Heat the tube at 90 °C to dissolve the
PEG 6000.
5. Chloroform.
6. 3 M sodium acetate (pH 5.2).
7. Isopropyl alcohol.
8. 80 % (v/v) ethanol.
9. 7.5 M urea solution (in 1× TBE): weigh 450.45 g urea and
transfer to a 2-L beaker. Add 100 mL of 10× TBE and about
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300 mL water to a beaker. Mix using a stirrer. Make up to 1 L
with water.
10. 10 % acrylamide gel solution (25 % formamide, 7.5 M urea):
add 20 mL of 20 % acrylamide gel solution, 5 mL formamide,
and 15 mL 7.5 M urea solution (in 1× TBE) to a beaker.
Prepare just before use.
2.5 Synthesis
of Circular doublestranded RNAs

1. RNA oligomers.
2. 10× T4 RNA Ligation Reaction buffer: 500 mM Tris–HCl
(pH 7.5), 100 mM MgCl2, 1 mM dithiothreitol (DTT),
10 mM ATP.
3. 0.1 % BSA.
4. 60 % PEG solution.
5. Chloroform.
6. 3 M sodium acetate (pH 5.2).
7. Isopropyl alcohol.
8. 80 % (v/v) ethanol.
9. 7.5 M urea solution (in 1× TBE).
10. 10 % acrylamide gel solution (25 % formamide, 7.5 M urea).
11. 40 % non-denature acrylamide gel solution: weigh 190 g acrylamide and 10 g bisacrylamide and transfer to a 1-L glass beaker. Add 50 mL of 10× TEB and approximately 250 mL water
to the beaker. Mix using a stirrer. Make up to 500 mL with
water. Store it in a cool and dark space.

3

Methods
All procedures are carried out at room temperature unless otherwise specified.

3.1 RNA Synthesis
Using a DNA/RNA
Synthesizer

1. Calculate the amount of phosphoramidites and activator
required to assemble the desired sequence by multiplying the
following by the number of nucleotides in the sequence, and
adding an extra milligram of phosphoramidites to give enough
material to purge the lines of the synthesizer (see Note 3).
2. Use a syringe to add the amount of dry acetonitrile required to
obtain 0.05 M phosphoramidite. Allow the solids to dissolve.
Add beads of 3A molecular sieves to the phosphoramidite
solution.
3. Calculate the required amount of CPG support according to
its individual loading and the synthesis scale. Load an empty
synthesis column with the RNA CPG. (0.2 μmol scale; A CPG
8.7 mg, U CPG 6.9 mg, C CPG 5.7 mg, G CPG 7.7 mg.
1.0 μmol scale; fivefold amount of 0.2 μmol).
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4. Connect the column, reagents, amidites, and argon to the
synthesizer.
5. Create methods for the assembly of the desired sequence. Use
a 3-min coupling time for RNA monomers when using
5-Benzylthio-1H-tetrazole as the activator.
6. Choose the option “DMTr off” in the setup menu.
7. Purge the lines of the synthesizer with all solutions and solvents three times.
8. Click the start button. Do not leave the DNA synthesizer until
the second cycle is finished and check the color (changes to
orange) in the detritylation step.
9. Check the synthesis yield on the monitor.
10. Remove the synthesis column from the synthesizer and thoroughly air-dry the support in the column.
3.2 Deprotection
of Synthesized RNAs

1. Open the synthesis column and pour the support into a 2-mL
centrifuge tube with a screw cap.
2. Add AMA solution (mix equal volumes of 28 % ammonium
hydroxide and 40 % aqueous methylamine) to the tube (1 mL
for a 0.2 μmol, 1.5 mL for a 1 μmol synthesis), seal the tube,
and incubate it for 6 h at 35 °C, or at room temperature
overnight.
3. Cool the tube on ice then open it cautiously. The use of sterile
conditions from this point forward is essential. Filter the supernatant solution from the support using a Pasteur pipette filled
with a little cotton. Rinse the support with 3 times 1 mL of
sterile water.
4. Evaporate the combined solutions to dryness in a vacuum
concentrator.
5. Add 1 mL TBAF solution to the residue and warm the tube at
50 °C with shaking for 10 min to dissolve the residue. Allow it
to cool to 35 °C and incubate it for at least 6 h or overnight.
6. Add 1 mL of 1 M Tris–HCl buffer (pH 7.4) solution to the
tube and shake well. This step also removes the 2′-hemiacetals.
7. Remove the THF in a vacuum concentrator for 30 min. There
is no need to evaporate the solution to dryness, although this
is not harmful.
8. Add 1 mL of sterile water to the solution to give a final volume
of approximately 2 mL.
9. Having equilibrated a NAP-25 column with 25 mL of water,
add the oligonucleotide solution to the column.
10. Allow the sample solution to enter the gel completely and add
a further 0.5 mL of water.
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11. Elute the desalted oligo with 3 mL of water. Eluting with a
smaller volume is preferred because a larger volume contaminates the oligonucleotides with salts.
12. Concentrate the oligonucleotide solution from 3 mL to
200 μL. Transfer the concentrated oligonucleotide solution to
a 1.5-mL tube.
13. Add 400 μL of isopropyl alcohol and 20 μL of 3 M sodium
acetate solution to the tube. Cool the tube at −20 °C for
20 min.
14. Centrifuge the tube for 30 min at 15,000 × g, 4 °C. Remove
the supernatant and add 300 μL of 80 % ethanol to rinse the
pellet. Centrifuge the tube for 5 min at 15,000 × g, 4 °C.
15. Discard the supernatant. Dry the pellet by leaving the lid of the
tube open for 15 min at room temperature.
16. Dissolve the pellet in 100 μL of water.
17. Measure the absorbance at 260 nm and prepare a 50 μM oligo
solution.
3.3 PAGE Analysis
(10 % Polyacrylamide)

1. Clean the glass gel plates with water and 70 % ethanol. Set the
spacer in the plates and clip the pates together.
2. Mix 20 mL of 20 % acrylamide gel solution and 20 mL of urea
solution (in 1× TBE buffer) in a 100-mL conical flask. Add
400 μL of 10 % (w/v) APS and 40 μL of TEMED.
3. Pour it quickly into the mold of plates. Insert a gel comb
immediately without introducing air bubbles. Place the plates
on the bench until the gel polymerizes (about 1 h).
4. Set up the gel using TBE as the running buffer. Wash the wells
using running buffer. Prerun the gel at 15 W (constant wattage) for 15 min.
5. Add 4 μL of 2× formamide loading buffer to the 4 μL of the
solution prepared Subheading 3.2, step 17.
6. Wash the well again and load the sample to the gel.
Electrophorese at 20 W until the dye front (from the BPB dye
in the samples) has reached the bottom of the gel.
7. Following electrophoresis, pry the gel plates open using a spatula. The gel remains on one of the glass plates.
8. Cut excess gel using a spatula.
9. Transfer carefully to a container with stains-all solution using a
plastic sheet.
10. Incubate at room temperature for 30 min.
11. Wash the gel 2× with water.
12. Wrap the gel with plastic film. Photograph the gel.
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PAGE Purification

1. Add an equal volume of 2× formamide loading buffer without
dye to the RNA precipitated in Subheading 3.2, step 17.
Repeat Subheading 3.3, steps 1–7 of denaturing PAGE.
2. Wrap the gel in plastic film. Place the gel on the fluorescent
TLC plate. Visualize the RNA in the gel using a handheld UV
lamp. Mark the bands with a marker pen.
3. Cut the bands out with a razor blade. Transfer the separated
the gel into a 15-mL tube.
4. Add 2 mL of 0.2 M NaCl containing 10 mM EDTA to the
15-mL tube.
5. Crush the gel with a 10-mL disposable plastic pipette.
6. Add a further 5 mL of 0.2 M NaCl containing 10 mM EDTA
to the tube.
7. Rotate the tube in a rotating tube mixer at room temperature
overnight to extract the RNA from the gel.
8. Transfer the supernatant to a new tube. Add 5 mL of 0.2 M
NaCl containing 10 mM EDTA to the tube containing the gel
and rotate in a rotating tube mixer at room temperature for
3 h. Transfer the supernatant to the tube containing the 1st
supernatant (termed the extract).
9. Desalt the extract using a Sep-Pak cartridge as follows:
(a) Mix 12 mL of the gel extract and 0.5 mL of 2 M TEAA
buffer.
(b) Set a Sep-Pak cartridge into a 10-mL syringe.
(c) Wash the Sep-Pak cartridge with 2× 10 mL of acetonitrile
and 2× 5 mL of water.
(d) Equilibrate a Sep-Pak cartridge with 2 mL of TEAA
buffer. TEAA buffer should leave a 2-mm gap at the top
of the cartridge.
(e) Load the buffered gel extract to the equilibrated cartridge.
Repeat this step four to five times.
(f) Wash the cartridge with 3 times with 10 mL of water.
(g) Elute with 6 mL of 50 % acetonitrile and 3 mL of 100 %
acetonitrile.
10. Concentrate the solution to 200 μL. Transfer the concentrated
solution to a 1.5-mL tube.
11. Add 400 μL of isopropyl alcohol and 20 μL of 3 M sodium
acetate solution to the tube. Cool the tube at −20 °C for
20 min.
12. Centrifuge the tube for 30 min at 15,000 × g, 4 °C. Remove
the supernatant and add 300 μL of 80 % ethanol to rinse the
pellet. Centrifuge the tube for 5 min at 15,000 × g, 4 °C.
13. Discard the supernatant. Dry the pellet by leaving the lid of the
tube open for 15 min at room temperature.
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14. Dissolve the pellet in 10 μL of water.
15. Measure the absorbance at 260 nm using a UV-Vis spectrometer
to determine the concentration of RNA and prepare a 50 μM
oligo solution. Store at −30 °C.
3.5 Construction
Branched RNAs
(Trimer RNA, Tetramer
RNA)

1. Synthesize the RNAs (L48-1, 2, 3, 4, 5) using a DNA synthesizer and perform PAGE purification as in steps in
Subheadings 3.1–3.4.

3.6 Synthesis
of Dumbbell-Shaped
Cyclic RNAs

1. Synthesize the RNAs (L32s, L32as) using a DNA synthesizer
and purify by PAGE as in Subheadings 3.1–3.4. Perform
5′-phosphorylation during synthesis using a chemical phosphorylation reagent.

2. Mix 2 μL of 50 μM three (L48-1, 2, 3) or four (L48-2, 3, 4, 5)
RNAs, 4 μL of 5× annealing buffer and 10 or 8 μL of water in
a 1.5 mL tube (total volume 20 μL). Heat the tube at 90 °C for
3 min. Cool the tube in a heating block to room temperature.
Analyze the mixture by 3 % agarose gel electrophoresis using
TBE buffer. Electrophorese at 100 V until the dye front (from
the BPB dye in the samples) has reached the bottom of the gel.
Subsequently, transfer the gel to a container with 2 μL of SYBR
Green II in 20 mL TBE buffer and incubate at room temperature for 30 min. Scan the gel to visualize the bands on a BioRad Molecular Imager FX (Bio-Rad, CA). Wash the stage of
the Imager with water and methanol before and after use.

2. Add 40 μL of 50 μM L32s, 40 μL of 50 μM L32as, and 100 μL
of 10× buffer (500 mM Tris–HCl (pH 7.5), 100 mM MgCl2,
10 mM DTT, and 10 mM ATP) and 333.3 μL of water to a
tube. Heat the tube at 90 °C for 3 min. Cool the tube in a
heating block to room temperature.
3. Add 10 μL of 40 units/μL T4 RNA ligase, 416.7 μL of 60 %
PEG 6000, 60 μL of 0.1 % BSA to the tube.
4. Incubate the tube at 16 °C overnight.
5. Add 1 mL of chloroform.
6. Mix the tube well.
7. Centrifuge the tube for 5 min at 15,000 × g, room
temperature.
8. Transfer the aqueous layer to a new tube.
9. Repeat steps 5–8 twice.
10. Add 1 mL of isopropyl alcohol and 100 μL of 3 M sodium
acetate solution to the tube. Cool the tube at −30 °C for at
least 3 h.
11. Centrifuge the tube for 30 min at 15,000 × g, 4 °C. Remove
the supernatant and add 300 μL of 80 % ethanol to rinse the
pellet. Centrifuge the tube for 5 min at 15,000 × g at 4 °C.
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12. Discard the supernatant. Dry the pellet by leaving the lid of the
tube open for 15 min at room temperature.
13. Dissolve the pellet in 30 μL of water.
14. Perform 10 % PAGE analysis (see Subheading 3.3).
15. Perform 10 % PAGE purification as follows:
(a) See Subheading 3.4, steps 1 and 2
(b) Excise the bands with a razor blade. Transfer into a 2-mL
tube.
(c) Crush the gel with a disposable 200-μL pipette tip. Add
1 mL of 10 mM EDTA (pH 8.0) to the tube.
(d) Rotate the tube in a rotating tube mixer at room temperature for about 6 h to extract the RNA from the gel.
(e) Centrifuge the tube for 5 min at 15,000 × g, room temperature. Transfer the supernatant to a new tube and store
at −30 °C. Add 0.5 mL of EDTA to the tube containing
the gel and rotate in a rotating tube mixer at room temperature for about 6 h. Repeat this step once more.
16. Filter the supernatant with a Millex filter.
17. Concentrate and desalt the extract using a Microcon Ultracel
YM-3 cartridge (500 μL of the solution is reduced to ~100 μL).
Add 400 μL of water and filter the solution again to approximately 50 μL. Recover the sample in a tube supplied by the
manufacturer, and then transfer the sample into a 1.5-mL
tube. Add 100 μL of isopropyl alcohol and 5 μL of 3 M sodium
acetate solution to the tube. Cool the tube at −30 °C for at
least 3 h and then centrifuge the tube for 20 min at 15,000 × g,
4 °C. Remove the supernatant and add 100 μL of 80 % ethanol
to rinse the pellet. Centrifuge the tube for 5 min at 15,000 × g
at 4 °C.
18. Discard the supernatant. Dry the pellet by leaving the lid of the
tube open for 15 min at room temperature. Dissolve the pellet
in a small volume of water (typically 100 μL).
19. Measure the absorbance at 260 nm using a UV-Vis spectrometer
to determine the concentration of the RNA.
3.7 Synthesis
of Circular DoubleStranded RNAs (CDR2)

1. Synthesize the RNAs (L21s, L25as) using a DNA synthesizer
and perform PAGE purification as in Subheadings 3.1–3.4. In
this case, 5′-phosphorylation was performed on the synthesizer using a chemical phosphorylation reagent.
2. Add 500 μL of 10 μM L21s, 6.25 μL of 40 units/μL T4 RNA
ligase, 2,100 μL of 60 % PEG 6000, 300 μL of 0.1 % BSA,
500 μL of 10× buffer (500 mM Tris–HCl (pH 7.5), 100 mM
MgCl2, 10 mM DTT, and 10 mM ATP) to a tube. Make up to
5.0 mL with water.
3. Incubate the tube at room temperature overnight.
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4. Add 5 mL of chloroform.
5. Mix the tube well.
6. Centrifuge the tube for 5 min at 7,000 × g.
7. Transfer the aqueous layer to a new tube.
8. Repeat steps 4–7.
9. Transfer ~900 μL of the aqueous layer to a new tube.
10. Add 1 mL of chloroform.
11. Repeat steps 5–7.
12. Add 1 mL of isopropyl alcohol and 100 μL of 3 M sodium
acetate solution to the tube. Cool the tube at −30 °C for at
least 3 h.
13. Centrifuge the tube for 20 min at 15,000 × g, 4 °C. Remove
the supernatant and add 1 mL of 80 % ethanol to rinse the pellet. Centrifuge the tube for 5 min at 15,000 × g, 4 °C.
14. Discard the supernatant. Dry the pellet by leaving the lid of the
tube open for 15 min at room temperature.
15. Dissolve the pellet in 20 μL of water and gather divided RNAs
together one tube.
16. Perform 10 % PAGE analysis (see Subheading 3.3)
17. Perform 10 % PAGE purification (see Subheading 3.6, step 14).
And then concentrate and desalt the extract using a Microcon
Ultracel YM-3 cartridge (500 μL of the solution is reduced to
~100 μL). Add 400 μL of water and filter the solution again to
about 50 μL. Recover the sample in a tube supplied by the
manufacturer, and then transfer the sample into a 1.5-mL
tube. Add 100 μL of isopropyl alcohol and 5 μL of 3 M sodium
acetate solution to the tube. Cool the tube at −30 °C for at
least 3 h. Centrifuge the tube for 20 min at 15,000 × g,
4 °C. Remove the supernatant and add 100 μL of 80 % ethanol
to rinse the pellet. Centrifuge the tube for 5 min at 15,000 × g,
4 °C. Discard the supernatant. Dry the pellet by leaving the lid
of the tube open for 15 min at room temperature. And finally,
dissolve the pellet in a small volume of water (typically 100 μL).
18. Measure the absorbance at 260 nm using a UV-Vis spectrometer to determine the concentration of the RNA.
19. Add 20 μL of 50 μM C42s, 80 μL of 50 μM L25as, 100 μL of
10× buffer (500 mM Tris–HCl (pH 7.5), 100 mM MgCl2,
10 mM DTT, and 10 mM ATP), and 317.5 μL of water to a
tube. Heat the tube at 90 °C for 3 min. Cool the tube in a
heating block to room temperature.
20. Add 2.5 μL of 40 units/μL T4 RNA ligase, 420 μL of 60 %
PEG 6000, 60 μL of 0.1 % BSA to the tube.
21. Incubate the tube at room temperature overnight.
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22. Add 800 μL of chloroform.
23. Mix the tube well.
24. Centrifuge the tube for 5 min at 7,000 × g, room temperature.
25. Transfer the aqueous layer to a new tube.
26. Add 1 mL of chloroform.
27. Mix the tube well.
28. Centrifuge the tube for 5 min at 7,000 × g, room temperature.
29. Transfer the aqueous layer to a new tube.
30. Add 1 mL of isopropyl alcohol and 90 μL of 3 M sodium
acetate solution to the tube. Cool the tube at −30 °C for at
least 3 h.
31. Centrifuge the tube for 30 min at 15,000 × g, 4 °C. Remove
the supernatant and add 300 μL of 80 % ethanol to rinse the
pellet. Centrifuge the tube for 5 min at 15,000 × g, 4 °C.
32. Discard the supernatant. Dry the pellet by leaving the lid of the
tube open for 15 min at room temperature.
33. Dissolve the pellet in 30 μL of water.
34. Perform 10 % denaturing PAGE analysis (see Subheading 3.3).
35. Perform 10 % denaturing PAGE purification (see Subheading 3.6,
step 14).
36. Repeat steps 18 and 19.
3.8 Synthesis
of Circular DoubleStranded RNAs (CDR3)

1. Synthesize the RNAs (L63s, L25as) using a DNA synthesizer
and perform PAGE purification as in steps 1–19. In this case,
5′-phosphorylation was performed on the synthesizer using a
chemical phosphorylation reagent.
2. Add 5 μL of 50 μM L63s, 0.667 μL of 40 units/μL T4 RNA
ligase, 420 μL of 60 % PEG 6000, 60 μL of 0.1 % BSA, 100 μL
of 10× buffer (500 mM Tris–HCl (pH 7.5), 100 mM MgCl2,
10 mM DTT, and 10 mM ATP) to a tube. Make up to 1 mL
with water.
3. Incubate the tube at room temperature overnight.
4. Add 800 μL of chloroform.
5. Mix the tube well.
6. Centrifuge the tube for 5 min at 7,000 × g, room temperature
7. Transfer the aqueous layer to a new tube.
8. Add 1 mL of chloroform.
9. Mix the tube well.
10. Centrifuge the tube for 5 min at 7,000 × g, room temperature.
11. Transfer the aqueous layer to a new tube.
12. Repeat steps 8–11
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13. Add 1 mL of isopropyl alcohol and 100 μL of 3 M sodium
acetate solution to the tube. Cool the tube at −30 °C for at
least 3 h.
14. Centrifuge the tube for 20 min at 15,000 × g, 4 °C. Remove
the supernatant and add 1 mL of 80 % ethanol to rinse the pellet. Centrifuge the tube for 5 min at 15,000 × g, 4 °C.
15. Discard the supernatant. Dry the pellet by leaving the lid of the
tube open for 15 min at room temperature.
16. Dissolve the pellet in 20 μL of water.
17. Measure the absorbance at 260 nm using a UV-Vis spectrometer to determine the concentration of the RNA.
18. Perform 10 % native PAGE analysis (see Subheading 3.3).
19. Add 70 μL of 10 μM C63s, 10 μL of 300 μM L25as and 75 μL
of 10× buffer (500 mM Tris–HCl (pH 7.5), 100 mM MgCl2,
10 mM DTT, and 10 mM ATP) and 225 μL of water to a tube.
Heat the tube at 90 °C for 3 min. Cool the tube in a heating
block to room temperature.
20. Add 10 μL of 30 units/μL T4 RNA ligase, 315 μL of 60 %
PEG 6000, 45 μL of 0.1 % BSA to the tube.
21. Incubate the tube at room temperature overnight.
22. Add 1 mL of chloroform.
23. Mix the tube well.
24. Centrifuge the tube for 5 min at 7,000 × g, room temperature.
25. Transfer the aqueous layer to a new tube.
26. Repeat steps 22–25 twice.
27. Add 750 μL of isopropyl alcohol and 75 μL of 3 M sodium
acetate solution to the tube. Cool the tube at −30 °C for at
least 3 h.
28. Centrifuge the tube for 30 min at 15,000 × g, 4 °C. Remove
the supernatant and add 300 μL of 80 % ethanol to rinse the
pellet. Centrifuge the tube for 5 min at 15,000 × g, 4 °C.
29. Discard the supernatant. Dry the pellet by leaving the lid of the
tube open for 15 min at room temperature.
30. Dissolve the pellet in 30 μL of water.
31. Perform 10 % denaturing PAGE analysis (see Subheading 3.3)
32. Perform 10 % denaturing PAGE purification (see Subheading 3.6,
step 14)
33. Concentrate and desalt the extract using a Microcon Ultracel
YM-3 cartridge (500 μL of the solution is reduced to
~100 μL). Add 400 μL of water and filter the solution again
to about 50 μL. Recover the sample in a tube supplied by the
manufacture, and then transfer the sample into a 1.5-mL tube.
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Add 100 μL of isopropyl alcohol and 5 μL of 3 M sodium
acetate solution to the tube. Cool the tube at −30 °C for at
least 3 h. Centrifuge the tube for 20 min at 15,000 × g,
4 °C. Remove the supernatant and add 100 μL of 80 % ethanol
to rinse the pellet. Centrifuge the tube for 5 min at 15,000 × g,
4 °C. Discard the supernatant. Dry the pellet by leaving the lid
of the tube open for 15 min at room temperature and then
dissolve the pellet with a small volume of water (typically
100 μL). Measure the absorbance at 260 nm using a UV-Vis
spectrometer to determine the concentration of the RNA.
Figure 5 illustrates the assembly of structured doublestranded RNAs.

Fig. 5 Stepwise assembly of structured circular double-stranded RNAs. CDR2 (a, upper), CDR3 (a, lower) were
constructed as shown. All RNA oligos to be ligated were 5′-phosphorylated. T4 RNA ligase was used in all
reactions. Synthesis of double-stranded circular RNAs by template-mediated ligation. Ligation reactions were
analyzed by 10 % denaturing PAGE (7 M urea, 25 % formamide in TBE) and visualized by SYBR Green II. (b)
Synthesis of CDR2. Lane 1, C42s; lane 2, L25as; lane 3, C42s + L25as + ligase. (c) Synthesis of CDR3. Lane 1,
L25as; lane 2, c63s; lane 3, L25as + C63s + ligase
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Notes
1. Wear a mask when weighing acrylamide. Transfer the weighed
acrylamide to the cylinder inside the fume food and mix on a
stirrer placed inside the hood. Unpolymerized acrylamide is a
neurotoxin and care should be exercised to avoid skin contact.
2. Formamide is teratogenic. Wear appropriate gloves and safety
glasses.
3. Store RNA amidites at −30 °C before dissolving them in acetonitrile. After dissolving in acetonitrile, store at −80 °C.
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Chapter 3
One Long Oligonucleotide or Two Short Oligonucleotides
Based shRNA Construction and Expression
Xue-jun Wang and Sheng-qi Wang
Abstract
RNA interference (RNAi) has become a powerful and commonly used genetic tool for studying gene function.
Vector-based short hairpin RNAs (shRNAs) trigger long-lasting RNAi effects compared to chemically
synthesized siRNAs especially when they are imbedded in a lentiviral vector. In this chapter, a cost-effective
method for shRNA design and expression is described. The strategy uses a carefully selected shRNA loop
sequence and an antisense-loop-sense stem structure. Single and multiple shRNAs were expressed from the
same vector, and thus the current design strategy has a great application potential in genomics.
Key words RNA interference, Short hairpin RNA, Construction method, One long oligonucleotide,
Two short oligonucleotides

1

Introduction
Since the discovery of RNAi, many ways were used to induce
RNAi for gene knockdown experiments [1]. Among them, the
chemically synthesized siRNAs or vector-based shRNAs are the
two most commonly used methods. Compared to chemically synthesized siRNAs, vector-based shRNA expression achieves more
sustained loss of function effect especially when it is embedded in
a lentiviral vector such as pLKO.1 ([2], see Chapter 1). We noticed
that the pLKO.1 vector possessed a unique palindromic loop
(CTCGAG) different from the other shRNA expression vectors
such as pSuper [3]. Based on this observation, we have designed a
new shRNA method using only one long or two short oligonucleotides [4]. A modified Pol III H1 promoter with 3′-terminal of
“AAA” was utilized for shRNA clone with the type IIs restriction
enzyme SapI. The shRNA structure used a carefully selected palindromic loop (TTCTAGAA or TTGGCCAA) and an antisenseloop-sense shRNA scaffold to avoid the alteration of 5′-terminal of
the antisense sequence due to the imperfect specificity of Dicer
procession [5–7]. We further describe a strategy for easier cascade
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connected shRNAs construction by using proper isocaudomers
(BamHI and BglII). Using this method, we have successfully
inhibited HBV antigen expression both in vitro and in vivo [4].
Overall, the method described here provides a cost-effective and
powerful new tool for downregulating genes expression that can
be applied to a variety of biological systems, including treatment of
diseases.

2

Materials
1. pshOK-basic and pLenti-shOK-basic constructed in-house
were used in this study (see Note 1).
2. Nuclease-free water or TE Buffer.
3. 0.2 ml sterile PCR tubes.
4. 95 °C metal or water bath.
5. 10× annealing buffer (NEB buffer 2): 50 mM NaCl, 10 mM
Tris–HCl, 10 mM MgCl2, 1 mM DTT, pH 7.9 at 25 °C. Store
at −20 °C.
6. FastDigest SapI, FastDigest BamHI, FastDigest BglII,
FastDigest XhoI, and FastDigest HindIII (Thermo Scientific)
were used for their rapid digestion within only 5–15 min.
7. Wizard SV Gel and PCR Clean-Up System.
8. DNA Ligation Kit Ver.2.0.
9. High-efficiency DH5α competent cells (≥1 × 108 cfu/μg).

3

Methods
Below we describe the cloning strategy based on one long oligonucleotide (see Note 2).

3.1

shRNA Design

1. The shRNA target sequences could be designed using the popular Web tools from life technologies, siDESIGN Center, Gene
Link. Several criteria should be followed such as: 35–55 % GC
content, no more than four consecutive T, no off-target, and
so on ([8], see Chapters 1 and 19).
https://rnaidesigner.lifetechnologies.com/rnaiexpress/index.jsp
http://www.thermoscientificbio.com/design-center/
?redirect=true
http://www.genelink.com/siRNA/shRNAi.asp
2. The shRNA target sequences could also be selected from published papers or from Sigma-Aldrich validated shRNAs based
on the pLKO.1 vector (see Note 3).
http://www.sigmaaldrich.com/china-mainland/zh/life-science/
functional-genomics-and-rnai/shrna/individual-genes.html
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Fig. 1 One long oligonucleotide synthesized for shRNA clone

Fig. 2 pshOK-basic or pLenti-shOK-basic vector used for shRNA construction
(polyA from pshOK-basic and WPRE from pLenti-shOK-basic vector)

3. Figure 1 illustrates the design of one long oligonucleotide
(53 nt) for shRNA clone. The oligonucleotide should be PAGEor HPLC-purified (see Note 4).
3.2 shRNA
Construction

1. Resuspend the long oligonucleotide in nuclease-free water or
TE Buffer to a final concentration of 50 μM before use.
2. In a 0.2 ml sterile PCR tube, add 18 μl resuspended oligo and
2 μl 10× annealing buffer. Mix well, heat the annealing reaction at 95 °C for 4 min, and then at 70 °C for 10 min. Remove
the tube from the metal or water bath to allow it to cool to
room temperature for 5–10 min (see Note 5).
3. Dilute the annealed oligos to a final concentration of 100 nM
using nuclease-free water.
4. Set up a 8 μl ligation reaction using the following reagents:
1 μl gel-purified pshOK-basic or pLenti-shOK-basic vector
(approx. 50 ng) precut with FastDigest SapI (Fig. 2), 3 μl of
the 100 nM annealed oligos and 4 μl of solution I from DNA
Ligation Kit Ver.2.0 (Takara). Incubate it at 16 °C for 30 min
to overnight.
5. Transform the ligation mixture into high-efficiency DH5α
competent cells.
6. Pick up 3 ampicillin-resistant colonies and culture them overnight in LB.
7. Insertion of the annealed oligonucleotides will result in creation of a XbaI (TTCTAGAA) or MscI (TTGGCCAA) restriction site and deletion of the HindIII restriction site. So the
presence of an insert could be confirmed by XbaI/MscI/HindIII
digestion.
8. Sequence the right digested shRNA clones for further validation (see Note 6).
9. For cascade connected shRNAs construction, isocaudomers
BamHI and BglII combined with XhoI were used (Fig. 3).
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Fig. 3 Cascade connected shRNAs construction by using isocaudomers

4

Notes
1. pshOK-basic vector was described in reference [4], and pLentishOK-basic was modified from pLVX-DsRed-Monomer-N1
(Clontech). These two vectors allow the knockdown of one or
several genes simultaneously [4].
2. It should be noted that Biosettia company have a similar
shRNA cloning method named “single oligonucleotide RNAi
technology (SORT)” but the shRNA was designed with loop
sequence “TTGGATCCAA” and have a sense-loop-antisense
shRNA structure.
3. We got satisfactory knockdown results from almost every
cloned shRNA using this labor-saving method. This indicates
that our shRNA expression method has a good compatibility
with commercially available shRNA vectors.
4. The loop sequence “TTGGCCAA” could also be used instead
of “TTCTAGAA”. These two loop sequences both gave satisfactory gene downregulating results in our continuing projects.
5. The efficiency of annealing could be verified by using 4 % agarose
gel electrophoresis, if desired. The annealed oligos could be
used immediately or stored at −20 °C for up to 1 month.
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6. The modified method described previously could be used for
shRNA directed sequencing [8]. If sequencing problems still
persist, use an alternative sequencing way that employs
XbaI/MscI digestion.
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Chapter 4
PLGA Microspheres Encapsulating siRNA
Giuseppe De Rosa and Giuseppina Salzano
Abstract
The therapeutic use of small interfering RNA (siRNA) represents a new and powerful approach to suppress
the expression of pathologically genes. However, biopharmaceutical drawbacks, such as short half-life,
poor cellular uptake, and unspecific distribution into the body, hamper the development of siRNA-based
therapeutics. Poly(lactide-co-glycolide), (PLGA) microspheres can be a useful tool to overcome these
issues. siRNA can be encapsulated into the PLGA microspheres, which protects the loaded nucleic acid
against the enzymatic degradation. Moreover, PLGA microspheres can be injected directly into the action
site, where the siRNA can be released in controlled manner, thus avoiding the need of frequent invasive
administrations. The complete biodegradability of PLGA to monomers easily metabolized by the body,
and its approval by FDA and EMA for parenteral administration, assure the safety of this copolymer and
do not require the removal of the device after the complete drug release. In chapter, a basic protocol for
the preparation of PLGA microspheres encapsulating siRNA is described. This protocol is based on a
double emulsion/solvent evaporation technique, a well known and easy to reproduce method. This specific protocol has been developed to encapsulate a siRNA anti-TNFα in PLGA microspheres, and it has
been designed and optimized to achieve high siRNA encapsulation efficiency and slow siRNA release
in vitro. However, it can be extended also to other siRNA as well as other RNA or DNA-based oligonucleotides (miRNA, antisense, decoy, etc.). Depending on the applications, chemical modifications of the
backbone and site-specific modification within the siRNA sequences could be required.
Key words Poly(lactide-co-glycolide), PLGA, siRNA, Microspheres, Microparticles, Double emulsion/solvent evaporation, Sustained release, Controlled release, Oligonucleotide, Noncoding RNA

1

Introduction
The discovery of the “silencing technology” has provided new
powerful therapeutic opportunities. The therapeutic use of small
interfering RNA (siRNA) represents a superior approach to suppress the expression of pathologically genes. On the other hand,
more recently, the discovery of the role of microRNAs (miRNAs)
as regulators of gene expression suggested the use of miRNA mimics or miRNA antagonists (antagomirs) as new and promising tool
to treat diseases, especially cancer [1–3]. Despite the high therapeutic potential of noncoding RNA (ncRNA), at the moment
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about 20 RNA-based drugs reached the clinical trials, and few of
them are still investigated [4]. Different drawbacks, common to
siRNA and miRNA, make difficult to bring RNA from the bench
to the bedside. In particular, RNA is very susceptible to nucleases
with a half-life of some minutes. More than 99 % of the total free
added RNA is degraded after incubation in plasma for 15 s [5].
Moreover, nucleic acids are high molecular weight molecules with
a strong net negative charge that hampers their crossing of cell
membrane by diffusion; only a small amount of nucleic acid can
enter into the cell by endocytosis, but only a negligible amount can
be released into the cytosolic compartment, due to the inability of
RNA to escape endosomes ([6], see Chapters 1 and 12). Finally,
other issues need to be taken into account, such as unintended offtarget effects [7, 8], unspecific distribution into the body, and
undesirable immune stimulation [7].
The administration of siRNA, and in general of ncRNA,
directly into the action site overcomes the unspecific distribution
of the nucleic acid into the body. However, the need to maintain
therapeutic levels of the siRNA for the whole therapy and the rapid
RNA degradation require high doses and frequent administrations
that are unrealistic by invasive administration routes (see Chapters
9, 10, 13 and 14). Ideally, a delivery system for long RNA-based
therapies should be easily administrable in the action site, protect
the encapsulated RNA from enzymatic degradation, and release
the RNA in a controlled manner.
Polymeric delivery systems have been largely investigated for
the sustained release of the drugs, to reduce the need of frequent
administrations. Biodegradable polymeric materials completely
degrade and do not require the surgical removal of the device after
the use. Among these, the polyesters, poly(lactide-co-glycolide)
(PLGA) are certainly the most investigated. Their hydrolysis in
biological fluids leads to metabolite monomers, lactic acid and glycolic acid, which are easily metabolized by the body via the Krebs
cycle with a minimal systemic toxicity [9]. PLGA with different
composition (lactide/glycolide ratio), molecular weight, and
chemical structure (i.e., capped and uncapped end-groups) are
available on the market, allowing to choose very different in vivo
life-times, ranging from 3 weeks to more than a year. These polymers received Food and Drug Administration and European
Medicine Agency approval in drug delivery systems for parenteral
administration. PLGA implants have been designed to be surgically inserted at the desired location, giving the advantage of local
drug delivery [10]. On the other hand, the processing of biodegradable polymers in form of microspheres offers the advantage to
directly inject the device into the disease site without the need of a
surgical implant. In line with this, the use PLGA microspheres as
depot delivery system for short synthetic nucleic acids have been
largely investigated [11–16]. It is worthy of note that PLGA
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microspheres, although designed to slowly release oligonucleotide
out of the cells, also promote an enhanced oligonucleotide uptake
into the cells [12, 14]. A further oligonucleotide uptake into the
cells can be achieved by adding transfection agents, e.g., polyethylenimine (PEI) into the microspheres, thus realizing a contemporary release of the oligonucleotide together with a carrier to
enhance the uptake into the cells [17].
Efficient siRNA encapsulation into PLGA microspheres can be
achieved by water-in-oil-in-water (w/o/w) emulsion/solvent
evaporation technique. This method was firstly proposed by Ogawa
et al. [18] and is currently one of the most commonly used techniques for encapsulation of hydrophilic drugs in polymeric microspheres. Compared to other methods used to encapsulate
hydrophilic molecules into PLGA microspheres, w/o/w emulsion/solvent evaporation was described to overcome the issues of
final oil removal by several washing steps and the tendency to particle aggregation during the preparation procedure [19]. Moreover,
experimental conditions can be selected in order to achieve high
drug loading and the required drug release profile [20, 21]. Drug
encapsulation can be strongly affected by different parameters,
such as size of the microspheres, PLGA type and concentration,
ratio between the two aqueous and the organic phase. Moreover,
in the case of RNA or DNA oligonucleotides, when using chemically modified nucleic acids, different encapsulation efficiencies can
be observed when using different nucleotide chemistry. One issue
encountered with PLGA microsphere encapsulating hydrophilic
drug is the rapid drug loss, also known as burst effect, in the first
phase of the release. Efficient drug encapsulation into the microspheres could limit the amount of active molecule on the particle
surface, thus limiting the burst effect in the first phase of the release.
Finally, drug release can be affected by the experimental parameters of the preparation as well as by the characteristics of the final
microspheres. Indeed, once more, PLGA type and concentration,
particle size, and surface porosity, strongly affect the release profile. Moreover, the presence of additional additive, such as PEI, can
strongly affect the release rate and profile [12, 17, 22].
In the following section, a basic protocol to achieve PLGA
microspheres encapsulating siRNA anti-TNF-α is described. This
protocol is optimized to achieve high siRNA encapsulation efficiency and a sustained release rate of the nucleic acid (Fig. 1).
However, this protocol can be extended to other siRNA sequences
or other RNA (i.e., miRNA) or DNA oligonucleotides (i.e., antisense, decoy, etc.). It is worthy of note that the use of double or
single stranded RNA, wild type of chemically modified backbone
can affect the encapsulation efficiency and the in vitro release profile [13]. Moreover, the inclusion of additives in the inner or
organic phase, the use of different PLGA can significantly change
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Fig. 1 Schematic representation of the PLGA microspheres encapsulation siRNA.
(a) Aqueous solution of siRNA; (b) organic PLGA solution; (c) aqueous solution of
0.5 % PVA

the microsphere characteristics [12, 17, 22], and could require a
further optimization of the experimental protocol, starting from
this basic procedure. For the effect of different additive in the
development of a formulation based on PLGA microsphere, refer
to De Rosa et al. [23].

2

Materials
1. PLGA, lactide/glycolide ratio 50:50, Resomer® RG 504H,
Mw 22,000, i.v. 0.5 dL/g (Evonik, Essen, Germany).
2. Purified siRNA (150 nmol for each preparation according with
this protocol) (see Note 1). The sequence depends on the type
of the siRNA. As example, in a previous work we used the following siRNA sequence with anti-TNFalfa activity:
sense: 5′-GAC AAC CAA CUA GUG GUG CUU-3′
antisense: 5′-GCA CCA CUA GUU GGU UGU CUU-3′.
3. UltraPure™ DEPC-treated water (Life Technologies, USA).
4. Poly(vinyl alcohol) (PVA) Mowiol® 40-88 (Sigma-Aldrich, USA).
5. Dichloromethane (Carlo Erba Reagenti, Italy).
6. Phosphate buffer saline (PBS) at pH 7.4 (120 mM NaCl,
2.7 mM KCl, 10 mM Na2HPO4) (Sigma-Aldrich).
7. Ultraturrax homogenizer (Janke & Kunnkel, T25, Germany)
equipped with the 6G and 10F tools.
8. Overhead stirrer (Heidolph RZR 2021, Germany).
9. Centrifuge (Hettich, Universal 16R, Germany).
10. Freeze-drier (Alpha 1-4, Christ, Germany).
11. UV spectrophotometer (Shimadzu, Japan).
12. Laser particle analyzer (Coulter LS 100Q, Beckman Coulter,
USA).
13. Pipetman P1000 (Gilson, USA).
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14. Vortex (Heidolph, Germany).
15. Thermostatic bath (Shake Temp SW 22, Julabo, Germany).
16. Glassware beakers with a capacity of 5, 50 and 250 ml.
17. Vial with screw plug and a capacity of 20 ml.
18. Magnetic stir bars.
19. Disposable 10 or 5 ml glass pipette equipped with a pipette
bulb.
20. Glassware cylinder with capacity of 25 ml.
21. Glassware test tubes.
22. Parafilm (Pechiney Plastic Packaging, USA).

3

Methods

3.1 Microsphere
Preparation

1. Annealing of siRNA (If required; see Note 2)
2. Preparation of the 0.5 % p/v polyvinyl alcohol solution: Slowly
add the powder in a matrass to cold water. Once the powder
is fully dispersed, heat the mix to the temperature of
100 °C. Mix continues at this temperature by mean of a magnetic stir bar until the PVA is fully solubilized. Subsequently,
stop the heating and complete with deionized water until the
desired volume.
3. Prepare an organic solution at 20 % p/v of PLGA. Prepare
0.3 ml (or more) of this organic solution: Weight 600 mg of
PLGA in a 20 ml glass vial containing the magnetic stir bar.
And then add 0.3 ml of methylene chloride in the vial, plug the
vial and stir until complete dissolution of the polymer.
4. Withdraw 2.5 ml of the organic PLGA solution by mean of
5 ml disposable glassware pipette equipped with a pipette bulb,
and pour them in a 5 ml glass beaker.
5. Pour 25 ml of the PVA solution 0.5 % into the 50 ml beaker.
6. Withdraw 0.25 ml of the aqueous solution containing
150 nmol of siRNA by mean of the pipetman P1000.
7. Pour the 0.25 ml of the siRNA solution in the beaker containing the 2.5 ml of the PLGA solution and rapidly emulsify the
two phases using the Ultraturrax homogenizer operating at
700 × g for 2 min (tool 6G).
8. Rapidly pour the w/o emulsion in the 50 ml beaker containing
25 ml of a 0.5 % (w/v) PVA aqueous solution; homogenize at
430 × g for 1 min.
9. Transfer the resulting w/o/w emulsion in a 250 ml beaker
under stirring at 12 × g by using an overhead stirrer at room
temperature for 3 h to allow solvent evaporation.
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10. Wash the microspheres to eliminate unencapsulated siRNA
and PVA in the disperding medium:
(a) Centrifuge suspension at 3,600 × g for 20 min;
(b) Withdraw the supernatant;
(c) Add fresh RNAse-free water and disperse the particles on
a vortex.
(d) Repeat this procedure for 3 times.
11. After the third centrifugation, do not add the fresh water and
collect the concentrated suspension by a glass pipette. Pour the
suspension in a 20 ml glass vial. Plug the vial with Parafilm and
freeze (see also Note 3). Once that the suspension is completely
congealed, prick the Parafilm with a needle and rapidly transfer
the vial in the freeze-drier for 48 h.
3.2 Microsphere
Characterization

Depending on the application for that the siRNA-encapsulating
microspheres have been designed, a number of analyses can be carried out to characterize each microsphere batch. However, microsphere size, amount of loaded siRNA and in vitro release profile,
are certainly the characteristics that better describe the “quality” of
the prepared microspheres. Thus, as follows, procedures to determine these microsphere characteristics are reported.

3.2.1 Measure
of the Microsphere Size

1. Disperse freeze-dried microspheres in distilled water (see Note 4)
and measure the mean diameter and size distribution by laser
light scattering.

3.2.2 Determination
of the siRNA
Concentration in PBS

The encapsulation of siRNA in PLGA microspheres, as well as in
the release medium, can be calculated by mean of a siRNA calibration curve in PBS. Standard solutions at different siRNA
concentrations must be prepared and could be comprised in the
range 2 nmol (or higher) and 0.1 nmol/ml. Absorbance wavelength must be set at 260 nm.

3.2.3 Determination
of siRNA Encapsulated into
the PLGA Microspheres

1. Weigh 10 mg of microspheres and pour them in a glass test tube.
2. Dissolve the microspheres in 2 ml of methylene chloride on
vortex.
3. Add in each test tube 2 ml of PBS at pH 7.4 (120 mM NaCl,
2.7 mM KCl, 10 mM Na2HPO4) and mix on vortex vigorously
for 1 min.
4. Centrifuge the resulting emulsion at 2,700 × g at 4 °C for 10 min.
5. Collect the aqueous phase and analyze for siRNAs concentration by UV spectrophotometry.
6. The results must be the mean of measures carried out at least
on three different batches.
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7. Express the result as
(a) Actual loading = nmol of siRNAs/mg of PLGA in the
powder.
(b) Encapsulation efficiency = (actual
loading) × 100.
3.2.4 In Vitro Release
of siRNA
from Microspheres

loading/theoretical

1. Prepare a thermostatic bath set at 37 °C.
2. Weigh 20 mg of microspheres in a glass test tube and suspend
them in 2 ml of PBS (at least 3 samples for each batch).
3. Plug the test tube and incubate at 37 °C in thermostatic bath.
4. At predetermined time intervals, centrifuge the suspension and
withdraw 1.5 ml of the release medium that will be replaced
with the same volume of fresh medium.
5. Measure the siRNAs concentration in the supernatant by UV
spectrophotometry.

4

Notes
1. Synthesis of RNA or DNA oligonucleotides with specific
sequences can be carried out by different companies.
Additional purification steps and desalting are proposed by
the companies with additional costs. In the aqueous phase of
the multiple emulsion, salts act as osmotic agents and promote an influx of water from the external to the internal aqueous phase. This generates an increase in the internal droplets
volume of the emulsion, with consequent destabilization of
the multiple emulsion and coalescence of the internal aqueous
droplets. This effect, as demonstrated in a previous work with
a model DNA oligonucleotide [12, 17], generally leads to
particles with the drug either located in big cavities heterogeneously distributed in the matrix or localized onto a microsphere surface.
2. In the case of siRNA an annealing step is required before use
nucleic acid. Some companies provide annealed siRNA at
freeze-dried state that can be used as such, after hydration in
RNAase-free water. If the two filaments are provided as separated strands, an annealing step is required. The two filaments
can be annealed as follows:
(a) Dissolve each filament with RNAase-free water. The concentration of the two filaments must be the same and at
least the double of the final siRNA concentration.
(b) Combine the same volume of the two filaments in a sterile
eppendorf and dilute with RNAse-free water until the
desired final concentration.
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(c) Incubate the solution in a thermostatic bath at 85–90 °C
for 1 min.
(d) Cool slowly at room temperature.
(e) Store at 4 °C or freeze the solution.
3. To favor the freeze-drying process, it is suggested to freeze the
microsphere suspension placing the vial with a slight slope
(avoiding the contact between the suspension and the Parafilm),
in order to have a larger sublimation surface.
4. Microsphere dispersion in water can be a rapid process that can
be carried out on vortex in few seconds. However, in some
cases (especially when additives are added in the organic phase),
microspheres can aggregate and dispersion by vortex, also if
prolonged, can be inefficient. In this case, the measure carried
out by laser light scattering can give an artifact. The sonication
of the suspension, before the analysis, can help to disperse the
particle aggregates. In case of a new formulation, it could be
useful sonicate the microsphere suspension for different time
frames to ascertain that sonication time has been enough long.
Artifacts can be reasonably excluded when the mean diameter
and the size distribution remain the same also when increasing
the sonication time.
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Chapter 5
Magnetic Nanoparticle and Magnetic Field Assisted
siRNA Delivery In Vitro
Olga Mykhaylyk, Yolanda Sanchez-Antequera, Dialechti Vlaskou,
Maria Belen Cerda, Mehrdad Bokharaei, Edelburga Hammerschmid,
Martina Anton, and Christian Plank
Abstract
This chapter describes how to design and conduct experiments to deliver siRNA to adherent cell cultures
in vitro by magnetic force-assisted transfection using self-assembled complexes of small interfering RNA
(siRNA) and cationic lipids or polymers that are associated with magnetic nanoparticles (MNPs). These
magnetic complexes are targeted to the cell surface by the application of a gradient magnetic field. A further development of the magnetic drug-targeting concept is combining it with an ultrasound-triggered
delivery using magnetic microbubbles as a carrier for gene or drug delivery. For this purpose, selected
MNPs, phospholipids, and siRNAs are assembled in the presence of perfluorocarbon gas into flexible formulations of magnetic lipospheres (microbubbles). Methods are described how to accomplish the synthesis of magnetic nanoparticles for magnetofection and how to test the association of siRNA with the
magnetic components of the transfection vector. A simple method is described to evaluate magnetic
responsiveness of the magnetic siRNA transfection complexes and estimate the complex loading with magnetic nanoparticles. Procedures are provided for the preparation of magnetic lipoplexes and polyplexes of
siRNA as well as magnetic microbubbles for magnetofection and downregulation of the target gene
expression analysis with account for the toxicity determined using an MTT-based respiration activity test.
A modification of the magnetic transfection triplexes with INF-7, fusogenic peptide, is described resulting
in reporter gene silencing improvement in HeLa, Caco-2, and ARPE-19 cells. The methods described can
also be useful for screening vector compositions and novel magnetic nanoparticle preparations for optimized siRNA transfection by magnetofection in any cell type.
Key words siRNA delivery in vitro, Magnetic nanoparticles, Magnetic transfection vectors,
Microbubble, Sonoporation

1 Introduction
Magnetofection can be defined as a method for nucleic acid delivery
under the influence of magnetic field acting on nucleic acid vectors
that are associated with magnetic (nano)particles. First reports on
associating a vector (viral and nonviral) with magnetic particles
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date back to the year 2000 [1, 2]. Several research groups have
developed such methods independently (see, for example refs. 3–6).
In the meantime, the term “magnetofection” is widely used in the
scientific literature. We and others have mostly used electrostatic
and hydrophobic interactions to associate vectors with magnetic
particles [7, 8]; some groups have used biotin-streptavidin or antigen–antibody interactions [2, 4]. The suitability of magnetofection for magnetically localized gene delivery in vivo has been
demonstrated [8]. However, major improvements are still required
to make the method efficient enough to be widely used in in vivo
applications. In contrast, magnetofection is well established and
widely used for in vitro applications and has been shown to potentiate viral as well as nonviral nucleic acid delivery [8–10]. Vectors
associated with magnetic nanoparticles are added to cell culture
supernatants. Cell culture plates are subsequently placed on magnetic plates which consist of an array of suitably positioned permanent magnets. Thus, the diffusion limitation to delivery is
overcome, transfection/transduction is synchronized and greatly
accelerated, and the vector dose requirement for efficient transfection/transduction is considerably reduced. These features together
constitute a substantial improvement of transfection/transduction
efficiency. The mechanism of magnetofection is probably the same
as for standard transfection/transduction concerning vector uptake
into cells [11, 12]. Magnetic nanoparticles are co-internalized with
vectors into cells and are biodegradable over long time periods.
Importantly, magnetofection is applicable for both viral and nonviral vectors and among the latter for “large” nucleic acids (e.g.,
plasmids) or small constructs (e.g., synthetic siRNA and antisense
oligonucleotides) [13–15] in naked form or packaged as lipoplexes
and polyplexes.
The potential of magnetofection to efficiently deliver siRNA
in vitro has been emphasized by numerous recent scientific publications. Gene silencing in primary cells is notoriously challenging
due to the limited efficiency of most transfection reagents.
Magnetofection has been shown to be a very effective way of transfecting siRNA in human primary endothelial cells derived from
umbilical vein and from human cord blood [16, 17]. It contributed to demonstrating the critical role of a transcription factor in
angiogenesis [17] and of a selective estrogen receptor modulator
in atherosclerosis [16]. Primary human gastric myofibroblasts are
also difficult to transfect. McCaig et al. have successfully used magnetofection to deliver siRNA in these primary myofibroblast [17].
Another striking example of magnetofection potential for siRNA
delivery in primary cells has been reported by Uchida et al. Indeed,
successful siRNA delivery was achieved in primary rat embryonic
DRG neurons [18]. Efficiency of siRNA delivery mediated by
magnetofection has also been reported for cell lines such as
COS7 (monkey kidney) and 3Y1 (rat fibroblast) which allowed to
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demonstrate the novel role of phospho-b-catenin in microtubule
growth [19]. Other successful applications of siRNA delivery with
magnetofection have been reported in Vero E6 cells (monkey
kidney) and in the human microvascular endothelial cell line-1
(HMEC-1) [20]. Magnetofection has also been reported to be
effective for siRNA transfection in suspension cells such as
MOLT-4 and Jurkat (Human T cell leukemia) which permitted to
show the implication of RCAS1 (a receptor-binding cancer antigen) in T cell apoptosis induced by HIV infection [21]. Similarly,
magnetofection induced gene knockdown by siRNA in HMEC-1
allowed researchers to figure out the implication of a certain kinase
(ROCK-II isoform) in the formation of microparticles in response
to thrombin stimulation [20]. Transfecting endothelial cells with
siRNA targeting TRAIL induced a decrease in microparticle production in response to thrombin and moreover reduced the pro-
coagulant potential of these endothelial microparticles underlying
a potential mechanism linking inflammation and coagulation [22].
Also Meda et al. have used siRNA magnetofection in HUVECs to
examine biphasic effects of the drugs on nitric oxide (NO) bioavailability and cytotoxicity, as well as drug interference with the
interaction of endothelial NO synthase (eNOS) with caveolin-1
(Cav-1) [23]. Another challenging cell type, primary dendritic cells
have been successfully magnetofected with siRNA [24]. SilenceMag
and CombiMag magnetofection reagents have been used in primary
mouse myoblasts to study the expression and the intracellular localization of a vesicle associated membrane protein (VAMP2). Based
on the results, the authors proposed that this protein could be used
as a molecular marker for both quiescent satellite cells and myotubes
[25]. One highlight in the recent literature has been the paper by
Namiki et al. on siRNA delivery to tumors in a mouse model [26].
It is possibly the most comprehensive study on the development of
a magnetically targeted siRNA delivery system so far. In a 3D cell
culture model, which has been intended to better mimic the situation in intact tissue in vivo, Zhang et al. have demonstrated reporter
gene and siRNA delivery through collagen-gel matrix into 3D cell
cultures driven by an external magnetic field [27]. For this purpose,
they have prepared PEI-coated magnetic nanoparticles by ligand
exchange reaction from 30 nm oleic acid-coated particles. Complexes
of DNA or siRNA which were prepared with such particles penetrated into culture under magnetic field influence and were highly
efficient in nucleic acid delivery while nonmagnetic complexes were
inefficient. This is encouraging because tissue penetration is one of
the limiting factors in nucleic acid delivery in vivo. The review by
Bonetta et al. on “evaluating gene delivery methods” highlights the
potential of magnetofection as a new tool to improve and target a
broader range of cells and applications [28]. In the same way, the
benefits of using magnetofection to concentrate and promote efficient siRNA transfection were assessed [29].
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Neovascular age-related macular degeneration (Wet AMD or
neovascular AMD), the advanced form of AMD, is the main cause
of vision loss worldwide [30–33]. Currently, the disease is treated
by intravitreal injection of anti-vascular endothelial growth factor
(anti-VEGF) agents bevacizumab and ranibizumab [30, 31, 33–36].
Since, wet AMD is a chronic disease, effective treatment requires
multiple intravitreal injection of the drugs every 4–6 weeks. Not
only is this inconvenient for patients but there are also risks associated with each injection [37]. As an alternative, different strategies
including nucleic acid delivery have been proposed by several
groups for the treatment of wet AMD and several eye diseases
[38–40], but none of them considered magnetic drug targeting to
the eye. Therefore, we have explored efficacy of magnetofection as
a strategy for targeted nucleic acid delivery to the retina and in a
first step, efficiency of magnetofection of retina pigmented epithelial cells (ARPE-19) with siRNA was evaluated in vitro and the
results are reported in the present manuscript.
Tumor radioresistance represents a major clinical problem in
the treatment of colorectal cancer. Consequently, the identification
of novel therapeutic targets whose modification could be used to
sensitize a priori-resistant tumor to radiation is of importance. The
human adenocarcinoma colorectal cell lines Caco-2 and HT29
have different response to gamma radiation, with the HT-29 being
the most radioresistant cell line and Caco-2 presenting intermediate radioresistance. So these two cell lines are a useful model to
study the modulation of radioresistance. Traditional lipid-based
siRNA transfection reagents exhibit a limited ability to transfect
certain cell types denominated hard-to-transfect, such as primary,
neuronal, differentiated, and nondividing cells, including the cell
line HT29. Whereas viral strategies are time-consuming and
involve safety risks, nonviral methods are often inefficient for hardto-transfect cells. For this reason we have optimized magnetofection for transfection of siRNA in HT29 and Caco-2.
Medical ultrasound imaging is a well-established technique
for clinical diagnostics and ultrasound can improve drug delivery
into tissues and cells [41–45]. Although ultrasound has been
proven to increase cell membrane permeability on its own [46],
the use of microbubbles has a significant additive effect [47]. We
developed magnetic microbubble (MMB) formulations comprising magnetic nanomaterials, primarily iron oxides of various compositions, that are tightly associated with lipid cavities and can be
remotely controlled by both magnetic fields and ultrasound
[32, 48]. Our first generation of MMBs, the so-called magnetic
acoustically active lipospheres, or MAALs [48–53], is based on a
composition developed for the delivery of hydrophobic drugs [54]
and is made up of soybean oil and amphipathic lipids. Additionally,
the composition is loaded with magnetic nanoparticles and comprises
a cationic lipid transfection reagent to bind nucleic acids [32].
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This formulation has a high binding capacity for nucleic acids and
favorable magnetic properties but has a lower responsiveness to
ultrasound compared to ultrasound contrast agents that have been
approved for clinical use. Our second-generation MMBs [48],
which are similar to the composition reported by Stride et al. and
Lentacker et al. [55, 56], are highly responsive to both ultrasound
and magnetic fields and give excellent contrast in ultrasound imaging. The magnetic lipospheres are efficient in vivo in animal models
after either systemic or local administration, for example, as in a
dorsal skin-fold chamber mouse model, where magnetic targeting
and sonoporation can be evaluated and where, additionally, intravital microscopy observation is also possible [32, 50]. The MAALs
were used for the delivery of a VEGF plasmid and have shown a
beneficial therapeutic effect in oversized skin flap survival in a rat
model after application of an external, gradient magnetic field and
ultrasound [53].
All that is required to practice magnetofection are suitable
magnetic nano- or microparticles and appropriate magnetic
devices. In the meantime, these tools along with standardized
application protocols for various vector types and cell culture formats are commercially available (OZ Biosciences, Marseille, France,
http://www.ozbiosciences.com; Chemicell, Berlin, Germany,
http://www.chemicell.com). The commercially available magnet
array for magnetofection produces high-gradient magnetic fields
(70–250 mT and a field gradient of 50–130 T/m) in the vicinity
of the cells and sediment the full-applied vector dose on the cells to
be transfected within minutes. The development of new magnetic
nanoparticles is expected to lead to further improvements of the
technique [8, 14].
Therefore, we focus here on a 96-well format screening procedure for magnetic nanoparticles to be used in nonviral magnetofection. We provide the protocols that comprise every step from
magnetic nanoparticle synthesis and characterization to their use in
siRNA magnetofection and instructions for data evaluation. We
illustrate these protocols with magnetofection results obtained in
adherent cancer cell lines including hard-to-transfect cells stably
transfected with GFP and luciferase reporter genes.
We describe magnetite nanoparticles, which differ in their
coating material and which are efficient in siRNA delivery to adherent cells in vitro by magnetofection and can be associated with a
nucleic acid, or with a nucleic acid and an enhancer or vector (viral
or nonviral lipoplex or polyplex) [57], which are stable enough to
be stored over extended periods and are biocompatible enough for
application in living cells. The compounds used here as components of the shell for the particles are known to be either useful in
particle stabilization and/or in gene or drug delivery, and were
found in our own experiments to be among the best for nucleic
acid delivery [8, 58, 59].
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Subsequently, we describe how the binding of siRNA to the
magnetic nanoparticles, either alone or in combination with a third
agent that enhances transfection (known as an enhancer), can be
characterized using radioactively labeled siRNA prepared according
to the modified Terebesi procedure [60] or using Pierce Precoated
Iodination Tubes. This can be used to determine suitable ratios and
mixing orders of magnetic nanoparticles, nucleic acids, and third
components to choose formulations that are potentially useful for
siRNA magnetofection. This protocol uses as enhancers the
commercially available transfection reagent Metafectene-Pro (4 μl/
μg DNA), branched polyethyleneimine 25 kDa (PEI-25Br,
nitrogen-to-DNA phosphate ratio N/P = 10), or HiPerfect (8 μl/
μg siRNA). But also other enhancers [61] known to be efficient in
the transfection of a particular cell line can, however, also be combined with magnetic nanoparticles to construct magnetic vectors.
In principle, any nucleic acid can be delivered using magnetofection. For the screening purposes presented here, it is most u
 seful
to use reporter genes such as GFP and luciferase reporters. Both
reporter gene systems allow rapid and sensitive result evaluation in
cell lysates and even in living cells. In general, the luciferase reporter
gene assay provides higher sensitivity and accuracy than the
enhanced GFP (eGFP) assay. The advantage of using the GFP
reporter gene is that the percentage of transfected cells can be easily determined.
Vectors are prepared in serum- and supplement-free medium
and transferred to the cells in triplicates in a volume of 50 μl per
well. We recommend performing serial dilutions of a given vector
composition such that the highest siRNA dose transferred to the
cell culture plate is 200 ng per well (or up to 30 pg/cell) depending on the cell type. Accordingly, the magnetic vector is assembled
at a fix final siRNA concentration in the complex upon assembling
of 4 μg/ml. According to our results, optimum nanomaterial-to-
siRNA ratio for magnetic vectors comprising suitable magnetic
nanoparticles and enhancers described in this protocol is between
0.5 and 1 in terms of iron-to-siRNA wt/wt ratio. For magnetic
duplexes comprising PEI-Mag2 nanomaterial and siRNA, the
optimal ratio is 1:1. This has been tested in HeLa cells, H441 cells,
Caco-2 cells, in the hard-to-transfect cell line HT29 cells, and in
the ARPE-19 cells.
Further we describe a simple method to evaluate the magnetic
responsiveness of the magnetic siRNA transfection complexes and
to estimate the complex loading with core-shell magnetic nanoparticles. This can be used to determine whether the magnetic properties of the vectors are sufficient to sediment the vector at the cell
surface in the applied magnetic fields. Data on magnetic responsiveness of the complexes can be also used to estimate the potential
to target the complexes magnetically when applied in vivo.
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Cell culture and plating procedures to allow siRNA delivery to
an adherent cell line are then described as well as the preparation
of the magnetic vectors and the magnetofection procedure.
A procedure is described how to determine the transfection
complex association with cells, how to quantify complexes internalization, and how to evaluate siRNA transfection efficiency in
living cells and in cell lysates with account for the toxicity determined
using an MTT-based cell viability test, which is also described.
siRNA transfection is known to provoke dose-dependent toxicity.
Therefore, presenting results in terms of the absolute units of
reporter gene expression normalized per weight of total protein in
the examined cell lysate makes it possible to distinguish between
gene downregulation and toxicity effects and is, therefore, especially important in siRNA transfection experiments. The use of the
nonmatching negative siRNA control vectors as a reference allows
to account for the toxicity effects as well as for stimulation of the
cell growth by iron-based MNPs in combination with the lipid
enhancers and to derive the true downregulation of the target
protein expression. The fact that iron compound as well as “insoluble iron” in a form of iron oxide nanoparticles especially in combination with a lipophilic species is described in the literature
[62–64]. In fact, it has been shown that relatively low toxicity of
the magnetic siRNA vectors is one of the essential advantages of
magnetofection [11].
INF-7 endosomolytic peptide derived from the N-terminal
sequence of influenza virus hemagglutinin was shown to improve
gene delivery with polyplexes [65–68]. The potential of the INF-7
peptide to improve the silencing efficiency of siRNA targeting the
epidermal growth factor receptor and the K-ras oncogenes in
complexes with Lipofectamine2000 was demonstrated in human
epidermoid carcinoma cells [69]. We show examples of the INF7mediated improvement of siRNA magnetofection in HeLa cells
and ARPE-19 cells stably transduced with the GFP gene and drastic improvement of the target protein downregulation in Caco-2
cells stably transduced with the luciferase gene.
The protocols are also provided for the fabrication of MMBs
and enable the loading of the magnetic vesicles with any nucleic
acid including siRNA. Both MAALs and MMBs have shown a high
efficiency of nucleic acid delivery in vitro [32, 48, 52]. Magnetic
lipospheres loaded with siRNA downregulate reporter gene expression (eGFP) in GFP-expressing cells under flow conditions mimicking the blood stream [52]. Both the lipospheres and the
microbubbles exhibit a significant response to the magnetic field
and a high association with the cells after the transfection procedure.
These protocols should enable the skilled experimentalist to
practice the method independently for individual purposes and
to contribute further progress in the field.
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2 Materials
2.1 Synthesis
of Magnetic
Nanoparticles Suitable
as Components
of Magnetofection
Complexes

1. Iron(II) chloride tetrahydrate (Sigma-Aldrich, cat. no. 44939).
2. Iron(III) chloride hexahydrate (Sigma-Aldrich, cat. no. 44944).
3. Argon 5.0 (Sauerstoffwerk Friedrichshafen GmbH, cat. no. 1006).
4. 10 % hydroxylamine hydrochloride solution in water (see Note 1).
5. PEI-Mag2 precipitation/coating solution: 5 g polyethylenimine
25 kDa, branched (PEI-25Br; Sigma-Aldrich, cat. no. 40,872-7)
plus 25 ml 28–30 % ammonium hydroxide solution (SigmaAldrich, cat. no. 320145) plus 2.5 ml Lithium 3-[2-(perfluoroalkyl)ethylthio]propionate (ZONYL®FSA; Sigma- Aldrich, cat.
no. 421375) filled up with water to a total volume 100 ml,
degassed with argon/helium.
6. PL-Mag1 precipitation/coating solution 1: 4 g Pluronic F-127
(Sigma-Aldrich, cat. no. P2443) filled up with water to a total
volume 50 ml, degassed with argon/helium. PL-Mag1 precipitation/coating solution 2: 30 ml 28–30 % ammonium
hydroxide solution plus 15 ml ammonium bis[2-(perfluoroalkyl)
ethyl] phosphate solution (ZONYL®FSE; Sigma-Aldrich, cat.
no. 421391) filled up with water to a total volume 50 ml,
degassed with argon/helium.
7. PalD1-Mag1 precipitation/coating solution: 4 g palmitoyl
dextran PalD1 (see Note 2) plus 30 ml 28–30 % ammonium
hydroxide solution filled up with water to a total volume
100 ml, degassed with argon/helium.
8. SO-Mag5 precipitation solution: 15 ml 28–30 % ammonium
hydroxide solution
9. SO-Mag5 coating components: 375 μl of tetraethyl orthosilicate 3-(trihydroxysilyl) propylmethyl-phosphonate (TEOS,
Sigma-Aldrich, cat. no. 131903) and 750 μl of 3-(trihydroxysilyl) propylmethyl-phosphonate (THPMP, 50 wt% in water,
Sigma-Aldrich, cat. no. 435716).

2.2 Determination
of Magnetic
Nanoparticle
Concentration
in Terms of Dry Weight
and Iron Content

1. Ammonium acetate buffer for iron determination: Dissolve
25 g ammonium acetate (Sigma, cat. no. A7330) in 10 ml
water, add 70 ml glacial acetic acid, and adjust volume to
100 ml with water.
2. 10 % Hydroxylamine hydrochloride (Sigma-Aldrich, cat. no.
159417) in water.
3. 0.1 % Phenanthroline solution: Dissolve 100 mg 1,10phenanthroline monohydrate (Sigma, cat. no. 77500) in
100 ml water, add 2 drops concentrated hydrochloric acid
(Fluka, cat. no. 84415). If necessary, warm up to obtain a clear
solution.
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4. Iron stock solution: Dissolve 392.8 mg ammonium iron(II)
sulfate hexahydrate (Sigma, cat. no. F3754) in a mixture of
2 ml concentrated sulfuric acid and 10 ml water, add 0.05 N
KMnO4 dropwise until a pink color persists, and adjust the
volume to 100 ml with water.
5. Standard iron solution (make fresh as required): Dilute iron
stock solution 25 to 1 with water just before calibration
measurements.
6. 0.05 N KMnO4 solution: Dissolve 0.790 g KMnO4 in 100 ml
water.
2.3 Radiolabeling
(Iodination) of siRNA

1. siRNA solution: 5 nmol (78.3 μg) GFP-22 siRNA (Qiagen,
cat. no. 1022064) is reconstituted with 39.1 μl of the siRNA
Suspension Buffer at 2 μg siRNA/μl and stored in aliquots at
−20 °C.
2. Sodium 125iodide in NaOH. Activity 1 mCi in 10 μl (Amersham
Biosciences, cat. no. 1MS30). Caution: Radioactive material!
Store at ambient temperature 15–20 °C. Retains its iodination
efficiency over 2 months storage.
3. 250 μM potassium iodide in water. Prepare on the day of DNA
labeling from 25 mM potassium iodide.
4. 1 M sodium hydroxide in water.
5. 30 mM Thallium trichloride tetrahydrate (Sigma-Aldrich, cat.
no. 333220) solution in water. To obtain clear solution, heat
the tube to 70 °C using a water bath. Solution is stable and can
be stored at least for a year.
6. 1 M sodium sulfite in water. Prepare on the day of siRNA
labeling. 1 M ammonium acetate buffer, pH 7.
7. Disposable Sephadex G25 PD-10 desalting columns (GE
Healthcare, cat. no. 17-0851-01).
8. Pierce Precoated Iodination Tubes (Thermo Scientific, cat. no.
28601).

2.4 Testing
the siRNA Binding
Capacity
of the Magnetic
Nanoparticles

1. Suspension of the magnetic nanoparticles: Dilute stock suspension of magnetic nanoparticles in water at concentration of
288 μg iron ml−1. Prepare just before the experiment.
2. Metafectene (Biontex Laboratories, Germany, cat. no. T020).
3. Polyethylenimine 25 kDa, branched (PEI-25Br; Sigma-Aldrich,
cat. no. 40,872-7).
4.

I-labeled siRNA solution: 4.8 μg/ml total siRNA (GFP-22
siRNA, Qiagen, cat. no. 1022064) comprising 2 × 105
CPM ml−1 125I-labeled siRNA (from Subheading 3.3) in
RPMI medium without supplements, or whatever solvent of
interest.
125
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2.5 Cell Culture
and Plating
of Adherent Cells
for Transfection

1. NCI-H441 human pulmonary epithelial (H441) cells derived
from papillary carcinoma of the lungs (ATCC, cat. no.
HTB-174).
2. NCI-H441 cells stably expressing eGFP (H441-GFP cells).
3. NCI-H441 cells stably expressing luciferase (H441-Luci cells).
4. HeLa human cervical epithelial adenocarcinoma cells (ATCC,
cat. no. CCL-2).
5. HeLa cells stably expressing eGFP (HeLa-GFP cells).
6. HeLa cells stably expressing luciferase (HeLa-Luci cells).
7. NCI-3T3 mouse fibroblasts stably expressing GFP (3T3-GFP
cells).
8. Caco-2 human colorectal adenocarcinoma cells (ATCC, cat.
no. HTB-37), Caco-2 cells stably expressing luciferase (Caco2-Luci cells).
9. HT29 human colorectal adenocarcinoma cells (ATCC, cat.
no. HTB-38) and HT29 cells stably expressing luciferase
(HT29-Luci cells).
10. ARPE-19 human retinal pigmented epithelial cells derived
from normal eyes of a 19-year-old man (ATCC CRL-2302).
11. ARPE-19 cells stably expressing eGFP (ARPE-19-GFP cells).
12. H441 culture medium: Modified RPMI 1640 medium with
2 mM l-Glutamine, 10 mM HEPES, 1 mM sodium pyruvate,
4.5 g/l glucose, 1.5 g/l sodium bicarbonate supplemented
with 10 % heat-inactivated FCS, 100 U/ml penicillin, 100 μg/ml
streptomycin, and 2 mM l-Glutamine. Split the cells 1 to 4–5
when they’re about 80–90 % confluent.
13. HeLa culture medium: DMEM supplemented with 2 mM
l-Glutamine, 1 mM sodium pyruvate supplemented with 10 % heatinactivated FCS, 100 U/ml penicillin and 100 μg/ml streptomycin.
Split the cells 1 to 5–7 when they’re about 80–90 % confluent.
14. NCI-3T3 culture medium: DMEM medium supplemented with
10 % heat-inactivated FCS, 100 U/ml penicillin and 100 μg/ml
streptomycin.
15. Caco-2 and HT29 culture medium: DMEM/F12 supplemented with 10 % heat-inactivated FCS, 100 U/ml penicillin,
100 μg/ml streptomycin, and 2 mM l-Glutamine.
16. ARPE-19 culture media: DMEM:F 12 Ham supplemented
with 2nM l-Glutamine and 10 % FCS.
17. Trypsin/EDTA solution, 0.25 %/0.02 % (wt/vol) (Biochrom,
cat. no. L2163).
18. Trypsin/EDTA solution for ARPE-19 cells, The trypsin in
step 14 diluted in PBS-Dulbecco’s w\o Ca2+, Mg2+ solution for
the final concentration of 0.05 % (wt/vol).
19. PBS-Dulbecco’s w\o Ca2+, Mg2+ solution (PBS; Biochrom, cat.
no. L1825).
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1. Magnetic nanoparticles synthesized according to the procedure
of Subheading 3.1 or commercially available magnetic nano
particles to be tested suspended in water at 36 μg/ml just
before experiment (the concentration refers to the iron content). This will result in a magnetic nanoparticle iron-to-siRNA
ratio of 0.5:1 (wt/wt) according to the protocol of
Subheading 3.6 (see Notes 3 and 4).
2. Magnetic nanoparticles (SO-Mag5) synthesized and stored at
4 °C at 18 mg/ml. Just before the experiment, they were
diluted in water at 100 μg/ml.
3. Metafectene as an enhancer: mix 5.8 μl Metafectene with
34.2 μl water in a tube for each transfection complex to be
tested (resulting finally in a Metafectene-to-siRNA vol/wt
ratio of 4 to 1 when used according to the protocol of
Subheading 3.6).
4. HiPerfect as an enhancer: mix 11.6 μl HiPerfect with 28.4 μl
water in a tube for each transfection complex to be tested
(resulting finally in a HiPerfect-to-siRNA vol/wt ratio of 8 to
1 when used according to the protocol of Subheading 3.6)
5. Dreamfect-Gold as an enhancer (DF-Gold), 1 mg/ml.
6. PEI as an enhancer: Prepare solution of PEI-25Br in water at
45.36 μg/ml (resulting finally in an N/P ratio of 10 when
used according to protocol of Subheading 3.6).
7. siRNA stock solution (100×): reconstitute 5 nmol siRNA, e.g.,
GFP-22 siRNA (Qiagen, cat. no. 1022064) or Luciferase GL3
siRNA (Qiagen, cat. no. 1022073), at 480 μg siRNA ml−1 with
162.9 μl or 154.4 ml of the siRNA Suspension Buffer, respectively, and store in aliquots at −80 °C.
8. siRNA solution: prepare by 1–100 dilution of the 100× siRNA
stock solution with serum- and supplement-free medium (e.g.,
RPMI 1640).
9. siRNA stock solution for experiments with ARPE-19, Caco-2,
and HT29 cells: reconstitute 5 nmol siRNA in siRNA suspension buffer at a final concentration of 250 μg/ml, and store in
aliquots at −80 °C.
10. siRNA solution for experiments with ARPE-19, Caco-2, and
HT29 cells: prepare just before the experiment by mixing
10.37 μl of the siRNA stock solution with 34.63 μl of
DMEM:F12 Ham media without additives to reach the final
concentration of 57.60 μg/ml.

2.7 Evaluation
of Magnetic
Responsiveness
of the siRNA–Magnetic
Nanoparticle
Complexes

1. Reagents and solutions as in Subheading 2.6.
2. 8 Ne-Fe-B permanent magnets 18.0 × 16.0 × 4.0 mm (IBS
Magnets, cat. no. NE1816).
3. Beckmann DU 640 spectrophotometer.
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2.8 Magnetofection

1. Cells plated 24 h prior to transfection according to
Subheading 2.5.
2. Magnetic transfection complexes and appropriate controls
including complexes of non-silencing siRNA(s) if necessary
prepared according to Subheading 3.6 just before

magnetofection.
3. 96-Magnets magnetic plate (magnetic plate; OZ Biosciences,
cat. no. MF10096).
4. 24-Well cell culture plates (Techno Plastic Products, Switzerland).
5. 24-Well magnetic plate (chemicell, Berlin, Germany, or OZ
Biosciences, Marseille, France).

2.9 Evaluation
of Transfection
Complex Association
with Cells
and Internalization
into Cells

1. GFP-22 siRNA labeled with Alexa Fluor 555 (GFP-22 siRNA,
Qiagen, cat. no. 1027020, MW 16062).
2. FACS buffer: PBS supplemented with 1 % FCS.
3. Hoechst 33342 stock solution: Hoechst 33342, trihydrochloride trihydrate (Invitrogen, cat. no. H1399) 1 mg/ml water.
Store in the dark at 4 °C.
4. YOYO-1 iodide (491/509) stock: 1 mM solution in DMSO
(Invitrogen, cat. no. Y3601). Store in aliquots in the dark
at −20 °C.
I-labeled siRNA solution: 4.8 μg/ml total siRNA (GFP-22
siRNA, Qiagen, cat. no. 1022064) comprising 1 × 106 CPM
ml−1 125I-labeled siRNA (from Subheading 3.3) in RPMI
medium without supplements, or whatever solvent of interest.
This should be prepared fresh before the experiment. Other
reagents as in Subheading 2.6.

2.10 Quantification
of the Transfection
Complexes
Internalization into
Cells Using
Radioactively Labeled
siRNA

1.

2.11 Quantification
of GFP Reporter Gene
Downregulation in Cell
Lysate and in
Living Cells

1. Lysis buffer: 0.1 % Triton X-100 in 250 mM Tris pH 7.8.

2.12 Quantification
of Luciferase Reporter
Gene Downregulation
in Cell Lysate

1. Luciferin buffer: 35 μM D-luciferin (Roche Diagnostics, cat.
no. 411400), 60 mM DTT (Sigma-Aldrich, cat. no. D9779),
10 mM magnesium sulfate, 1 mM ATP, in 25 mM glycylglycin-NaOH buffer, pH 7.8.
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2. GFP stock solution: 500 ng GFP per μl PBS. Store in small
portions at −70 °C.
3. BioRad protein assay reagent (BioRad, cat. no. 500-0120).
4. BSA stock solution: 1.5 mg/ml BSA (Sigma, cat. no. A2153)
in PBS. Store at 4 °C.

2. Luciferase standard stock: 0.1 mg luciferase (Roche Diagnostics,
cat. no. 411 523 or 634 409) per ml and 1 mg BSA (Sigma,
cat. no. A2153) per ml in 0.5 M Tris–acetate buffer, pH 7.5.
Store in aliquots at −70 °C.
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2.13 MTT-Based Test
for Toxicity
of the Transfection
Complexes

1. MTT solubilization solution: 10 % Triton X-100 in 0.1 N
hydrochloric acid in anhydrous isopropanol (solution can be
stored at RT; room temperature: 15–25 °C).

2.14 Improvement
of Reporter Gene
Downregulation by
Modification
of the Magnetic siRNA
Vectors with INF-7
Fusogenic Peptide

1. INF-7 stock: 10 mg/ml in 20 mM HEPES, pH 7.4. Store in
aliquots at −80 °C.

2.15 Preparation
of the Magnetic
Acoustically Active
Lipospheres (MAALs)
Loaded with siRNA

1. 2 ml Glass vials: Wheaton glass vials with aluminum cap with
a rubber liner (product number 224222-01, Wheaton,
Millville, NJ, USA) or Supelco clear glass vials with a screw
top and polypropylene cap with a red rubber/PTFE septum
(Sigma-Aldrich).

2. MTT solution: 1 mg thiazolyl blue tetrazolium bromide
(MTT; Sigma-Aldrich, cat. no. M2128) per ml and 5 mg/ml
glucose in PBS-Dulbecco’s solution (solution must be stored
at −20 °C).

2. INF-7 solution: 2.33 μg/10 μl in 20 mM HEPES, pH 7.4.
Prepare before an experiment. Store at 4 °C.
3. Other reagents as in Subheading 2.6.

2. Perfluoropropane gas (Linde AG, Höllriegelskreuth, Germany).
3. Mini-BeadBeater (Biospec Products Inc., Bartlesville, OK,
USA) or, alternatively, a CapMix™ capsule mixing device (3M
ESPE AG, Seefeld, Germany).
4. Ultrasound water bath (Sonorex Digitec, Bandelin Electronics,
Berlin, Germany).
5. 3-Way stopcock (Braun, Melsungen, Germany).
6. Metafectene (Biontex GmbH, Martinsried, Germany).
7. 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE, Avanti
Polar lipids, Alabaster, AL, USA).
8. Dilution buffer: 0.9 % Sodium chloride (Baxter GmbH,
Germany), Glycerol, and Propylene glycol (Sigma-Aldrich) in
an 8:1:1 v/v ratio, respectively.
9. Avanti® Mini-Extruder (Avanti Polar Lipids, Alabaster, AL, USA).
10. Polycarbonate membranes of 400, 200, and 100 nm (Avanti
Polar Lipids, Alabaster, AL, USA).
11. Lipid stock solution 1 (DOPE:Metafectene at a molar ratio of
3:1): Weigh 13.2 mg (10.6 μmol) Metafectene and 26.8 mg
(36.1 μmol) DOPE. Dissolve the lipids in a total of 2 ml of a
2:1 chloroform:methanol mixture. Remove the solvent by
rotary evaporation to yield a thin lipid film on the sides of a
round-bottom flask. Dry the lipid film thoroughly to remove any
residual organic solvent by placing the flask under high vacuum
for 1 h. Hydrate the lipid film by adding 10 ml dilution buffer.
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Sonicate the lipid suspension in a bath sonicator (Bandelin)
and filtrate it through the Avanti® Mini-Extruder using a
0.2 μm filter. The effluent should be slightly transparent.
12. FluidMAG-Tween-60 MNPs (chemicell GmbH, Berlin,
Germany) with a nanomaterial concentration of 90 mg dry
matter/ml and 31.5 mg Fe/ml. The particles have a mean
maghemite crystallite size of 11 nm, a mean hydrated particle
diameter of about 150 nm, and an iron content of 0.35 g Fe/g
dry weight. Particles have a saturation magnetization of the
“core” Ms of 68.4 A × m2/kg Fe and an electrokinetic potential
in water, ζ, of −8.9 ± 1.0 mV.
13. siRNAs: Green fluorescent protein (GFP) siRNA (Dharmacon,
Lafayette, USA); Luciferase GL3-siRNA (Qiagen, Hilden,
Germany); GFP22-siRNA-Rhodamine (Qiagen, Hilden,
Germany); and negative control-siRNA, siGENOME Non-
targeting siRNA #1 (Dharmacon, Lafayette, USA).
14. siRNA solution: Reconstitute 5 nmol siRNA with 250 μl
siRNA suspension buffer to obtain a 20 μM solution; heat the
siRNA solution to 90 °C for 1 min, incubate at 37 °C for
60 min and store in aliquots at −80 °C.
15. Soybean oil (Hospital pharmacy, Klinikum rechts der Isar,
Technical University of Munich).
2.16 Fluorescent
Labeling of the MAALs
Loaded with siRNA

1. DiOC18 (3,3′-dioctadecyloxacarbocyanine perchlorate, λex
484/λem 501 nm, Molecular Probes/Invitrogen, Karlsruhe,
Germany): 2.5 mg/ml ethanol. Store 1 ml aliquots in the dark
at −20 °C.
2. Rhodamine-labeled GFP-22 siRNA (λex 550/λem 570 nm)
labeled at the 3′-end of the sense strand (siRNARh, Qiagen,
Hilden, Germany). Store aliquots in the dark at −80 °C.

3 Methods
3.1 Synthesis
of Magnetic
Nanoparticles Suitable
as Components
of Magnetofection
Complexes
3.1.1 Synthesis
of the PEI-Mag2, PL-Mag1,
and PalD1-Mag1
Nanoparticles

1. Dissolve 0.05 mol (13.52 g) of iron(III) chloride hexahydrate
and 0.025 mol (4.97 g) iron(II) chloride tetrahydrate in
300 ml water and filter using a 0.2-μm filtering flask or bottletop filter (whenever possible, use fresh reagents), transfer the
solution to a 500 ml round-bottom flask (make fresh as
required). Remove dissolved oxygen by continuous argon or
helium bubbling through the solution for ~10 min (for
PL-Mag1 nanomaterial add PL-Mag1 precipitation/coating
solution 1), cool the solution to 2–4 °C, and continue bubbling argon/helium through the solution.
2. To obtain a primary precipitate, rapidly add precipitation/
coating solution (for PL-Mag1 nanomaterial add PL-Mag1
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precipitation/coating solution 2), heat the material to 90 °C
over a 15-min interval, and stir at this temperature for the next
120 min. Cool the mixture down to 25 °C (no more inert gas
bubbling is needed), and incubate for 2 h with continuous
stirring.
3. Sonicate the product for 10 min using a resonance frequency
of ~20 kHz, 75 mW, 60 s sonication/30 s break interval.
Dialyze against water over 2 days using Spectra/Por 6 50 kDa
cut-off dialysis membrane to neutralize the suspension and to
remove excess unbound stabilizer. Sterilize the suspension
using 60Co gamma irradiation, dosage 25 kGy [32, 70]. The
particle types described here can be stored for at least 1 year
without losing the properties that are required for magnetofection (see Note 5).
3.1.2 Synthesis
of the SO-Mag5
Nanoparticles

1. Dissolve 25 mmol (6.8 g) of ferric chloride hexahydrate and
12.5 mmol (2.5 g) of ferrous chloride tetrahydrate in 200 ml
ddH2O water and filter using a 0.2-μm filtering flask or bottle-
top filter, transfer the solution to a 500 ml round-bottom flask
(make fresh as required). Remove dissolved oxygen by continuous argon or helium bubbling through the solution.
2. To obtain a primary precipitate, rapidly add 15 ml SO-Mag5
precipitation solution (concentrated ammonium hydroxide),
heat the material to 90 °C over a 15-min interval, and stir at
this temperature for the next 30 min.
3. To form a coating, add 375 μl of TEOS (1.7 mmol). After
30 min, add 750 μl of 42 % THPMP solution (1.3 mmol), and
further incubate the mixture at 90 °C for 30 min, cool to
25 °C, dilute twofold with ethanol, and incubate for 24 h with
continuous stirring.
4. Sonicate the product for 10 min using a resonance frequency
of approximately 20 kHz at 75 mW with impulses applied at
60 s/30 s intervals and dialyze extensively against water using
a Spectra/Por®6 50-kDa cut-off dialysis membrane. Sterilize
the suspension using 60Co gamma irradiation, dosage 25 kGy.

3.2 Determination
of Magnetic
Nanoparticle
Concentration
in Suspension
in Terms of Dry Weight
and Iron Content, Iron
Concentration per Dry
Weight of Magnetic
Nanoparticles

1. To determine the magnetic nanoparticles concentration in suspension or in the MAAL preparation in terms of iron content,
take 20 μl aliquots of the magnetic nanoparticle suspension;
add 200 μl concentrated hydrochloric acid and 50 μl water.
Wait until the magnetic nanoparticles are completely dissolved,
then adjust the volume to 5 ml with water.
2. Transfer 20 μl of the resultant solution to a microcentrifuge
tube, add 20 μl concentrated hydrochloric acid, 20 μl hydroxylamine hydrochloride solution, 200 μl ammonium acetate
buffer, 80 μl 1,10-phenanthroline solution, and 860 μl water.
Mix well and allow standing for 20 min.

68

Olga Mykhaylyk et al.

3. Also prepare a blank sample by mixing 20 μl concentrated
hydrochloric acid, 20 μl hydroxylamine hydrochloride solution, 200 μl ammonium acetate buffer, 80 μl 1,10-phenanthroline solution, and 880 μl water (see Note 6).
4. Measure the absorbance of the samples from Subheading 3.2,
step 2 at 510 nm against the blank (Subheading 3.2, step 3)
using a spectrophotometer such as, for example, Beckman DU
640 spectrophotometer.
5. To construct a calibration curve for the determination of the
iron concentration, add increasing amounts of iron standard
solution to microcentrifuge tubes (e.g., 50, 70, 90 up to
150 μl) and adjust the volume to 150 μl with water. Use 150 μl
water instead of iron solution to prepare a blank sample. To
each tube, add 20 μl concentrated hydrochloric acid, 20 μl
10 % hydroxylamine hydrochloride solution, 200 μl ammonium acetate buffer, 80 μl 0.1 % 1,10-phenanthroline solution,
and 730 μl water. Mix well and allow standing for 20 min.
Measure the absorbance at 510 nm against the blank. Plot the
absorbance at 510 nm as a function of the iron concentration
in the standard samples. Use linear regression as an approximation function for calculating the iron concentration in the
magnetic nanoparticle samples.
6. To determine iron concentration per dry weight of magnetic
nanoparticles, freeze-dry under high vacuum as follows: transfer 1 ml aliquots of magnetic nanoparticle suspensions into
pre-weighed glass vials, freeze samples (at −80 °C or in liquid
nitrogen), and dry overnight under high vacuum (suitably
using a lyophilizer). Weigh the vials again to calculate the dry
weight. Add 1 ml concentrated hydrochloric acid. Wait until
the magnetic nanoparticles are completely dissolved. Transfer
20 μl of the resultant solution to a microcentrifuge tube and
determine iron content following protocol of Subheading 3.2,
steps 2–5. Calculate iron content per dry weight of magnetic
nanoparticles (see Note 7). Example of the results is given in
Table 1 (see Note 8).
3.3 Radiolabeling
(Iodination) of siRNA
(See Note 9)

1. In vial 1 (ideally a conical screw cap microcentrifuge tube) prepare a mixture of 15 μl siRNA solution (2 μg siRNA/μl) and
15 μl 0.1 M ammonium acetate buffer, pH 5. In vial 2, prepare
a mixture of 15 μl 250 μM potassium iodide, 2 μl sodium 125I
(0.2 mCi), and 10 μl 0.1 M sodium hydroxide.
2. Add 15 μl 30 mM thallium trichloride solution to vial 2
(see Note 10), quickly mix and immediately transfer the content of vial 2 to vial 1, incubate the vial at 60 °C for 45 min,
then cool on ice.
3. Add 7.5 μl 0.1 M sodium sulfite, then 30 μl 1 M ammonium
acetate buffer, pH 7, incubate for 60 min at 60 °C, then cool
on ice.
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Table 1
Characteristics of the magnetic nanoparticles synthesized according
to Subheading 3.1 (see Note 6)
Nanoparticles
Parameter

SO-Mag5

PEI-Mag2

PalD1-Mag1

PL-Mag1

Mean magnetite crystallite size <d> (nm)

6.8

9

8.5

10.6

Mean hydrated particle diameter D (nm)

40 ± 14

63 ± 36

55 ± 10

101 ± 20

Iron content (g Fe/g dry weight)

0.52

0.56

0.53

0.47

Average iron weight per particle P Fe
part
(g Fe/particle)

6.2 × 10−19

1.4 × 10−18

1.21 × 10−18

2.35 × 10−18

Saturation magnetization of the “core” Ms
(A × m2/kg Fe)

94

62

100

109

Effective magnetic moment of the insulated
particle meff (A × m2)

5.7 × 10−20

8.6 × 10−20

4.3 × 10−20

9.1 × 10−20

ξ-Potential in water (mV)

−38.0 ± 2.0

+55.4 ± 1.6

−15.6 ± 1.6

−13.3 ± 1.6

4. During the incubation time of the previous step, equilibrate a
Sephadex G25 PD10 desalting column with water according
to the instructions of the manufacturer. Apply the reaction
mixture to the column and let it penetrate the column bed.
Position a rack with 20 aligned microcentrifuge tubes under
the column for fraction collection. Add 2 × 5 ml water for elution and collect 11 drops each (=400–500 μl) in the microcentrifuge tubes aligned in the rack.
5. Using a handheld radiation monitor, determine the early eluting
product fractions with the highest radioactivity (it is expected
that the fractions will be among fractions 6–9) (see Fig. 1a).
6. Transfer a 10 μl aliquot of the product fraction to a scintillation
vial and determine the radioactivity (CPM) using a gamma
counter (e.g., Wallac 1480 Wizard 3″ automatic gamma counter). In another aliquot of the product fraction from step 4,
determine the siRNA concentration by measuring the
absorbance D at 260 nm (see Fig. 1a) and using the following
formula: siRNA concentration (μg/ml) = (D260) × (dilution factor) × (50 μg siRNA/ml).
7. Alternatively, Mix 100 μg siRNA in 100 μl water and 2 μl
sodium 125I (0.2 mCi) in an Eppendorf tube and transfer the
mixture into the iodination tube (Pierce Precoated Iodination
Tubes order number 28601 Thermo Scientific).
8. Incubate the iodogene tube with the mixture with a gentle
agitation for ca. 10 min (longer incubation is not recommended to avoid oxidation of the nucleic acid).
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Fig. 1 Radiolabeling (iodination) of siRNA and testing siRNA association with
magnetic nanoparticles in transfection complexes. (a) siRNA concentration and
125
I-radioactivity in 10 μl aliquots measured in the fractions after radiolabeled
siRNA purification on Sephadex G25 PD-10 disposable columns. (b) Percent of
siRNA associated and magnetically sedimented with PEI-Mag2 and PalD1-Mag1
magnetic nanoparticles in duplexes (duplex means magnetic nanoparticle plus
siRNA only, without enhancer) and triplexes in the presence of PEI-25Br (nitrogento-siRNA phosphate ratio N/P = 10) or Metafectene-Pro (4 μl Mf/1 μg siRNA)
plotted against magnetic nanoparticle concentration (in terms of iron-to-siRNA
weight ratio, starting siRNA concentration of 4 μg/ml). Plots assignment as
shown in the Figure. A range of iron-to-siRNA ratios (w/w) from 0.25 to 4, according to Subheading 3.4, has been examined with magnetic nanoparticles having
a highly positive ξ-potential (PEI-Mag2) and with other particles having a negative ξ-potential (PalD1-Mag1). In the presence of both transfection reagents (4 μl
Metafectene-Pro per μg DNA or PEI-25Br at N/P = 10), both magnetic particle
types efficiently form triplexes, showing a potential suitability for magnetofection. Positively charged PEI-Mag2 particles form also duplexes with siRNA

9. Perform Subheading 3.2, steps 4–6. To separate the labeled
siRNA, PD MidiTrap G-25, PD MiniTrap G-25, PD SpinTrap
G-25, and PD MultiTrap G-25 columns can be also used
depending on the sample weight/volume.
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This procedure can be accomplished within 2 h.
1. For use as a transfection enhancer, mix 20.2 μl Metafectene
and 119.8 μl water, or prepare a solution of 45.4 μg PEI per
ml water (N/P = 10 (see Note 11)). This should be prepared
fresh before the experiment. In general, any other transfection
reagent can be tested as an enhancer instead.
2. In a 96-well round-bottom plate (Techno Plastic Products,
cat. no. 92097) add 20 μl of magnetic nanoparticle suspension
(from step 1) into well A1 (corresponding to 5.76 μg iron of
magnetic nanoparticles). Add 10 μl water into each well from
A2 to A6.
3. Transfer 10 μl from A1 into A2, mix, from A2 into A3, etc.,
down to A5. Discard excess 10 μl from A5. A6 well is a
reference.
4. Add 20 μl of enhancer dilution to each well from A1 to A6;
mix well with a pipette. To measure DNA association with
magnetic nanoparticles in the absence of an enhancer, add
20 μl water to each well.
5. Add 150 μl 125I-labeled siRNA solution (4.8 μg/ml in RPMI
medium without supplements, or whatever solvent of interest)
comprising 2 × 105 CPM ml−1 125I-labeled siRNA (from
Subheading 3.3) to each well from A1 to A6; mix well with a
pipette.
6. Incubate for 15 min to allow siRNA binding to magnetic
nanoparticles.
7. To sediment magnetic nanoparticles/siRNA transfection complexes, place the plate on the 96-Magnets magnetic plate
(magnetic plate; OZ Biosciences, cat. no. MF10096) for
30 min.
8. Carefully sample 100 μl supernatant from each well using a
pipette. Transfer each sample together with the pipette tip into
scintillation vial. Take care to avoid disturbing magnetically
sedimented complexes.
9. Measure the radioactivity (CPM) in every vial using the gamma
counter.
10. Calculate magnetic sedimentation of the siRNA associated
with magnetic nanoparticles (%; see Fig. 1b) as follows:

Magnetically sedimented siRNA ( % ) = éë1 - CPM sample / CPM ref ùû ´ 100,
where CPMref is the measured radioactivity from well A6 if the
assay is carried out to the above protocol.
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3.5 Cell Culture
and Plating
of Adherent Cells
for Transfection
3.5.1 Human
Adenocarcinoma Bronchial
Epithelial Cells (H441)

1. Culture H441 cells (human adenocarcinoma bronchial epithelial
cells) at 37 °C in a 5 % CO2 atmosphere. Split cells at a ratio of
1:4 to 1:5 every 4–5 days before reaching 100 % confluence.
Seed plates 24 h before transfection (see Note 12). H441 cells
are used as an example, but other cell lines could equally be
used.
2. For plating, wash the cells with PBS, aspirate supernatant and
add 2 ml trypsin–EDTA (0.25 %) solution per 75-cm2 cultivation flask. Shake gently so that the solution can cover the area
of the cells, and then take out all of trypsin with a Pasteur
pipette and incubate the flask at 37 °C for 2–3 min. Observe
the cells under microscope and when the cells are detached
immediately add 10 ml H441 culture medium to arrest the
trypsin action.
3. Count the cells using a microscope counting chamber (hemocytometer) and resuspend in H441 culture medium at a density of 1.67 × 105 cells per ml, before transferring to a reagent
reservoir.
4. Transfer 150 μl of the cell suspension per well to the 96-well
flat-bottom plate (Techno Plastic Products, cat. no. 92096) or
to clear bottom black-walled plate, 96-well (Greiner Bio-One,
cat. no. 655090) using a multichannel pipette (see Note 13).
Twenty-five thousand cells per well provide a confluence of
50 % before magnetofection 24 h later.
5. Store the plate in a cell culture incubator at 37 °C in a 5 % CO2
atmosphere until transfection, usually 24 h later. The cells should
be approximately 50 % confluent at the time of transfection.
6. Adherent cells that divide more rapidly than H441 cells
(NIH-3T3 or HeLa cells) would be plated at a density of
5,000–10,000 cells per well.

3.5.2 Human Colorectal
Adenocarcinoma Cells
(Caco-2)

1. Culture Caco-2 and HT29 cells (human colorectal adenocarcinoma cells) at 37 °C in a 5 % CO2 atmosphere. Split cells at a
ratio of 1:4 to 1:5 every 2–3 days before reaching 100 % confluence. Seed plates 24 h before transfection.
2. For plating, proceed in the same way as with H441. For Caco-2
cell line, resuspend the cells in culture medium at a density of
3.33 × 104 cells per ml, transfer 150 μl (5,000 cells) of the cell
suspension per well to the 96-well flat-bottom plate using a
multichannel pipette. For HT29 cell line, resuspend the cells
in culture medium at a density of 5.33 × 104 cells per ml, transfer 150 μl (8,000 cells) of the cell suspension per well to the
96-well flat-bottom plate using a multichannel pipette.
3. Store the plate in a cell culture incubator at 37 °C in a 5 % CO2
atmosphere until transfection, usually 24 h later.
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1. Culture ARPE-19 cells at 37 °C in a 5 % CO2 atmosphere. The
cells are split at a ratio of 1:3 to 1:4 when they reach over 90 %
confluence. Plate the cells 24 h before transfection.
2. For plating, wash the cells with PBS, aspirate supernatant, and
add 2 ml trypsin-EDTA (0.05 %) solution per 75-cm2 cultivation flask. Shake very gently so that the solution can cover the
cells, and then take out all the trypsin with Pasteur pipette and
incubate the flask at 37 °C for 4–5 min. Observe the cells under
microscope and when the cells are detached immediately add
10 ml ARPE-19 culture medium to arrest the trypsin action.
3. Count the cells using a hemocytometer and resuspend in culture media at a density of 5.33 × 104 cells per ml, before transferring to a reagent reservoir.
4. Transfer 150 μl of the cell suspension per well to the 96-well
flat-bottom plate (Techno Plastic Products, cat. no. 92096)
using multichannel pipette. Eight thousand cells per well provide a confluence of 50 % before magnetofection 24 h later.
5. Store the plate in a cell culture incubator at 37 °C in a 5 %
CO2 atmosphere until transfection, usually 24 h later. The
cells should be approximately 50 % confluent at the time of
transfection.

3.6 Preparation
of Magnetic
Nanoparticle–siRNA
Transfection
Complexes

1. To prepare the transfection complexes, add 20 μl of a suspension of magnetic nanoparticles to be tested (from
Subheading 3.1) (36 μg iron/ml water, from Subheading 2.6,
item 1) into wells A4, A7, A10 and E1, E4, E7, and E10,
respectively, of flat-bottom 96-well plates.
2. Add 40 μl each of the enhancer solution (from Subheading 2.6,
item 3, 4, 5 or 6) to the same wells and mix using a pipette.
3. Add 300 μl each of siRNA solution from Subheading 2.6, item 8
or 10 (4.8 μg/ml in serum- and supplement-free medium (e.g.,
RPMI 1640)), which delivers 1.44 μg siRNA per complex, to
the same wells and mix well using a pipette. This results in a final
volume of 360 μl in wells A4, A7, and A10 (see Note 14).
4. For the untransfected control setup, add 300 μl serum- and
supplement-free medium and 60 μl water to well A1. For
other controls and references (e.g., magnetic nanoparticle–
siRNA duplexes without enhancer, enhancer–siRNA complexes without magnetic nanoparticles), substitute the omitted
component(s) with medium and/or water, respectively.
5. Incubate for 15 min at RT. During the incubation time, fill the
remaining wells of columns 1, 4, 7, and 10 with 180 μl each of
serum- and supplement-free medium (RPMI 1640).
6. Prepare a 1:1 dilution series when the 15-min incubation
time has expired as follows: Transfer 180 μl each from A1, A4,
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A7, and A10 to B1, B4, B7, and B10, respectively, using a
multichannel pipette, mix, transfer 180 μl from the respective
wells in row B to row C and so on down to row D. And 180 μl
each from E1, E4, E7, and E10 to F1, F4, F7, and F10, respectively, using a multichannel pipette, mix, transfer 180 μl from
the respective wells in row F to row G and so on down to row
H (see Note 15).
7. To test transfection efficiency in ARPE-19 cells, add 45.30 μl
of DMEM:F12 Ham media without additives into wells A1
and A4. And add 42.42 μl of the same media into wells A7 and
A10. Add 2.88 μl of the magnetic suspension (100 μg iron/ml
water) prepared according to Subheading 2.6, item 2 into well
A7 and A10.
8. Add 10 μl of siRNA-eGFP solution from Subheading 2.6,
item 10 (57.60 μg siRNA ml−1) to cells A4 and A10 and of
siRNA-Luc to wells A1 and A7, which delivers 0.576 μg siRNA
per complex.
9. Add 2.3 μl of enhancer (DF-gold) into each well.
10. Incubate for 15 min at room temperature.
11. During the incubation time, fill the remaining wells of columns 1, 4, 7, and 10 with 180 μl each of supplement-free
medium (DMEM:F12 Ham).
12. After 15 min expired, add 302.40 μl of supplement-free
medium into each wells of A1, A4, A7, and A10.
13. Prepare a 1:1 dilution series as follows: Transfer 180 μl each
from A1, A4, A7, and A10 to B1, B4, B7, and B10, respectively,
using a multichannel pipette, mix, transfer 180 μl from the
respective wells in row B to row C and so on.
Characteristics for selected siRNA transfection complexes prepared according to the protocol of Subheading 3.6 are given in
Table 2.
3.7 Evaluation
of Magnetic
Responsiveness
of the siRNA–Magnetic
Nanoparticle
Complexes. Complex
“Loading”
with Magnetic
Nanoparticles

To evaluate magnetically induced velocity (magnetic responsiveness) of a magnetic siRNA complex or MAAL in a gradient
magnetic field and estimate complex loading with magnetic
nanomaterial:
1. Prepare magnetic nanoparticle-siRNA transfection complexes:
add 60 μl of a suspension of magnetic nanoparticles into a
tube, add 120 μl of the enhancer solution (from Subheading 2.6,
item 3, 4, 5 or 6) to the same tube and mix using a pipette,
add 900 μl of the siRNA solution from Subheading 2.6, item
8 or 10 and mix well using a pipette. This results in a final volume of 1,080 μl. For magnetic nanoparticle–siRNA duplexes
without enhancer or enhancer–siRNA complexes without
magnetic nanoparticles, substitute the omitted component(s)
with medium and/or water, respectively. Incubate for ~15 min
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Table 2
Characteristics of selected siRNA transfection complexes

Mean
Iron-to-
hydrated
siRNA
ξ-Potential diameter
w/w ratio (mV)
D (nm)

Efficient
velocity in
magnetic
fieldsa υz
(μm/s)

Average
magnetic
moment of
the complex
Ma
(10−16A × m2)

PEI/siRNA

–

+15.2 ± 1.8 413 ± 190

–

–

Mf/siRNA

–

+36.1 ± 9.7 283 ± 133

–

–

PEI-Mag2/siRNA

1:1

−14.0 ± 0.8 685 ± 242

1.2

2.55

4,607

PEI-Mag2/siRNA

2:1

−10.1 ± 1.2 736

1.96

4.48

8,085

DF-Gold/siRNA

–

+15.7 ± 1.5 479 ± 45

–

–

–

HiPerfect/siRNA

–

−2.33 ± 0.3 1,185 ± 68 –

–

–

PEI-Mag2/PEI/siRNA 0.5 : 1

+2.0 ± 4

394 ± 70

1.19

1.46

2,628

PalD1-Mag1/PEI/
siRNA

0.5 : 1

+7.2 ± 1.5

370 ± 115

1.49

1.71

3,968

PEI-Mag2/Mf/siRNA

0.5 : 1

+36.4 ± 3.8 210 ± 86

0.86

0.56

1,012

PalD1-Mag1/Mf/
siRNA

0.5 : 1

+12 ± 6.3

0.72

0.73

1,690

PEI-Mag2/DF-Gold/
siRNA

0.5 : 1

+17.0 ± .07 1,436 ± 33 0.33

10.1

8,300

PEI-Mag2/DF-Gold/
INF7/siRNA

0.5 : 1

−1.9 ± 0.7

1,560 ± 64 0.46

15.1

12,000

SO-Mag5/HiPerfect/
siRNA

1:1

−5.2 ± 1.9

1,316 ± 56 2.01

55.5

360,000

Complex

Number of
magnetic
particles in
a complex
N =M

m eff

Duplexes

Triplexes

326 ± 175

For a magnetic field configuration as shown in Fig. 2

a

at RT. Use half of the volume to measure the mean hydrated
diameter D of the complex by photon correlation spectroscopy
using, for example, a Malvern Zetasizer 3000 (UK).
2. Put 500 μl of the complex (or MAAL) suspension into an optical
cuvette. Starting optical density (turbidity) at the analytical
wavelength should be between ca. 0.1 and 1.0 D. Position two
sets of four quadrangular Ne-Fe-B permanent magnets
(18.0 × 16.0 × 4.0 mm) cantered beside a measuring window of
the optical cuvette in a spectrophotometer (e.g., Beckman DU
640 Spectrophotometer), put the cuvette with the suspension
into the sample holder and immediately start to measure the
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Fig. 2 Evaluation of magnetic responsiveness of the magnetic siRNA transfection complexes in the applied
magnetic fields. (a) Photo and (b) schematics of the laboratory setup for measurements of the magnetic
responsiveness of the complexes: Gradient permanent magnetic field is created by two sets of four quadrangular Ne-Fe-B permanent magnets 17 × 4 mm positioned at a distance of 20 mm and centered around the
measuring window of an optical cuvette in Beckman DU 640 Spectrophotometer. (c) The magnetic field and
the gradient of the field applied: The magnetic field is rather uniform in a measuring window Z = ±2 mm,
X(Y) = ±5 mm in the plane X–Y parallel to the surface of the magnets and measuring light beam with an average magnetic field value in direction of the particles movement perpendicular to the measuring beam of
0.213 ± 0.017 T with an uniform magnetic field gradient dB/dz in direction of the complexes movement of
4 ± 2 T/m. (d) Time course of the normalized turbidity of the magnetic complex suspensions (optical density at
360 nm normalized to the initial one) upon application of the gradient permanent magnetic field versus time
for siRNA duplexes with PEI-Mag2 nanoparticles, PEI-Mag2/siRNA at iron-to-siRNA wt/wt ratio of 1:1 and 2:1,
and siRNA triplexes with PEI-Mag2 and PalD1-Mag1 nanoparticles and PEI-25Br (PEI) or Metafectene (Mf) as
enhancers at iron-to-siRNA wt/wt ratio of 0.5 to 1 prepared as described in Subheading 3.6. Plots assignment
as shown in the figure

time course of the turbidity (optical density) at 360 nm in a
“kinetic mode.” The setup for the measurements is shown in
Fig. 2a, b and the configuration of the magnetic field in the
measuring window in Fig. 2c. Examples of the experimental
results for the kinetics of the magnetic sedimentation (responsiveness) for the selected complexes are given in Fig. 2d.
3. For evaluation of the efficient velocity υz of the complexes
under a gradient magnetic field and further calculation of the
average magnetic moment M of the magnetic complex(es) and
estimation of the number of magnetic nanoparticles N associated with the complex see Note 16. Example of results is shown
in Table 2.
3.8 Magnetofection

Timing: ~30–40 min plus 48–72 h to allow reporter gene downregulation. Magnetofection should be carried out under sterile
conditions.
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1. Check the plates prepared for transfection according to
Subheading 3.5 under the microscope for cell state and confluence. Cell confluence of ~40–50 % before transfection is preferable for H441 cells.
2. Cells that divide more rapidly than H441 cells (NIH-3T3 or
HeLa cells) can be transfected at lower confluence of ~30–
40 %. Aspirate the medium from the wells, add 150 μl fresh
cultivation medium per well.
3. Transfer 50 μl each of the transfection complexes prepared in
Subheading 3.6 into the culture plates with the seeded cells
as follows: Using a multichannel pipette, mix the dilutions
of transfection complex prepared in column 1 of the complex preparation plate (from Subheading 3.6) by pipetting
up and down, then transfer 50 μl to the wells of columns 1, 2,
and 3 (to test each composition and dilution of transfection
complex in triplicate) to the cell culture plate (from
Subheading 3.8, step 1). Transfer 50 μl from each well of
column 4 of the complex preparation plate to columns 4, 5,
and 6 of the cell culture plate. Transfer 50 μl from each well
of column 7 of the complex preparation plate to columns 7,
8, and 9 of the cell culture plate. Transfer 50 μl from each
well of column 10 of the complex preparation plate to columns 10, 11, and 12 of the cell culture plate. This results in
delivery of 200, 100, 50, and 25 ng siRNA per well in rows
A (E), B (F), C (G), and D (H), respectively. In ARPE-19
cells this delivers 80, 40, 20, 10, 5, 2.5, 1.25, and 0.6225 ng
siRNA per well in rows A to H.
4. Place the cell culture plate on a 96-magnet magnetic plate for
15–30 min in an incubator to create at the cell layer location a
permanent magnetic field with a field strength and gradient of
70–250 mT and 50–130 T/m, respectively.
5. Remove the magnetic plates after 20–30 min exposure of the
cells to the magnetic field (see Note 17) and incubate the plate
containing the transfected cells in a cell culture incubator at
37 °C in a 5 % CO2 atmosphere until results evaluation (usually
48–72 h post-transfection). Cell confluence of ~30 % before
transfection is preferable for Caco-2 cells and confluence of
~40 % for HT29 cells. For this cell lines is not necessary to
aspirate the medium from the wells and to add fresh cultivation
medium before transfection.
3.9 Evaluation
of the Transfection
Complex Association
with Cells
and Internalization
into Cells

1. To evaluate siRNA transfection efficiency and transfection
complex association with cells and internalization into cells,
prepare the transfection complexes with GFP-siRNA labeled
with Alexa Fluor 555 according to Subheading 3.6 and perform transfection of the cells according to Subheading 3.8.
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2. After incubation at 37 °C in a 5 % CO2 atmosphere, observe
the plate using a fluorescence microscope at 490/509 nm
(green fluorescence) to visualize the cells expressing eGFP
reporter gene and at 510/650 nm (red fluorescence) to visualize localization of the siRNA-Alexa555 complexes (see Fig. 3).
3. To allow visualization of internalized complexes with respect
to the cell nuclei, add 1 μl per well of the cell-permeable nuclear
counterstain Hoechst 33342 (1 mg/ml stock solution in
water). Incubate for 15–20 min. Examples of the results are
shown in Fig. 3. To analyze cell/association and internalization using a FACS Vantage microflow cytometer, wash the
adherent cells prepared in Subheading 3.9, step 1 with 150 μl
PBS per well, aspirate the supernatant with a Pasteur pipette,
add 10 μl Trypsin–EDTA (0.25 %) solution per well, and incubate the flask at 37 °C for 2–3 min.

Fig. 3 Enhanced GFP (eGFP) expression and cell association/internalization of
transfection complexes comprising magnetic nanoparticles in human cervical
carcinoma cells stably expressing eGFP protein (HeLa-eGFP) detected by microscopy.
HeLa-eGFP cells were incubated for 30 min at the magnetic plate with PEIMag2/PEI/GFP-siRNA-Alexa555 triplexes at siRNA concentration of 100 ng/
10,000 cells/0.33 cm2; iron-to-siRNA wt/wt ratio of 0.5, PEI/siRNA ratio of
N/P = 10 and observed after 1.5 h and/or 48 h with a fluorescence microscope.
Images were obtained at original magnification of 40. Bar = 50 μm. Hoechst
33342 was used as a nuclear counterstain. The pictures show fluorescence
images taken at 490/509 nm (green fluorescence) for eGFP fluorescence,
510/650 nm (red fluorescence) for GFP-siRNA-Alexa555, and at 350/461 nm
(blue fluorescence) for Hoechst 33342 nuclear staining, or overlays thereof.
Fluorescence microscopy data prove the association of the magnetic transfection complexes with a majority of the cells already 1.5 h post-transfection and
are indicative of internalization into cells. Forty-eight hours post-transfection
fluorescently labeled siRNA triplexes comprising magnetic nanoparticles are
localized predominantly around the nuclei
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4. Observe the cells under a microscope. When the cells are
detached, immediately add 200 μl cell culture medium to
arrest trypsin action.
5. Combine cells from triplicate wells of cell culture plates in a
fluorescence-activated cell sorting (FACS) tube.
6. Centrifuge at 300 × g (1,200 rpm on a Heraeus Megafuge 2.0)
for 5 min, remove supernatants carefully, and add 1 ml PBS
supplemented with 1 % FCS (FACS buffer).
7. Centrifuge again at 300 × g for 5 min, discard supernatants
carefully, and resuspend the cells in 0.5 ml FACS buffer.
8. To stain the siRNA complexes that are associated with cells but
are not internalized into cells, add 1 μl of the cell-impermeable
intercalating nucleic acid stain YOYO-1 iodide (1 mM in
DMSO), incubate for 10 min.
9. Analyze the cells on a flow cytometer: excite fluorescence with
an argon laser >488 nm and detect eGFP or YOYO-1 fluorescence using a 530/30-nm band-pass filter and Alexa555 fluorescence using a 575/26-nm band-pass filter. Analyze a
minimum total of 10,000 events per sample.
10. The percentages of cells with internalized or associated
Alexa555-labeled transfection siRNA complexes are determined as a percentage of gated fluorescent events detected
with a 575/26-nm band-pass filter (FL2) using untreated
cells as a reference (see Fig. 4a). The percentage of cells either
expressing eGFP or associated with YOYO-1-labeled transfection complexes is determined as a percentage of gated fluorescent events detected with a 530/30-nm band-pass filter (FL1)
using untreated cells as a reference. Example results are shown
in Fig. 4b.
3.10 Quantification
of Transfection
Complex
Internalization into
Cells Using
Radioactively Labeled
siRNA

1. To quantify transfection complex internalization into cells,
prepare the transfection complexes with 125I-labeled siRNA
solution from Subheading 2.10 according to Subheading 3.6
and perform transfection of the cells according to
Subheading 3.8. Reserve 50 μl each of the transfection complexes as a reference. After incubation at 37 °C in a 5 % CO2
atmosphere, wash the cells with 150 μl PBS per well at different time points post-transfection, aspirate supernatant with a
Pasteur pipette. To remove extracellularly bound complexes,
add 100 μl per well heparin solution containing 75 mM sodium
azide to inhibit endocytosis [71].
2. After incubation at 37 °C in a 5 % CO2 atmosphere for 30 min,
wash the cells with 150 μl PBS per well, aspirate supernatant,
add 10 μl Trypsin–EDTA (0.25 %) solution per well, and incubate the flask at 37 °C for 2–3 min.
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Fig. 4 siRNA association/uptake in HeLa human cervical epithelial adenocarcinoma cells stably expressing
eGFP (HeLa-eGFP cells) and H441 human lung epithelial cells characterized by flow cytometry. HeLa-eGFP
cells and H441 cells were transfected in a 96-well plate as described in Subheading 3.8. Forty-eight hours after
transfection the cells were trypsinized, washed, and resuspended in 1 % FCS in PBS. Vector–cell/association/
internalization was analyzed using a FACS Vantage microflow cytometer. (a) Density plots of untransfected cells
(untx); cells transfected with siRNA-Alexa555 (siRNA*) alone without magnetic nanoparticles or enhancer (naked
siRNA*); polyplexes of PEI-Br25 with siRNA-Alexa555 (PEI/siRNA*); magnetic triplexes comprising PEI-Mag2
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3. Observe the cells under a microscope. When the cells are
completely detached, add 200 μl cell culture medium.
4. Carefully collect the cell suspension from each well using a
pipette. Transfer each sample together with the pipette tip into
a scintillation vial. Measure the radioactivity (CPM) in every
vial using the gamma counter.
5. Calculate the siRNA associated with magnetic nanoparticles as
follows:
Internalized siRNA ( % ) = éëCPM sample / CPM ref ùû ´ 100,
where CPMref is the measured radioactivity from the reference
sample. In the example shown in Fig. 5 the results are recalculated
in terms of the weight of the siRNA internalized per seeded cell.
3.11 Quantification
of GFP Reporter Gene
Downregulation
in Living Cells
and in Cell Lysate

1. To prepare cell lysate from adherent cells, wash transfected
adherent cells (from Subheading 3.8) with 150 μl per well PBS
using a multichannel pipette. Add 100 μl lysis buffer per well.
Incubate for 10 min at RT, then place the culture plate on ice.
2. To quantify GFP expression in cell lysate, transfer 50 μl cell lysate
from each well into a black 96-well plate with a transparent bottom (e.g., clear bottom black-walled plate, Greiner). Add 100 μl
PBS per well and mix with the pipette. Measure the fluorescence intensity (485/535 nm, 1.0 s) using a microplate fluorescence reader, for example, a Wallac 1420 Multi-label counter.
As blanks, measure wells with lysate of nontransfected cells.
3. To construct a calibration curve for the determination of the
amount of GFP in transfected cell samples, in well A1 of a
96-well clear bottom black-walled plate, add 3 μl GFP stock
solution to 147 μl lysis buffer, mix well. Add 50 μl lysis buffer
each to wells A2–A12.
4. Transfer 100 μl from A1 to A2, mix well, transfer 100 μl from
A2 to A3, mix and so on down to A11. Discard the surplus

Fig. 4 (continued) magnetic nanoparticles, PEI-Br25 and siRNA-Alexa555 (PEI-Mag2/PEI/siRNA*) for vector
uptake analysis. Transfected H441 cells were additionally incubated with YOYO-1 to stain the siRNA transfection complexes associated with the cells but not internalized into cells. The siRNA dose was 100 ng per well in
the examples in (a). The numbers in squares indicate the percentages of gated cells with untreated cells as a
reference. (b) Percentage of Alexa555 positive HeLa and H441 cells associated with siRNA* in dependence on
the siRNA concentration in a well (black lines) and percentage of H441 cells that have internalized complexes
(red lines) for triplexes of PEI-Mag2 nanoparticles with Metafectene (Mf) or PEI vs. nonmagnetic duplexes of
siRNA* and naked siRNA*. Plots assignment as shown in the figure. The results given here clearly show that
more than 80 % of the HeLa-eGFP and H441 cells are associated with transfection complexes, at the same
time association with cells and internalization of naked siRNA is significantly lower compared to both magnetic
and nonmagnetic transfection complexes. There is no considerable difference between the percentages of
cells associated with/or internalized magnetic and nonmagnetic transfection complexes
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Fig. 5 Vector–cell association/internalization in HeLa human cervical epithelial adenocarcinoma cells, in H441
human lung epithelial cells and in hard-to-transfect Caco-2 and HT-29 cells. The cells were transfected using
125
I-labeled siRNA complexes. The applied siRNA dose was of 4 pg per cell. At indicated time points post-
transfection the cells were incubated with heparin solution in the presence of sodium azide to remove extracellularly bound complexes, washed, trypsinized, and collected. Cell associated radioactivity was measured
with a gamma counter. The applied dose of the radioactively labeled siRNA complexes was used as a reference. The results were recalculated in terms of the cell associated/internalized siRNA weight per seeded cell.
Plots assignment as shown in the figure. The results given here clearly show that cell internalization of naked
siRNA is negligible; polyplexes and lipoplexes of the siRNA are internalized better compared to naked
siRNA. Magnetofection results in significantly higher internalization levels of the siRNA compared to lipo- or
polyfection with the same vector type. Hard-to-transfect Caco-2 and HT-29 cells show much lower internalization of the siRNA with both magnetic and nonmagnetic complexes compared to the HeLa and H441 cells. The
magnetic transfection complexes modified with INF-7 peptide DF-Gold/PEI-Mag2/siRNA/INF7 do not show
higher vectors–cell association in Caco-2 and HT-29 cells compared to the unmodified magnetic complexes
DF-Gold/PEI-Mag2/siRNA
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100 μl from well A11. A12 is left as a blank. Add 100 μl PBS
to each well of row A and mix well. Using a microplate fluorescence reader (e.g., Wallac 1420 Multi-label counter), measure
the fluorescence intensity of GFP (excitation 485 nm, emission
535 nm, measuring time 1 s per well). Plot the measured fluorescence intensity as a function of GFP content per well. Use
linear regression to derive a calibration function from which
the GFP content in the samples can be calculated. The example
of the result is shown in Fig. 6.
5. Use a calibration curve, constructed as described, to calculate
the amount of GFP in the transfected cell samples (see Note 18).
6. To allow the results of the reporter gene expression assays to
be presented as weight GFP (or luciferase) per weight unit
total protein, the total protein content of the samples can be
determined as follows: first, add 150 μl water to each well in a
flat-bottom 96-well plate. Using a multichannel pipette, transfer 10 μl each of the cell lysates (from Subheading 3.11, step 1
or 3.12, step 1) into the corresponding wells of the protein
assay plate. Add 40 μl BioRad protein assay reagent to each
well, mix carefully using a plate shaker or a multichannel
pipette. Measure the absorbance at 590 nm using a microplate
reader (e.g., a Wallac 1420 Multi-label counter; measuring
time set to 0.1 s).
7. To construct a calibration curve for the determination of the
amount of total protein in the transfected cell sample, add
25 μl lysis buffer per well in one row (e.g., row A) of a flat-
bottom 96-well plate. Add 50 μl BSA stock solution to well 1
(e.g., A1). Mix well using a pipette. Transfer 50 μl from well 1
to well 2, mix, and transfer 50 ml from well 2 to well 3 and so
on down to well 11. Well 12 is left as a blank. Add 150 μl water
per well in another row (e.g., row B). Transfer 10 μl from row
A to row B. Add 40 μl BioRad reagent to each well and mix
carefully using a plate shaker or a multichannel pipette. Measure
the absorbance at 590 nm (or 570 nm) using a microplate
reader (e.g., a Wallac 1420 Multi-label counter; measuring
time set to 0.1 s). Plot the measured absorbance versus the
protein content per well. Use linear regression to derive a calibration function from which the protein content in the samples can be calculated.
8. Calculate the total protein content per 10 μl cell lysates for
every sample using the calibration curve (from
Subheading 3.11, step 7).
9. Calculate weight GFP per weight unit total protein (see Note 19);
normalize results to the reference data determined for
untransfected cells. The results can be plotted against time
post-transfection to evaluate the time course of the silencing

84

Olga Mykhaylyk et al.

Fig. 6 Enhanced GFP (eGFP) reporter gene expression analysis in cell lysate and in living cells. (a) eGFP-stably
transfected NIH-3T3 cells (NIH-3T3-eGFP cells) were seeded in 96-well plate and 24 h later transfected with
200 μl transfection volume of the magnetic complexes prepared with 0.5 μl of SilenceMag (OZ Biosciences)
and 1, 5, or 10 nM siRNA (targeting eGFP). eGFP expression was monitored in cell lysate in function of post-
transfection incubation time. Results show percentage of reporter gene expression. Untreated cells were used
as a reference. (b) Shows a calibration curve for eGFP. (c) eGFP-stably transfected H441 human lung epithelial
cells (H441-eGFP cells) were seeded in 96-well plate and 24 h later transfected with 200 μl transfection volume of the magnetic triplexes PalD1-Mag1/PEI/siRNA (Iron-to-siRNA ratio of 0.5 to 1, PEI/siRNA ratio of
N/P = 10). eGFP expression was monitored in living cells (Fluorescence intensity, IFL) at different time points
post-transfection and finally in cell lysate in function of the siRNA dose (concentration). Results show percentage of reporter gene expression. Untreated cells were used as a reference. (d) Shows the correlation between
fluorescence intensity, IFL, registered in cell lysates against IFL registered for the same samples in wells with
living cells for a set of samples. The results show minimum eGFP expression (maximum downregulation effect)
60–96 h post-transfection. Thus, in screening experiments for siRNA delivery magnetic complex analysis of
eGFP expression can be performed after 60–90 (usually after 72) h post-transfection. Example given in (c)
shows that eGFP expression monitoring in living cells provides realistic semiquantitative information on transfection efficiency

effect and to define the optimum exposition for screening
experiments (see Fig. 6a) or against the siRNA concentration
or dose per well in order to get a dose–response curve (examples of the results are given in Figs. 6b, 7a, and 8).
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Fig. 7 Magnetofection versus lipofection and polyfection efficiency in HeLa-eGFP. (a) eGFP-stably transfected
HeLa cells (HeLa-eGFP cells) were seeded in 96-well plate and 24 h later transfected with 200 μl transfection
volume of the magnetic anti-GFP siRNA complexes prepared with 0.5 μl of SilenceMag (OZ Biosciences) at
different concentrations of siRNA or PEI/siRNA and Mf/siRNA poly- and lipoplexes, or magnetic duplexes PEI-
Mag2/siRNA (Iron-to-siRNA ratio of 1) or magnetic triplexes PEI-Mag2/PEI/siRNA, PL-Mag1/Mf/siRNA, and
PalD1/Mf/siRNA (Iron-to-siRNA ratio of 0.5 to 1). Mf-to-siRNA vol/wt ratio of 4, PEI-to-siRNA ratio N/P = 10.
eGFP expression was monitored 72 h post-transfection. Results show percentages of reporter gene expression
with untreated cells as a reference. Plots assignments as shown in the figure. (b) eGFP expression was monitored 72 h post-transfection by fluorescence microscopy in HeLa-eGFP cells transfected with SilenceMag as
shown in (a) at 1, 5, or 10 nM siRNA

10. To evaluate the time course of the silencing effect, measurements
of the GFP expression in living cells can be performed as
follows (see Note 20): aspirate cell culture medium, wash the
cells twice with 150 μl per well PBS and measure the fluorescence intensity (485/535 nm, 1.0 s) using a microplate fluorescence reader. As blanks, measure wells with nontransfected
cells. Change PBS for complete cell growth medium and
continue incubation. At the end of observation after final measurements in living cells, perform cell lysis according to
Subheading 3.11, step 1 and determine GFP concentration in
cell lysates as described in Subheading 3.11, steps 2–8.
11. To calculate absolute values of GFP concentration from measurements in living cells, plot fluorescence intensity IFL registered
in cell lysates against IFL registered for the same samples in wells
with living cells for a set of samples. Example of the results is

Fig. 8 Magnetofection versus lipofection efficiency in ARPE-19 and Caco-2 cells stably expressing eGFP. ARPE19 cells stably expressing eGFP (ARPE-19-eGFP) were seeded in 96-well plate (8,000 cells per well) and
transfected with magnetic and nonmagnetic anti-eGFP siRNA complexes or anti-luciferase siRNA (Luci-siRNA)
as a negative control at different siRNA doses (Iron-to-siRNA w/w ratio of 0.5). (a) Fluorescence microscopy
images, (b) eGFP expression and respiration activity of transfected ARPE-19-GFP cells were registered 48 h
after transfection. (c) Caco-2 cells stably expressing eGFP (Caco2-GFP cells) were seeded in 96-well plate and
24 h later transfected with the complexes (DF-Gold/siRNA or PEIMag2/DF-Gold/siRNA) prepared with siRNAtargeting eGFP (eGFP-siRNA) or siRNA coding for firefly luciferase (Luc-siRNA) as a negative control. eGFP
expression was monitored in cell lysates 48 h post-transfection. Results show percentage of reporter gene
expression with a negative control as a reference. Respiration activity of the ARPE-19 cells and eGFP expression in the Caco-2 cells stably expressing eGFP treated with magnetic lipoplexes of the anti-luciferase siRNA
(Luci-siRNA) are higher than respective data for the untreated cells. The phenomenon could be due to stimulation of the cell growth with iron-based magnetic nanoparticles combined with the liposomal enhancer [62–64].
In this case, to derive the true downregulation of the target protein expression, values for the respective negative
control siRNA complexes rather than for untreated cells should be used as a reference as shown in (b) and (c)
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shown in Fig. 6d. Use linear regression to derive a function for
calculation of the IFL in lysate. The function in combination
with a calibration curve for lysates (shown in Fig. 6b) allows
one to estimate GFP content in living cells. Example of the
results is shown in Fig. 6c.
12. Quantification of eGFP expression from ARPE-19 is
slightly different. Wash transfected adherent cells (from
Subheading 3.8) with 150 μl per well PBS using a multichannel pipette. Add 100 μl lysis buffer per well. Incubate for
10 min at RT, and then place the culture plate on ice.
13. Transfer 80 μl cell lysate from each well into a black 96-well
plate with a transparent bottom (e.g., clear bottom black-
walled plate, Greiner). Add 70 μl PBS per well and mix with
the pipette. Measure the fluorescence intensity (485/535 nm,
1.0 s) using a microplate fluorescence reader, for example, a
Wallac 1420 Multi-label counter. As blanks, measure wells
with lysates of nontransfected cells.
14. Normalize the fluorescent intensity of the transfected cells to
fluorescent intensity of negative control (siRNA-Luc). Plot the
normalized value against applied siRNA dose per cell (Fig. 8).
3.12 Quantification
of Luciferase Reporter
Gene Downregulation
in Cell Lysates

1. Prepare cell lysates from adherent cells as described in
Subheading 3.11, step 1.
2. To quantify luciferase reporter gene expression in cell lysates,
transfer 50 μl cell lysate from each well into a 96-well black
flat-bottom microplate. Add 100 μl luciferase buffer per well,
optionally mix with a pipette. Measure the chemiluminescence
intensity (count time 0.20 min with background correction)
using a luminometer such as, for example, a Microplate
Scintillation & Luminescence Counter (Canberra Packard) or
a Wallac Victor 2 Multi-label Counter (PerkinElmer).
3. To construct a calibration curve to determine the amount of
luciferase in transfected cell samples, add 50 μl lysis buffer per
well to columns 1 and 3 of a black 96-well plate and 40 μl lysis
buffer per well in columns 2 and 4. To well A1, add 30 μl lysis
buffer and 20 μl luciferase standard stock (0.1 mg luciferase
per ml and 1 mg BSA per ml in 0.5 M Tris–acetate buffer,
pH 7.5). Pipette 50 μl from A1 to B1, mix well, then from B1
to C1, etc. down to H1. From H1, continue the dilution series
by transferring 50 μl to A3, continue in column 3 down to G3.
H3 is a blank. Pipette 10 μl each from column 3 to 4, and from
column 1 to 2. Add 100 μl luciferase buffer each to the wells
of columns 2 and 4. Measure the chemiluminescence intensity
as described above. Plot the logarithm of luciferase content in
the dilution series as a function of the logarithm of measured
luminescence intensity (light units). Use an approximation
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function (usually linear regression in this concentration range)
for calculating the amount of luciferase in the transfected cell
samples. An example of the results is given in Fig. 9b.
4. Use a calibration curve, constructed as described in
Subheading 3.12, step 3, to calculate the amount of luciferase
in the transfected cell samples.
5. To allow the results of the luciferase expression assays to be
presented as weight luciferase per weight unit total protein,
determine total protein content in lysate as described in
Subheading 3.11, steps 6–7.
6. Calculate weight luciferase per weight unit total protein; normalize results to the reference data determined for untransfected cells. The results can be plotted against time
post-transfection or against the siRNA concentration or dose
per well in order to get a dose–response curve. Examples of the
results are given in Fig. 9a, c.
3.13 MTT-Based Test
for Toxicity
of the Transfection
Complexes

1. Wash transfected adherent cells with 150 μl PBS per well using
a multichannel pipette and discard wash solutions.
2. Add 100 μl per well of MTT solution, and incubate in a cell
culture incubator for 1.5–2 h.
3. Observe the accumulation of the insoluble violet formazan
crystals. When necessary, continue the incubation to obtain an
optical density of ~0.3–1.0 at 550–590 nm for untreated cells
(as a reference) after product solubilization.
4. Add 100 μl MTT solubilization solution to dissolve
formazan.
5. Seal the plate with parafilm or an adhesive film to avoid liquid
evaporation, and incubate overnight at RT until complete dissolution of the formazan crystals.
6. Measure the optical density D of the MTT–formazan solution
after solubilization in the range of the wide absorption spectrum maximum (550–590 nm), for example, at 590 nm, using
a microplate reader (e.g., Wallac Multi-label Counter; measuring time 0.1 s). Use untransfected cells as a reference. Register
the absorbance for one or several wells with a mixture of 100 μl
MTT solution and 100 ml solubilization solution as a blank.

Fig. 9 (continued) The results of the MTT assay suggest relatively low toxicity of tested complexes within the
tested siRNA concentration range. (d) Luciferase-stably transfected HT29 cells (HT29-Luci cells) were seeded
in 96-well plate and 24 h later transfected with the duplexes HiPerfect/siRNA or with magnetic triplexes
HiPerfect/SO-Mag5/siRNA. Luciferase expression was monitored in cell lysate 72 h post transfection.
Magnetofection enhances downregulation of luciferase compared to the lipoplexes in hard-to-transfect HT29
cells. Cell viability in terms of respiration activity was measured 72 h post-transfection as a percentage of a
reference (untransfected cells); no toxicity was observed
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Fig. 9 Firefly luciferase reporter gene expression analysis in cell lysates. Magnetofection versus lipofection and
polyfection efficiency in H441-Luci and hard-to-transfect HT-29-Luci cells additional to/and MTT-based toxicity test. (a) Luciferase-stably transfected HeLa cells (HeLa-Luci cells) were seeded in 96-well plate and 24 h
later transfected with magnetic triplexes PL-Mag1/PEI/siRNA. Luciferase expression was monitored in cell
lysates in function of post-transfection incubation time. Maximal applied siRNA concentration of 64 nM corresponds to 20 pg siRNA/cell. (b) Shows a calibration curve for luciferase. (c) Luciferase-stably transfected
H441 cells (H441-Luci-cells) were seeded in 96-well plate and 24 h later transfected with naked siRNA, PEI/
siRNA, and Mf/siRNA poly- and lipoplexes, or magnetic duplexes PEI-Mag2/siRNA (Iron-to-siRNA ratio of 1) or
magnetic triplexes PEI-Mag2/PEI/siRNA, PL-Mag1/Mf/siRNA, and PalD1/Mf/siRNA. Luciferase expression in
lysate and cell viability in terms of respiration activity was measured 48 h post-transfection as a percentage
of a reference (untransfected cells). Maximal applied siRNA concentration of 64 nM corresponds to 8 pg siRNA/
cell. In (a) and (c) PEI/siRNA ratio of N/P = 10. Mf-to-siRNA vol/wt ratio of 4. Iron-to-siRNA ratio for magnetic
triplexes of 0.5–1. The results in (a) show minimum luciferase expression (maximum downregulation effect) in
HeLa-Luci cells between 24 and 48 h post-transfection, i.e., in screening experiments for siRNA delivery by
magnetic complexes analysis of luciferase expression can be performed usually after 48 h post-transfection.
The results in (c) imply that magnetic triplexes comprising PEI-Mag2 nanomaterial are considerably more
efficient in downregulation of the target gene in H441-Luci cells compared to similar nonmagnetic vectors.
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Cell viability in terms of cell respiration activity [72, 73]
normalized to the reference data (%) is expressed as:

(

)

Cell viability ( % ) = Dsample - Dblank / ( D reference - Dblank ) ´ 100 %,
here Dsample, Dblank, and Dreference are optical densities at the maximum of the MTT–formazan absorption spectrum registered for a
sample, blank, and reference sample, respectively. Examples of the
results are given in Figs. 8, 9, 10, and 12.
3.14 Enhancement
of the Reporter Gene
Downregulation by
Magnetic siRNA
Vectors Modified
with INF-7 Fusogenic
Peptide

To test the efficiency of the magnetic transfection triplexes modified with INF-7 fusogenic peptide (see Note 21):
1. Add 10 μl INF-7 solution prepared in Subheading 2.14, item
2 to the transfection complexes from Subheading 3.6, steps 3
and 9 (see Note 22). For hard-to-transfect Caco-2 cells add
5 μl of the INF-7 stock solution from Subheading 2.14, item 1
(10 mg/ml) to the complexes from Subheading 3.6, step 3
resulting in an optimal for these cells INF-7 peptide-to-siRNA
w/w ratio of 50:1.
2. Perform Subheading 3.6, steps 4–8 and 10–13 to generate
dilutions of the INF-7 modified complexes.
3. Perform magnetofection according to Subheading 3.8 and
evaluate the GFP or luciferase expression in cell lysates as
described in Subheading 3.11. Example of the results is shown
in Fig. 10.

3.15 Preparation
of Magnetic
Acoustically Active
Lipospheres Loaded
with siRNA

High, stable incorporation levels of the nanoparticles into the lipospheres were achieved using fluidMAG-Tween-60 particles (chemicell GmbH, Berlin, Germany, see Note 23) that were coated with
the nonionic surfactant Tween 60 (polyoxyethylene sorbitan
monostearate) and PEI-Mag2 nanoparticles, which were synthesized in-house (see Table 1) and were coated with the semifluorinated surfactant lithium 3-[2- (perfluoroalkyl)ethylthio]propionate
and 25-kDa branched polyethylenimine [32]. MAALs, according
to the procedures described below, are prepared from a mixture of
cationic lipid composition Metafectene, and zwitterionic lipid
DOPE, soybean oil, core-shell MNPs, and nucleic acids such as
siRNA. Images and size distribution of the siRNA-loaded MAALs
are shown in Fig. 11a–c. See also Note 24.
1. Put 11.1 μl fluidMAG-Tween 60 suspension into an Eppendorf
tube (see Note 24) and add 90.5 μl (0.362 mg lipids) of lipid
stock solution 1 from Subheading 2.15, item 11. Add 2.87
nmol siRNA (≈40 μg). Adjust the volume to 1 ml with the
dilution buffer (see Note 25).
2. Put 50 μl soybean oil into the Wheaton glass vial (see Note 26).
Add the mixture from Subheading 3.15, step 1 to the soybean
oil in the Wheaton glass vial.
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Fig. 10 Enhancement of the eGFP downregulation by magnetic siRNA vectors modified with INF-7 fusogenic
peptide in eGFP-stably transfected HeLa human cervical epithelial adenocarcinoma cells, in ARPE-19 cells and
in luciferase-stably transfected Caco-2 human colorectal adenocarcinoma cells. (a) The HeLa-eGFP cells were
seeded in a 96-well plate and 24 h later transfected with magnetic PalD1-Mag1/PEI/siRNA polyplexes or with
those modified with INF-7 peptide as described in Subheading 3.14. Iron-to-siRNA w/w ratio of 0.5 to 1. PEIto-siRNA ratio N/P = 10. eGFP expression was monitored 72 h post-transfection. Results show percentages of
reporter gene expression. Maximal applied siRNA concentration of 64 nM corresponds to 20 pg siRNA/cell. (b)
eGFP-stably transfected ARPE-19 cells were magnetofected with DF-Gold/siRNA/SO-MAg5 or with those modified with INF-7 peptide as described in Subheading 3.14 (INF-7-to-siRNA mol/mol ratio of 9.4). Iron-to-siRNA
ratio of 0.5. eGFP expression was monitored 48 h post-transfection. (c) Enhancement of the firefly luciferase
downregulation by magnetic siRNA vectors modified with INF-7 fusogenic peptide in luciferase-stably transfected Caco-2 human colorectal adenocarcinoma cells. The Caco-2-Luci cells were seeded in a 96-well plate
and 24 h later transfected with magnetic triplexes PEIMag2/DF-Gold/luci-siRNA or with those modified with
INF-7 peptide (INF-7-to-siRNA 50:1 wt/wt), iron-to-siRNA ratio of 0.5 to 1 and DF-Gold-to-siRNA 4–1 μl/μg.
Luciferase expression was monitored 48 h post-transfection. Plots assignments as shown in the figure. The
results clearly demonstrate considerable target reporter gene silencing enhancement resulting from modification of the magnetic transfection triplexes with INF-7 peptide. The results on the vector–cell association shown
in Fig. 5 suggest that the observed enhancement of the target protein downregulation after delivery of the
INF-7 modified complexes is not due to higher vectors–cell association compared to the unmodified magnetic
complexes. The results of the MTT assay for Caco-2-Luci cells at (c) suggest relatively low toxicity of tested
complexes at a low siRNA dose of 3–6 pg/cell

92

Olga Mykhaylyk et al.

Fig. 11 Morphology of the siRNA loaded magnetic acoustically active lipospheres (MAALs). Fluorescence
microscopy images of MAALs stained with DiOC18, a green fluorescence lipophilic tracer, and loaded with
rhodamine-labeled siRNA. The images show (a) green fluorescence (excitation 484/emission 501 nm) of the
DiOC18 associated with the MAAL lipid shell and (b) red fluorescence (excitation 550 nm/emission 570 nm)
from the co-localized rhodamine-labeled siRNA. (c) Size distribution of MAALs based on quantitative analysis
of the ten representative fluorescence images with an image analysis program specifically developed for this
objects (S.CO LifeScience GmbH, Germany) resulted in an average diameter of 4.8 ± 3.7 μm. In panels (a) and
(b), scale bars are 10 μm. Images a–c reprinted with permission from “Gene Silencing Mediated by Magnetic
Lipospheres Tagged with Small Interfering RNA” © 2010 American Chemical Society. (d) The time course of
the normalized turbidity of the Tw-Mag-AAL lipospheres and the suspension of fluidMAG-Tween-60 MNPs vs.
time upon application of a permanent inhomogeneous magnetic field of <B> = 213 mT, dB/dz = 4 T/m (+MF)
and without the application of a magnetic field (no MF) registered using laboratory setup for evaluation of
magnetic responsiveness shown in Fig. 2. Turbidity measurements in the absence of a magnetic field showed
that the particles and MAALs were colloidally stable for at least 15 min. The average magnetophoretic mobilities of the assemblies of the Tween-60 modified particles and the Tw-Mag-AAL lipospheres were estimated to
be 3.1 μm/s and 10.0 μm/s, respectively. The average magnetic moment of the lipospheres was estimated to
be 1.2 × 10−13 A m2 in the applied field of 213 mT. These values correspond to an average of 680,400 nanoparticles per liposphere. Reproduced with permission from “Magnetic and Acoustically Active Lipospheres for
Magnetically Targeted Nucleic Acid Delivery” © 2010 WILEY-VCH Verlag GmbH
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3. Fill the headspace of the Wheaton glass vial from Subheading
3.15, step 2, with perfluoropropane gas using a 3-way stopcock, and agitate the vial for 60 s at 2,500 vpm using the Mini
BeadBeater. Alternatively, a 2 ml Supelco vial can be used to
prepare the mixture from Subheading 3.15, step 2, and agitated for 60 s at 4,650 vpm using the CapMix™ capsule-mixing
device (see Note 27).
4. To remove the components that are not associated with
MAALs, wash the lipospheres by multiple (up to three) centrifugation flotations in 0.9 % NaCl. Reverse the vial, put the
vial into a 50 ml Falcon tube, centrifuge at 100 × g for 5 min
(980 rpm in a 5417R centrifuge, Eppendorf), and remove the
underlying liquid with a syringe.
5. To prepare Tw-MAG-AAL/siRNA with a higher siRNA load
of from 50 to 250 μg siRNA/ml, use between 113 μl and
566 μl lipid stock solution 1 containing between 0.452 and
2.26 mg lipids and from 6.25 to 31.25 μl of the siRNA
stock solution, respectively. Adjust the volume to 1 ml with
the dilution buffer and follow the protocol according to
Subheading 3.15, steps 2–3 (see Note 28).
3.16 Fluorescent
Labeling
the Components
of MAALs

To generate a stock solution of the fluorescently labeled lipid mixture for preparation of MAALs loaded with MNPs, as described in
Subheading 3.15, step 1, take 20 μl (0.053 μmol) of the DiOC18
solution from Subheading 2.16, item 1 and transfer it into a
round-bottom flask for rotary evaporation. Further proceed as
described in Subheading 2.15, item 11.
1. To prepare MAALs with fluorescently labeled siRNA, follow
the protocol from Subheading 3.15 using the fluorescently
labeled siRNA from Subheading 2.16, item 2, instead of the
unlabeled siRNA.
2. To visualize the fluorescently labeled MAALs, dispense 5 μl
MAALs in 1 ml PBS and transfer into a well of a 24-well culture plate. To obtain sharp images, place the culture plate on a
24-well magnetic plate for 5 min to sediment the bubbles at
the bottom of the well. For MAALs, visualization with a 40×
objective is recommended.
Fluorescence labeling of the components of the MAALs enables
visualization of the vesicles, co-localization of the components as
shown in the Fig. 11a, b as well as visualization of the localization
of the fluorescently labeled MAAL/siRNA after cell transfection
in vitro. In this way, notable accumulation of siRNA inside the
cells predominantly co-localized with the endosomal vesicles was
visualized 60 h after transfection of the 3T3 cells with MAAL
loaded with rhodamine-labeled siRNA (see Fig. 12). To visualize
nucleic acids in siRNA-loaded vesicles, other commercially available
fluorescently labeled siRNA products can be used as well.
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Fig. 12 Intracellular uptake of magnetic acoustically active lipospheres with rhodamine-labeled siRNA (MAALs/
siRNA-Rh). 3T3/NIH fibroblasts were incubated with MAALs/siRNA-Rh and images were taken with a confocal
laser scanning microscope on living cells (a) immediately after transfection and (b) after 60 h of incubation.
Hereby the nucleus of the living cells had been stained with DAPI (blue fluorescence). To stain components of
endosomal pathways the cells were incubated with Alexa Fluor 488 wheat germ agglutinin (WGA488) (green
fluorescence). An orthogonal view of the localization of siRNA-Rh (red fluorescence) from different planes (x//y,
x//z, and y//z) is shown. Immediately after addition of MAALs/siRNA-Rh, most of the siRNA were located extracellularly. However, even at this early time point, siRNA was already found to be sitting on the cell membrane
(see cross sections y//z and x//z). After 60 h, there was a notable accumulation of siRNA-Rh inside the cells
predominantly co-localized with the endosomal vesicles. Reprinted with permission from “Gene Silencing
Mediated by Magnetic Lipospheres Tagged with Small Interfering RNA” © 2010 American Chemical Society
3.17 Determination
of Size, Electrokinetic
Potential, Volume
Concentration,
and Magnetic
Responsiveness
of MAALs

1. Prior to use, gently rotate the MAAL or the MMB preparation
to obtain a homogenous suspension (see Note 28).
2. Dispense 5 or 10 μl MAALs/MMBs into 20 ml Isoton®II diluent depending on the Beckmann Coulter aperture tube used,
and determine the size and volume concentration of MAALs
with the electrical sensing zone technique using a Z2 Coulter
counter (Beckman Coulter GmbH) according to the manufacture’s instruction. For the MAAL concentration, the dilution
factor is 1.6 × 105 and 4 × 105 for the 100- and 50-μm aperture
tubes, respectively.
3. Alternatively, to determine the size of MAALs, register images
of the bubbles as described in Subheading 3.16, step 2 and
perform the image analysis. The size distribution curve for
MAALs is determined by an image analysis program, which was
developed by S.CO LifeScience GmbH, Garching, Germany
(http://www.sco-lifescience.com), shown in Fig. 11c.
4. To determine the ζ-potential and size distribution, dilute 5 μl
MAALs in 1 ml water and perform measurements using a Nano
ZS (Malvern) according to the manufacturer’s instructions.
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5. To evaluate the sedimentation stability and the magnetically
induced velocity (magnetic responsiveness) of MAALs in
gradient magnetic fields, dilute the suspension of the bubbles
with a medium of interest to a final volume of 500 μl of the
suspension that has an optical density between 0.4 and 1 at
650 nm. To register the sedimentation stability (with no magnetic field applied), put 500 μl of the suspension into an optical
cuvette, and measure the time course of the turbidity (optical
density) at 650 nm in a “kinetic mode.” To register the magnetic responsiveness, position magnets on each side of the
cuvette holder in spectrophotometer as shown in Fig. 2, put
the cuvette with 500 μl of the suspension into the holder, and
immediately start to measure the time course of the turbidity
at 650 nm in a “kinetic mode.”
For details see Note 16 and refs. 74–76. Example of the results
is shown in Fig. 11d. Magnetic lipospheres displayed greatly
increased magnetic responsiveness and in consequence, much
greater magnetic retention under flow conditions [32].
3.18 Transfections
with siRNA-Loaded
MAALs

1. For siRNA interference experiments with MAALs, the cells
stably expressing the firefly luciferase gene (fLuc) and/or
enhanced green fluorescent protein (eGFP), e.g., eGFP-H441,
eGFP-HeLa, or fLuc-HeLa, can be used. Other cell lines could
be also used in place of the aforementioned cells.
2. 24 h prior to transfection, count the cells and seed them in the
wells of 96-well flat-bottom culture plates as described in
Subheading 3.5. The cells should be approximately 50 % confluent at the time of transfection.
3. On the day of transfection, prepare the MAAL stock according
to the steps described in Subheading 3.15 or 3.16 (see Note 28).
Transfection studies can be performed using the siRNA against
the firefly luciferase, or any other target protein.
4. Accounting for the loading of the bubbles in the stock suspension of 40 μg siRNA/ml, put 78.05 μl MAALs into the first
tube and dilute up to a final volume of 1,400 μl with complete
cell culture medium. Prepare an additional 4 serial, 1:2 dilutions of the MMB suspension in Eppendorf tubes containing
700 μl cell culture medium each by transferring 700 μl microbubble suspension from the first tube and so on.
5. Pipette 100 μl of the dilutions per well in the 96-well plate
with the seeded cells. This should result in an siRNA concentration per well of 64, 32, 16, 8, and 4 nM. Perform all experiments in triplicate.
6. Place the cell culture plate on a magnetic plate, which generates a magnetic field of 130–240 mT and a gradient of
70–120 T/m at the cell layer for 15 min (see Note 29).
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7. After 15 min of incubation, apply ultrasound at 2 W/cm2 to
selected wells for 30 s at 50 % duty cycles using a Sonitron
2000 D ultrasound device (Rich Mar Inc., Inola, OK, USA).
Insert the ultrasound probe directly into the medium covering
the cells with the lower end of the source being positioned
approximately 4 mm above the culture plate bottom. As long
as the cells are exposed to ultrasound (in total 30–40 min), the
culture plate should remain positioned on the magnetic plate
(see Notes 30 and 31).
8. After application of the magnetic field and ultrasound to the cells,
remove the magnetic plate and incubate the culture plate containing the transfected cells in a cell culture incubator at 37 °C in
a 5 % CO2 atmosphere. After 60–90 min, replace the medium
in all wells with fresh complete medium with all additives.
Keep the culture plate in the incubator until results evaluation.
9. To evaluate the reporter gene downregulation, prepare cell
lysate and quantify reporter gene expression as described in
Subheadings 3.11 and 3.12. Culture plates must be incubated
for 48–72 h after transfection depending on the cell type.
10. Cell toxicity/viability, expressed in terms of cell respiration
activity, can be evaluated using MTT-based assay as described
in Subheadings 3.13.
11. To allow the results of the reporter expression assays to be
presented as weight of the reporter protein per weight unit
total protein, determine total protein content in lysate as
described in Subheading 3.11, steps 5–7.
12. Normalize results to the reference data determined for untransfected cells or the cells transfected with the preparation loaded
with negative control siRNA. The results can be plotted against
time post-transfection or against the siRNA concentration or
dose per cell in order to get a dose–response curve.
Examples of the results are given in Fig. 13. Feasibility of the
localized siRNA delivery at the site of the gradient magnetic field
application in a flow ibidi chamber is demonstrated in an example
shown in Fig. 14.

4 Notes
1. Unless stated otherwise, all solutions should be prepared in
water that has a resistivity of 18.2 MΩ · cm and total organic
content of less than five parts per billion. This standard is
referred to as “water” in this text.
2. Palmitoyl dextran PalD1 for PalD1-Mag1 nanomaterial stabilization can be synthesized using a modification of Suzuki’s
procedure [77]: Dry Dextran 10 (20 g; M w = 10500 ;
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Fig. 13 Downregulation of eGFP and firefly luciferase gene expression referenced to untreated cells with magnetic acoustically active lipospheres Tw-Mag-AAL/siRNA loaded with siRNA against eGFP (GFP-siRNA) or fLuc
gene (Luci-siRNA) 48 h post-magnetofection. The transfection was carried out in eGFP-H441 bronchial epithelial cells (upper left diagram), in eGFP-HeLa cervical cancer cells (center left diagram), and in fLuc-HeLa
(bottom left diagram) in the absence and presence of ultrasound (+US). Ultrasound was applied using a
Sonitron 2000D device operating at 1 MHz and using a 3 mm ultrasound probe operating at 2 W/cm2 and a
50 % duty cycle for 30 s. The transfection efficiency diagrams are accompanying with corresponding cell
viability diagrams (MTT-toxicity assay) on the right side. In all experiments MAALs/siRNA loaded with negative
control siRNA, i.e., siRNA with random sequence, is included. Error bars represent standard deviation. Reprinted
with permission from “Gene Silencing Mediated by Magnetic Lipospheres Tagged with Small Interfering RNA”
© 2010 American Chemical Society
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Fig. 14 Magnetofection of the HeLa-eGFP cells with siRNA loaded MAALs under fluidic conditions: (a) Sketch
of the ibidi flow system used for the magnetofection experiments; (b) Bright field and fluorescence microscopy
images taken at positions over the magnet placed under the flow channel and out of magnet 48 and 72 h after
magnetofection. The images represent the phase contrast and green fluorescence of the eGFP (excitation 484/
emission 501 nm) taken on HeLa cells stably expressing eGFP cultivated in the flow channel. Reprinted with
permission from “Gene Silencing Mediated by Magnetic Lipospheres Tagged with Small Interfering RNA”
© 2010 American Chemical Society

Amersham Biosciences) is suspended in anhydrous formamide
(300 ml); the mixture is stirred in a water bath at 70 °C for
1.5 h until the polysaccharide dissolves completely. Anhydrous
tributylamine (30 ml; Sigma, cat. no. 471313) and palmitoyl
chloride (6 ml; Sigma, cat. no. 471313) are added, and warming and stirring is continued for further 2 h. The reaction mixture is cooled to 20 °C. The resultant solution is diluted with
1,500 ml methanol; a white precipitate is formed, collected by
centrifugation, washed with methanol, and dried in vacuum.
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Crude product is dissolved in 400 ml formamide by stirring
and heating at 50 °C. The solution is poured into 2,000 ml
methanol. The white precipitate is collected by centrifugation
washed with methanol and dried in vacuum. The product
PalD1 with esterification degree of 10 palmitoyl groups per
100 dextran units (determined as described in ref. 78) is water
soluble.
3. This iron-to-siRNA weight ratio has turned out useful for triplexes of a variety of magnetic nanoparticle types. To determine the optimal weight ratio for an unknown particle type, it
is useful to carry out this protocol also with magnetic nanoparticle stock suspensions of 18, 72, or more μg iron per ml
(resulting in wt/wt ratios of 0.25 and 1 or higher).
4. The particles may aggregate due to magnetization; therefore,
do not magnetize magnetic nanoparticles before transfection.
Do not freeze magnetic nanoparticle suspensions. Before use,
always vortex magnetic nanoparticle suspensions very thoroughly. Optionally, sonicate magnetic nanoparticle suspension
after longer periods of storage using water bath sonicator.
5. Gamma sterilization is preferred as heat sterilization in an
autoclave in the presence of air can result in at least partial
desorption of the coating components as well as surface oxidation of the magnetite nanocrystals. It is important to avoid
freezing and magnetization of the suspensions prior to
magnetofection.
6. Appropriate dilutions for measurement have a concentration
between 0.5 and 6 μg iron per ml. The suggested final dilution
for measurement of the original 20 μl magnetic nanoparticle
with iron concentration of 10–90 mg iron per ml is 1:15,000.
7. The iron content of the magnetic nanoparticles varies from
0.41 to 0.56 g iron per g dry weight; aqueous suspensions after
dialysis of the material contain usually ~10 mg iron per ml.
8. The method described in Subheading 3.1 yields materials with
magnetite cores with a mean crystallite size of 8–11 nm. Mean
magnetite crystallite size was calculated from the broadening
of the X-ray diffraction peak using the Scherer formula. The
mean hydrodynamic diameters of these particles vary from 63
to 101 nm, and the ξ-potentials of the materials vary from
highly positive (+55 mV) to negative (–38 mV), depending on
the coating material used. The hydrodynamic diameter and
z-potential of the magnetic nanoparticles and transfection
complexes (given in Table 2) were determined by photon correlation spectroscopy using, for example a Malvern Zetasizer
3000 (UK). The average iron weight per particle is evaluated
with account for the magnetite crystallite size (core diameter).
The effective magnetic moment of the insulated particle is
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evaluated with account for the experimentally determined
saturation magnetization of the core and average iron weight
per particle. The parameters given here are usually not supplied by manufactures of the magnetic nanomaterials. The
physical and chemical characteristics of the particles are listed
in Table 1. Remarkably, the ξ-potentials of these particles range
from highly negative to highly positive. Particles with a negative ξ-potential are not suitable to bind nucleic acids on their
own. For this purpose, either a combination with enhancers or
divalent cations are required. These magnetic particles are used
in combination with either siRNA alone (in the latter case,
only positively charged particles such as PEI-Mag2 are used)
or in formulations with nucleic acids and enhancers (either a
lipid transfection reagent or PEI). We have found that particles
with a magnetite crystallite size of 9–11 nm are superior to
smaller particles with 3–4 nm crystallite size as components
of the magnetic transfection vectors for magnetofection.
For more details concerning the synthesis and characterization
of the magnetic nanoparticles as components of gene vectors,
see also ref. 58.
9. This protocol has to be performed by authorized personnel
and according to the rules and regulations for work with radioactive substances. Use pipette tips provided with an aerosol
filter to avoid radioactive contamination of the pipette. This
procedure can be accomplished within 2 h.
10. For complete dissolution of thallium chloride just before DNA
labeling, heat the solution to 70 °C using a water bath. Caution:
Thallium chloride is highly toxic.
11. The N/P ratio is a measure of the ionic balance of the complexes and refers to the number of nitrogen residues of PEI per
DNA phosphate. 1 μg of DNA contains 3 nmol of anionic
phosphate. For N/P = 10, 1 μg DNA (3 nmol phosphate) corresponds to 30 nmol PEI units, i.e., to 1.3 μg PEI.
12. Cell culture and plating should be performed under sterile
conditions. Timing: 30-min cell plating plus 24-h cell culture
in a plate before transfection.
13. Cell seeding in clear bottom black-walled plate enables GFP
expression measurements in living cells.
14. The order of reagent mixing and the medium for reagent dilution can be critical for the sizes, charges, and compositions of
the complexes and thus for final transfection efficiencies. To
optimize the conditions for a given cell line, magnetic nanoparticle type, and enhancer reagent, also other mixing orders as
described above should/could be tested.
15. Timing: 60 min. Prepare transfection complexes just before
transfection—all stages should be undertaken under sterile
condition.
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16. To evaluate the magnetic moment M of the magnetic complex
and estimate the number of magnetic nanoparticles N associated with the complex, an efficient velocity υz of the complexes
under a gradient magnetic field evaluated from the magnetic
responsiveness curves as υz = 〈L〉/t0.1, where 〈L〉 = 1 mm is an
average path of the particle movement in an optical cuvette
and t0.1 is the time required for a tenfold decrease in optical
density. The magnetic moment M of the complexes is calculated from the efficient velocity υz of the complexes as
¶B , where D is the average hydrodynamic
M = 3ph Duz /
¶z
diameter of the complexes determined using dynamic light
scattering method, η = 8.9 × 10−4 Pa · s the product of the effective magnetic moment
 meff of the magnetic nanoparticle under
the magnetic field B and the total number N of magnetic particles associated with the complexes as M = N × meff. At a magnetic field of 213 mT, the magnetization of the magnetite
nanoparticles according to the experimentally measured magnetization curve corresponds to 97 % of its saturation value,
Ms. Thus the effective magnetic moment meff of each particle is
meff = (0.97Ms)PpartFe, where Ms is the specific saturation magnetization per unit of iron weight and PpartFe is the content of iron
in one particle with the diameter of the magnetite core equal
to the average crystallite size. Thus determination of the complex velocity υz leads to evaluation of the number of magnetic
particles associated with the complex. For more details on the
physical background for the estimations see also ref. 75.
17. The optimal incubation conditions may differ from one cell
type to another and from one complex to another and must be
determined experimentally.
18. Use the same type of 96-well clear bottom black-walled plate
for both eGFP calibration curve measurements and experimental sample measurements. Make sure to measure equal volumes for the calibration curve and the experimental samples.
19. Bear in mind that the luciferase and GFP assays are carried out
with 50 ml cell lysate, while the protein assay is carried out
with 10 μl only. Correspondingly, the measured values for
luciferase (or GFP) must be divided by 5 to obtain correct
results, when normalizing per total protein determined in
10 μl cell lysate.
20. To allow repeated GFP expression measurements post-
transfection in living cells, the cells have to be seeded in clear
bottom black-walled plate, 96 well: Greiner Bio-One; catalogue no. 655090 (or similar clear bottom black-walled plate).
21. INF-7 endosomolytic peptide derived from the influenza virus
INF7 containing 24 amino acid (GLFEAIEGFIENGW
EGMIDGWYGG; SEQ ID NO:7, MW = 2,693.8) [79] can be
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synthesized using the published procedure or purchased from
NeoMPS (Strasbourg, France).
22. Addition of the 2.33 μg INF-7 (865 pmol) peptide to (1.44 μg)
92.1 pmol siRNA in a 360 μl transfection complex results in
INF-7-to-siRNA mol/mol ratio of 9.4.
23. FluidMAG-Tween-60 core-shell particles have a hydrodynamic diameter of 150 nm (as determined using dynamic light
scattering) and a maghemite (γ-Fe2O3) core with an average
diameter of 11 nm (according to transmission electron microscopy). The saturation magnetization of the core was 68.4 emu
per g iron and the electrokinetic potential was −8.9 ± 1.0 mV
when measured in 0.9 % NaCl.
24. Vortex MNPs and, optionally, sonicate them using an ultrasound water bath before their use for preparation of the
MAALs to avoid MNP aggregation and to obtain high quality
microbubbles.
25. The order of mixing, concentration of components, and
medium composition can influence the characteristics of the
bubbles and their loading with nucleic acids and/or MNPs.
26. Prior to use, warm the soybean oil to avoid pipetting mistakes.
It has been observed and verified by measurements that the
concentration of soybean oil in the MAAL preparations influences the MAAL size.
27. The standard MAAL or MMB preparation in the vial has a
volume of 1 ml. Preparations of 0.5 ml, or even of 0.25 ml, are
also possible with a corresponding adjustment in the dose of
the component. This is particularly useful when the loading
drug is expensive.
28. The magnetic lipospheres and the MMBs float in a similar
manner as the commercially available, non-MMBs. Keep the
MMBs in the perfluoropropane atmosphere and take the
required amount carefully with a needle. Do not inject air into
the vial. It has been observed that exposure of the MMBs to air
decreases the microbubbles̉ concentration to half in 2–3 h, on
average.
29. Preferably, use freshly prepared magnetic lipospheres or MMBs
for transfection experiments.
30. Keep the exposure time to the magnetic field the same for all
experiments with the same cell line. Avoid overexposure to the
magnetic field, which might negatively influence the transfection results.
31. For the in vitro experiments, use a vertically displaceable flat
surface, and put the culture plate on it to ensure accurate and
convenient positioning of the plate for ultrasound treatment.
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Chapter 6
Cytoplasmic Delivery of siRNAs to Monocytes
and Dendritic Cells via Electroporation
Mouldy Sioud
Abstract
RNA interference has been of great interest not only as a research tool to suppress gene expression but also
as an emerging therapeutic strategy to silence disease genes. However, the therapeutic use of siRNA faces the
in vivo delivery challenge. An alternative method that could potentially be used for siRNA delivery into
primary immune cells for therapeutic purposes is an ex vivo route, whereby immune cells could be isolated
from a patient, reprogrammed with siRNAs, and infused back into the same patient. This chapter describes
siRNA delivery into human primary monocytes and dendritic cells using a standard electroporation technique. Dendritic cells occupy a central role in the immune system, orchestrating a wide repertoire of responses
that span from the development of self-tolerance to the generation of protective CD8+ T cell immunity.
Key words RNA interference, siRNAs, Dendritic cells, Electroporation, Monocytes

1

Introduction
Since Fire and Mello demonstrated that double-stranded RNAs
can silence gene expression [1], small interfering RNAs (siRNAs)
have emerged as a promising therapeutic strategy to silence disease
genes [2–4]. However, the therapeutic applications of siRNAs
have been limited by its poor stability in serum and poor cellular
uptake. To achieve the cytoplasmic delivery of siRNA in vitro and
in vivo, a variety of siRNA delivery methods have been devised,
including viral and nonviral delivery systems, and chemical modifications of siRNAs ([5], see Chapters 1–12). Delivery of siRNA via
viral vectors has been shown to efficiently achieve gene silencing
for an extended period, but safety concerns such as the risk of
mutagenesis and carcinogenesis and difficulties with large-scale
manufacture may limit the use of viral vectors for siRNA delivery
in clinical setting.
DC cells (DCs) are central in mediating both the initiation of
immunity and maintenance to tolerance to self antigens [6]. The
ability of DCs to initiate qualitatively different immune responses
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depends on several parameters such as the DC subset, the nature of
the pattern-recognition receptor involved, and the tissue microenvironment. Notably, the efficacy of vaccination is directly linked to
the type and the quality of immune response elicited by a particular
vaccine. Ex vivo-generated DC-based preparations have been
tested in cancer patients for more than a decade [7]. While these
vaccines exhibit a good safety profile, objective clinical responses
have been recorded only in very few patients [7]. One main reason
for the failure of cancer DC vaccines is believed to be the presence
of immunosuppressive factors that hamper DC activation [8].
These factors are expressed by DCs themselves and/or tumor cells.
Therefore, the development of agents that stimulate DC function
and/or suppress the expression of immunosuppressive factors,
such as interleukin (IL)10 and indoleamine 2,3-dioxygenase
(IDO), will facilitate the design of effective cancer vaccines. IL10
has been associated with the development of tolerogenic DCs, and
IDO is an enzyme involved in inhibition of the activation of alloreactive T cells, leading to tumor evasion of the host immune system
[9–11]. IDO positive DCs are expected to convert naïve T cells
into regulatory T cells, thus inducing tolerance instead of T cell
activation. Furthermore, IDO positive DCs produce various tryptophan metabolites such as N-formylkynurenine with a general
immunosuppressive effect on T cell activation. Thus, blocking
IDO expression with siRNAs might enhance the efficacy of cancer
vaccines (see Chapter 16).
Electroporation is a useful tool to deliver siRNAs in vitro into
human cells that are refractory to lipid-based transfection strategies, and it was employed to test the recognition of siRNA by cytosolic RNA sensing receptors in human monocytes and DCs [12].
Also, the technique has been used to load DC with mRNA encoding tumor antigens [13]. Using the BTX instrument and 0.5 μg
(37.5 pmol) of siRNA targeting IDO, we almost abolish IDO gene
expression in DCs [14]. The current chapter describes the delivery
of siRNA into human monocytes and DCs via nucleofection and
BTX electroporation techniques. Notably, the first generation of
siRNA therapeutics is now being evaluated in clinical trials, raising
significant interest in this emerging area of medical research.

2

Materials

2.1 Isolation
of Blood Monocytes

1. Buffy coat from healthy adult donors.
2. RMPI 1640 medium.
3. Complete RMPI medium: RPMI 1640 supplemented with
10 % fetal calve serum (FCS), penicillin (100 μg/ml), and
streptomycin (100 μg/ml). Complete medium.
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4. Lymphoprep™.
5. Pasteur pipettes.
6. Z1 Coulter Particle Counter.
7. Cell scraper.
8. Granulocyte macrophage colony stimulating factor (GM-CSF).
9. Interleukin-4 (IL-4).
10. Tumor necrosis factor-α (TNF-α).
2.2 siRNA
Electroporation into
Monocytes
and Dendritic Cells

1. Electroporation apparatus BTX ECM 830.
2. 4 mm gap cuvettes.
3. Chemically synthesized siRNAs (Table 1).
4. 6-well culture plates.
5. 75-cm2 tissue culture flasks.
6. RMPI 1640 supplemented with 10 % FSC and antibiotics.
7. Human monocytes and dendritic cells.

2.3 Nucleofection
of siRNA into DCs

1. Nucleofector kit (Amaxa, Biosciences).
2. Transfection solutions provided with Amaxa transfection kit.
3. Transfection cuvettes provided with Amaxa transfection kit.
4. Complete RMPI medium.
5. Human monocytes and dendritic cells.
6. 6-well culture plates.

Table 1
siRNA sequences
siRNA

Target site

IDO siRNA-1

5′-GCCUCCUAUUUUGGUUUAU-3′

IDO siRNA-2

5′-GCAGCGUCUUUCAGUGCUU-3′

IDO siRNA-3

5′-CCCUUCAAGUGUUUCACCA-3′

IDO siRNA-4

5′-CCGUGAGUUUGUCCUUUCA-3′

Scrambled IDO
siRNA-4

5′-GAUUUCGUACUCUGUGCUC-3′

Control siRNA
β-galactosidase

5′-UUGAUGUGUUUAGUCGCUA-3′

IL10 siRNA

5′-AGGAUCAGCUGGACAACUU-3′
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Methods

3.1 Isolation
of Mononuclear Cells

1. Transfer the buffy coat into a 75-cm2 cell culture flask.
2. Add 50 ml RPMI medium and mix gently.
3. Carefully layer 20 ml of the diluted blood over 10 ml
Lymphoprep™ in a 50 ml falcon tube. Alternatively,
Lymphoprep™ can be underlayered.
4. Centrifuge at 800 × g for 30 min in a swing-out rotor.
5. Subsequent to centrifugation, the mononuclear cells form a
distinct band at the sample/medium interface.
6. Remove the cells from the interface using a Pasteur pipette.
7. Dilute the harvested cells with RPMI medium and pellet the
cells by centrifugation for 5 min at 800 × g.
8. Wash the cells twice with serum-free RPMI medium or sterile PBS.
9. Subsequent to washing, resuspend the cells in 50–100 ml complete RPMI medium.
10. Dispense 50 × 106 cells per 25 ml complete RPMI medium into
75 cm3 cell culture flasks and then incubate at 37 °C for 1–2 h.
11. Subsequently, carefully aspirate the medium and wash the
adherent cells with 10 ml warmed complete RPMI medium.
12. Subsequent to washing, add 10–15 ml complete RPMI medium
and carefully harvest the cells by scraping (see Note 1).
13. Transfer the cells to 50 ml falcon tubes, and then centrifuge at
800 × g for 5 min.
14. Remove the supernatant, resuspend the cells in complete
RPMI medium, and then determine the cell number.
15. Disperse the appropriate cell numbers into 25- or 75-cm2 tissue culture flasks.

3.2 Generation
of Immature
and Mature Dendritic
Cells

Immature monocyte-derived dendritic cells (immoDCs) were
generated by culturing monocytes in the presence of GM-CSF
(25 ng/ml) and IL-4 (50 ng/ml) for 4–5 days. To generate mature
monocyte-derived DCs (mmoDCs), the cells were further stimulated with TNF-α (50 ng/ml) for 2 following days. With respect to
DC cancer vaccine, immoDCs were stimulated with TNFa, IL-1b
(10 ng/ml) and prostaglandin E2 (1 microg/ml) in order to
obtain full mature DCs for vaccination.

3.3 siRNAs Delivery
to Monocytes
and Dendritic Cells
Using a Standard
Electroporation
Method

1. Prior to electroporation, wash the cells twice with serum-free
RMPI medium and then resuspend at 5–10 × 106 cells/0.5 ml
serum-free RPMI medium (see Note 2).
2. Dispense complete RMPI medium into 6-well tissue culture
plate (2.5 ml/well) and incubate at 37 °C.
3. Prepare Eppendorf tubes with the desired siRNA concentrations.
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4. Wash the electroporation cuvettes with serum-free RPMI
medium.
5. Mix the cells (500 μl) with the desired siRNA concentration,
transfer the mixtures into the electroporation cuvette, and
then incubate at 4 °C for 2–5 min.
6. During the incubation time, set up the electroporation
parameters:
●

Volt: 500.

●

Puls length: 2 ms.

●

Puls: 01.

●

Interval: 01.0 s.

●

Polarity: Unipolar.

7. Subsequently, place the metal walls in the cuvette against the
metal walls in the electroporator, and then pulse.
8. Transfer the electroporated cells immediately to 2.5 ml prewarmed complete RMPI medium and incubate the cells at
37 °C in humidified 5 % CO2 for at least 1 h.
9. To induce IDO gene expression, add INF-γ (500 ng/ml).
10. Incubate at 37 °C in humidified 5 % CO2 for 15–20 h before
analyzing gene silencing.
3.4 siRNA Delivery
to Monocytes Using
the Nucleofection
Method

1. Before transfection, dispense complete RMPI medium into
6-well culture plate (2.5 ml/well) and incubate at 37 °C.
2. Count the cells, calculate the number of cell needed, and spin
down. We usually use 5–106 cells per transfection.
3. In Eppendorf tubes, dispense the siRNA concentrations
needed. Usually we use 0.1–3 μg per transfection.
4. Select program Y-001 on the nucleofector apparatus.
5. Resuspend the cell pellet in 100 μl transfection solution provided in the kit (see Note 3).
6. Transfer the 100 μl cell suspension to the Eppendorf tube containing the siRNA, mix gently, and then transfer the mixture to
the transfection cuvette.
7. Insert the cuvette in the nucleofector instrument, the metal
walls facing you, and press the parameter X.
8. When the transfection is completed, it is essential to add 0.5 ml
of complete RPMI medium to the cells as soon as possible.
9. Transfer the cells from the cuvette (≈0.6 ml) to the 6-well
plate using the white plastic pipette provided with the electroporation cuvettes.
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Fig. 1 Silencing potency of IDO siRNAs in human monocytes. (a) Downregulation of IDO gene expression by
siRNAs. Freshly isolated monocytes were transfected with anti-IDO siRNAs (3 μg/225 pmol each) or control
siRNA targeting β-galactosidase (3 μg/225 pmol) using nucleofection. Subsequently, IDO expression was
induced with IFN-γ (500 U/ml) for 18 h and IDO protein levels were determined by Western blots. (b)
Concentration-dependent downregulation of IDO gene expression by siRNAs. Freshly isolated monocytes were
transfected with various concentrations of IDO siRNAs and then processed as in (a). (c) Quantification of the
IDO signals shown in (b). The control intensity is defined as 100 %. (d) Anti-IDO siRNAs are specific. Monocytes
were transfected with the indicated siRNA duplexes (1 μg/75 pmol) and processed as in (a). Sca = a scrambled
IDO siRNA4. Not transfected but IFN-γ stimulated cells were included in these experiments

10. The machine has to be reset between each transfection by
pressing the parameter X.
11. Incubate the cells at 37 °C in humidified 5 % CO2 for 15–20 h
before analyzing gene silencing.
Under the experimental conditions described above, both
methods showed a transfection efficiency up to 95 %, consistent
with the high percentage of IDO knock-down in transfected cells,
95–99 % (Figs. 1 and 2). Moreover, transfected cells showed that
75–85 % of total cells are viable cells as assessed by trypan blue
exclusion test. On the basis of these results, siRNA electroporation
into DCs using the BTX instrument should be adapted in the clinic
(see Chapter 16). Any gene involved in immunosuppression such as
IDO, IL10, SOCS-1, PD1, and PD1 ligand can be silenced in DC
cancer vaccines or in adoptively transferred T cells. Figure 3a, b
shows that siRNA delivered via electroporation is active and maintained its silencing activity after freezing and thawing of DCs as
outlined in Fig. 3c.
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Fig. 2 Silencing potency of IDO siRNA in human dendritic cells. (a) Downregulation
of IDO gene expression by siRNAs in immoDCs. To generate immoDCs, monocytes
were treated with GM-CSF (25 ng/ml) and IL-4 (50 ng/ml) for 5 days. Then the cells
were transfected with various concentrations of IDO siRNA3 (0.1–1.5 μg/7.5–
112.5 pmol) or control siRNA (1.5 μg/112.5 pmol). Subsequently, IDO gene expression was induced by IFN-γ (500 U/ml) for 18 h and IDO protein levels were
determined by Western blots. (b) Downregulation of IDO gene expression by siRNAs
in mmoDCs. To generate mmoDCs, immoDCs were stimulated with TNF-α (50 ng/
ml) for 2 days, and then they were washed, transfected with various IDO siRNAs
(0.1 μg/7.5 pmol each), and processed as in (a). (c) RT-PCR analysis of IDO mRNA
levels. ImmoDCs were transfected with siRNA-3 (0.4 μg/30 pmol) or control siRNA
(– siRNA) (0.4 μg/30 pmol) and then IDO expression was induced with IFN-γ for
18 h. Subsequently, total RNA was prepared and IDO and β actin mRNA levels were
analyzed by RT-PCR as described in Subheadings 2 and 3
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Fig. 3 Efficient siRNA gene silencing in DCs using the BTX electroporation method. (a) Transfection of IDO
siRNAs with BTX electroporation in immoDCs. Around 5 × 106 cells were transfected with IDO siRNA4
(0.5 μg/37.5 pmol) or control siRNA (0.5 μg/37.5 pmol) and then IDO expression was induced with IFN-γ
(500 U/ml) for 18 h. Subsequently, IDO and actin protein levels were determined by Western blots. (b) IDO
siRNA remains functional during DC maturation. ImmoDCs were transfected with IDO siRNA-3
(1.5 μg/112.5 pmol) or control siRNA (1.5 μg/112.5 pmol) and then the cells were cultured in the presence of
IL-4, GM-CSF, and TNF-α (50 ng/ml) to induce maturation. The expression of IDO following 18 h stimulation
with IFN-γ was analyzed by Western blots at day 1 or day 4 subsequent to transfection (day 0). (c) IDO siRNA
remains functional after DC freezing and thawing. ImmoDCs were transfected with IDO siRNA4 (0.5 μg/37.5 pmol)
or control siRNA (0.5 μg/37.5 pmol) and then they were cultured in the presence of IL-4, GM-CSF, and TNF-α
(50 ng/ml) for 2 days to induce maturation. Subsequently, the cells were frozen in liquid nitrogen. On day 2
after freezing, the cells were thawed, cultured in complete medium supplemented with IFN-γ (500 U/ml) for
18 h, and then IDO protein levels were determined by Western blots

4

Notes
1. Differentiation factors such as GM-CSF and IL-4 can be added
directly to adherent monocytes. Therefore, there is no need for
harvesting the cells by scraping.
2. A large number of DCs (40 millions/800 microl) can be transfected in a single 4 mm gap disposable cuvette by square wave
electroporation.
3. The cells should not stay in the transfection solution more
than 15 min.
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Chapter 7
Delivery of siRNAs to Cancer Cells via Bacteria
Omar Ahmed, Andrea Krühn, and Hermann Lage
Abstract
RNA interference (RNAi) technology is a promising approach for efficient silencing of a particular gene
for cancer gene therapy. However, the main obstacle for the development of RNAi-based therapeutic
approaches is the delivery of the RNAi effector molecules to target cells. One promising strategy to surmount this challenge is the application of nonpathogenic bacteria as a delivery vector to target cells. In this
chapter, the design of invasive Escherichia coli is described. The strain carries a plasmid encoding short
hairpin RNAs (shRNAs), a protein (invasin) necessary for endocytotic absorption of the bacteria by target
cells, and listeriolysin O required for the lysis of endocytotic vesicles within the target cells.
Key words RNA interference, siRNA, shRNA, Cancer, Bacteria

1

Introduction
RNA interference (RNAi) is a naturally occurring mechanism of
eukaryotic cells first described in the model organism Caenorhabditis
elegans [1]. Since the finding that introduction of 21 nt long
double-stranded RNAs (dsRNAs), the so-called small interfering
RNAs (siRNAs), into target cells triggers selective and specific
gene silencing in mammalian cells [2], RNAi has been exploited by
various scientific approaches. Due to its effectiveness RNAi has
been applied more frequently in laboratories than alternative genesilencing methods such as antisense and ribozyme techniques.
Besides its potential for dissection of gene function by knock-out
experiments, RNAi exhibits great potential for reversing genetic
dysregulations. Consequently its therapeutic suitability for genetic
disorders has been studied excessively.
Physiologically, RNAi is a posttranscriptional gene silencing
mechanism in eukaryotic organisms including mammalia. The biochemical features of the RNAi pathway are extensively discussed in
detail within the scientific literature [3–5]. However, a successful gene
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silencing using RNAi pathway is deeply dependent on the delivery
method of the RNAi effectors to the target cells (see Chapters 5,
10, 11, and 12).
1.1 Delivery
Strategies

The main challenge for the therapeutic application of RNAi is the
safe and efficient delivery of the RNAi effectors to target cells.
Although, siRNAs appear as the simplest way to trigger RNAi as
therapeutic agents, siRNAs mediate only transient therapeutic
effects [6]. Therefore, expression vectors encoding short hairpin
RNAs (shRNAs) have been developed allowing long-term production of therapeutic RNA molecules in targeted cells. Plasmid vectors containing shRNA expression cassettes commonly utilize RNA
polymerase III-specific promoters, e.g., the H1-RNA promoter
and the U6-RNA promoter. These RNA-polymerase III-depending
promoters have a defined start of transcription and a termination
signal consisting of five consecutive thymidine residues (T5).
Therewith, these promoters can be used to direct the synthesis of
small RNA molecules of interest lacking a polyadenosine (poly[A])
tail. Cleavage of the RNA transcript at the termination site occurs
after the second uridine. Thus, RNA-polymerase III promoters
direct the synthesis of small RNAs that are similar to the ends of
chemically synthesized siRNAs containing two 3′-overhanging
thymidines or uridines. In shRNAs, the sequence of interest consists of a 19-nt sequence homologous to the target mRNA, linked
with a 5- to 11-nt spacer sequence to the reverse complement of
the same 19-nt target-specific sequence. The synthesized RNA
transcript folds back to its complementary strand to form a 19-base
pair shRNA molecule, which is then processed by the cellular
endoribonuclease-III-like enzyme Dicer into a corresponding
siRNA and passed into the gene-silencing RNAi pathway (see
Chapter 1).
Besides the development of virus-based delivery strategies,
various techniques for nonviral transfer systems have been developed. These techniques include simple needle injection, particle
bombardment, in vivo electroporation, or jet-injection [7–10].
However, systemically injected naked unmodified siRNA was
removed from the bloodstream by RNAses within minutes which
restrict its use to the topical application [11]. Chemical modification for the purpose of stabilization of naked siRNA had resulted
in dramatic decrease of RNAi efficacy and specificity [12].
Additionally, these delivery strategies showed distribution of therapeutic RNAi effector molecules to unwanted organs, lack of their
gene silencing activity by modification, and possible toxicity due to
the added material [13]. Furthermore, it was reported that the
commonly used transfection reagents have shown induction of
unspecific gene expression signatures even in the absence of RNAi
mediators [14].
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1.2 Delivery of RNAi
Effectors to Cancer
Cells via Bacteria
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The therapeutic concept to utilize bacteria as an anticancer agent is
not really new [15]. Beneficial effects on cancers with bacterial
infection have already been observed since the eighteenth century.
The primary bacteria-based therapeutic strategies utilized the natural life cycle of the microorganisms to affect cancer cells.
Simultaneously novel gene therapeutic concepts were developed.
Accordingly, the idea of pure bacteria-based anticancer therapy was
combined with the intention to design an improved therapeutic
bacterial system that targets cancer cells and may be useful as vector
for the transfer of therapeutic molecules including RNAi-mediating
nucleic acids.
Principle of this strategy is the design of invasive microorganisms expressing therapeutic RNAi effectors directed against a specific cancer-associated mRNA within the target cells. For this
approach an invasive bacteria clone containing a DNA vector
encoding the therapeutic RNA molecules has to be constructed.
Although the use of an expression vector encoding single siRNA
strands would be possible in principle, the RNAi-mediating agents
are first and foremost shRNAs. Therapeutic shRNAs can be (1)
either delivered into target cells by invasive bacteria which themselves produce the therapeutic shRNAs which will be subsequently
become available for the target cells, or (2) by invasive bacteria
conveying shRNA-encoding DNA constructs which will act as a
matrix for transcription of the shRNA-encoding DNA sequence in
the target cell by the host cell’s transcription machinery. The first
concept has been termed transkingdom RNAi (tkRNAi) [16], the
latter strategy bacteria-mediated RNAi (bmRNAi) [17].
In this protocol the tkRNAi technology was used for in vitro
delivery of therapeutic RNAi effectors into cancer cells. tkRNAi
(overview in [15]; video overview in [18]) utilizes therapeutic
nonpathogenic bacteria strains to produce and to deliver RNAimediating RNA molecules into target cells in order to hijack the
cellular RNAi machinery (Fig. 1). For this approach a specialized
plasmid vector is necessary, which contains different genetic
elements: (1) Expression of therapeutic shRNA of interest is controlled by a strong promoter and a strong terminator, e.g., an
Escherichia coli Plac UV5 promoter [19] allowing an accumulation
of the therapeutic shRNA molecules inside the bacterial cell.
(2) For invasion of the target cell, the inv locus from Yersinia
pseudotuberculosis is necessary. The gene encodes the expression of
the protein invasin on the bacterial surface. Invasin interacts with
β1-integrin, a cytoplasm membrane embedded receptor on the
surface of epithelial cells. The invasin-β1-integrin interaction
triggers a rearrangement of the cytoskeleton of the target cell
resulting in a formation of a groove and an endosomal uptake of
the bacteria by the target cell. (3) After the bacteria enter the host
cell via endocytosis, the bacterial wall is damaged by lysosomal
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Fig. 1 RNAi effector delivery by transkingdom RNAi (tkRNAi). Bacteria are transformed with an shRNA-encoding
vector capable of intra-bacterial transcription. In turn shRNAs are expressed inside the bacterial cells before
the vectors are released into the target cancer cell’s cytoplasm. Following bacterial lysis the shRNA molecules
are processed by Dicer to the corresponding siRNAs, which are incorporated into the RISC complex. The guide
(antisense) strand of the siRNA specifically hybridize with its target mRNA, which is then degraded by the RISC
complex leading to a posttranscriptional gene silencing

enzymes or by nutrient deficiency when using a DAP auxotroph
bacteria strain and the therapeutic shRNA molecules are released
from the bacteria into the vesicle lumen. In the next step the
endosomal vesicle has to be lysed for permitting the therapeutic
shRNAs to escape from entry vesicles. This membrane rupture is
catalyzed by the pore-forming toxin LLO encoded by the HlyA
gene from Listeria monocytogenes. Expression vectors designed for
tkRNAi containing the genes for invasion and escape, inv and
HlyA, as well as the therapeutic shRNA-encoding sequence are
introduced into a competent nonpathogenic Escherichia coli strain.
Although tkRNAi vectors with alternative promoters are available,
e.g., a T7-promoter-dependent TRIP vector [16], in this overview, we will focus on the pMBV43 H3 vector encoding Plac UV5driven shRNAs [20].
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Materials

2.1 Construction
of shRNA Expression
Vectors

1. Transkingdom RNAi plasmid pMBV43 H3 [20] (Fig. 2a)
(see Note 1).
2. Bacteria: Escherichia coli strain CEQ221 [20] (see Note 1).
3. Media: Fast-Media Zeo X-Gal agar and Fast-Media Zeo TB
(InvivoGen).
4. Nuclease-free water.

Fig. 2 (a) Map of the tkRNAi vector pMBV43-H3. Besides the expression cassette, the plasmid contains a
kanamycin resistance gene (Kan) necessary for selection. The inv gene from Yersinia pseudotuberculosis
encodes invasin which interacts with β1-integrin localized on the target cell membrane. The hlyA gene from
Listeria monocytogenes encodes listeriolysin O, a toxin which mediates the lysis of the endocytotic vesicle
membranes necessary for escape of the therapeutic shRNAs. (b) The expression cassette consists of the
PlacUV5 promoter, the shRNA encoding sequence (sense strand, variable spacer loop, anti-sense strand), terminator I (multiple deoxythymidines), and terminator II (rrnC terminator). The shRNA-encoding sequence and
terminator I are flanked by the two restriction sites BamHI and SalI for site-directed cloning
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5. 1× DNA annealing solution which is composed of 0.1 M K
acetate, 30 mM HEPES-KOH, pH 7.4.
6. T4 DNA ligase, 10× T4 DNA ligase buffer (400 mM Tris–
HCl, 100 mM MgCl2, 100 mM DTT, 5 mM ATP, pH 7.8).
7. Restriction enzymes: BamHI, SalI.
8. 1× TE: 10 mM Tris, 1 mM EDTA, pH 7.4.
9. 1.5× T buffer: 330 mM Tris-acetate, 100 mM Mg-acetate,
660 mM K acetate, 5 mM, dithiothreitol (DTT), pH 7.9.
2.2

Bacterial Culture

1. Standard equipment for bacterial culture.
2. Choose an appropriate Escherichia coli strain (see Note 1).
3. Incubator for bacterial culture.
4. 50 ml falcon tubes.
5. 10 cm petri dishes.
6. LapTek II Chamber Slides.
7. Nuclease-free water.
8. LB medium (0.5 % (w/v) Bacto yeast extract (Difco
Laboratories), 1 % (w/v) Bacto tryptone (Difco Laboratories),
0.6 % (w/v) NaCl, in ddH2O).
9. LB agar (LB medium + 1.5 % w/v bacto agar (Difco Laboratories)).
10. Shaker.
11. Kanamycin.
12. IPTG (Isopropyl-β-d-thiogalactopyranoside).
13. 10× Phosphate-Buffered Saline (PBS), pH 7.4.
14. Spectrophotometer.
15. 1 ml plastic cuvettes.
16. 1 l Erlenmeyer flask.

2.3 DAPI Staining
(See Note 2)

1. Methanol (abs.).
2. 4′,6-Diamidino-2-phenylindol × 2HCl (DAPI).
3. DAPI stock solution: 0.05 % (w/v) DAPI crystals in ddH2O.
4. DAPI working solution: 2.0 % (v/v) DAPI stock solution in
methanol abs.
5. 10× Phosphate-Buffered Saline (PBS), pH 7.4.
6. Cover slip.

2.4 Acridine Orange
Staining (See Note 3)

1. Fluorescence microscope.
2. 1 % paraformaldehyde in PBS.
3. 70 % ethanol.
4. RNAse A solution.
5. Staining solution: Acridine Orange (6 μg/ml); Citric acid
0.1 M; Na2HPO4 0.2 M pH 2.6.

Bacteria-Mediaded siRNA Delivery

2.5 Cell Culture
of Human Carcinoma
Cell Lines
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1. Standard equipment for cell culture.
2. Cancer cell lines of choice.
3. Appropriate cell culture medium (see Note 4).
4. Incubator.
5. Appropriate cell culture medium.
6. Penicillin.
7. Streptomycin.
8. Amphotericin.
9. Gentamicin.
10. Kanamycin.
11. 10× Phosphate-Buffered Saline (PBS), pH 7.4.
12. Trypsin solution (0.5 %)/ethylene diamine tetraacetic acid
(EDTA; 0.2 %) in PBS, 10×.

3

Methods
In this section, the common experimental strategy for silencing of
any cancer-associated gene by tkRNAi is described. A huge number of cell lines derived from various cancer entities of many tissues
are available and should be chosen according to the planed investigation. Following treatment of these cell models with tkRNAimediating bacteria, the biological effects should be analyzed on
different cellular levels. RNAi effects on mRNA expression can be
determined by quantitative real time RT-PCR or Northern blot,
effects on protein expression by Western blot, or immunocytochemistry. These techniques are well described in various protocols. On functional level, the RNAi-mediated inhibition should be
characterized utilizing highly specific assay systems which depend
on the nature of the gene of interest.

3.1 Selection of RNAi
Effector Sequences

3.2 tkRNAi Plasmid
Construction

The first step of preparing tkRNAi-based experiments is the selection
of the RNAi-mediating sequences. Ideally, previous investigations
with siRNAs or shRNAs have already demonstrated a high efficacy
of the selected RNAi effector sequence. Otherwise, it is strongly
recommended to perform preliminary experiments using naked
siRNAs (see Note 5).
1. Design two complementary oligodeoxynucleotides containing
the target gene sense strand, a short spacer loop, the target
gene antisense strand, and multiple deoxythymidines as terminator. Flank DNA fragments with complementary sequences
of restriction sites specific for BamHI and SalI restriction
enzymes at opposite ends (Fig. 2b).
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2. Digest 1–2 μg pMBV43-H3 vector DNA with BamHI and
SalI (Fig. 2a). Following restriction, enzymes are inactivated
by heating to 65 ºC.
3. Prepare a 1 μg/μl solution of each single-strand oligodeoxynucleotide in 1× TE.
4. Anneal the two complementary oligodeoxynucleotides strands.
The annealing mixture contains 2 μl of sense siRNA template,
2 μl of antisense siRNA template oligodeoxynucleotides, and
46 μl 1× DNA annealing buffer. Heat at 90 °C for 3 min, then
allow annealing at 37 °C for 1 h.
5. Set up a ligation reaction containing the prepared DNA insert
and pMBV43-H3 vector digested with Bam HI and SalI. To
the DNA insert and the vector DNA, add 2 μl of 10× T4 DNA
ligase buffer, 1 μl of T4 DNA ligase, and complete the volume
to 20 μl with nuclease-free water. Incubate for 10 min at 22 ºC
then inactivate T4 DNA ligase at 65 °C for 10 min.
3.3 Establishment
and Cultivation
of Invasive Bacteria

1. Cultivate an appropriate Escherichia coli strain in 100 ml LB at
37 °C until reaching OD600 of 0.2–0.6 (see Note 1).
2. Prepare “competent” bacteria from this strain using standard
laboratory protocols, e.g., CaCl2 method, and store at −80 °C.
3. Thaw frozen competent cells on ice for 2–5 min, gently mix,
and take 50 μl to prechilled 1.5 ml tubes and return the tubes
to ice.
4. Add 1–5 μl of ligation reaction (see Subheading 3.2) or as control 1 μl pMBV43 H3 plasmid DNA (0.1 μg/μl) to a tube, mix
by tapping, and incubate the tubes on ice for 30 min.
5. Incubate the tubes for exactly 30 s in a 42 °C water bath and
return them to ice for 1–2 min. The transformation is established using heat shock.
6. Add 450 μl LB medium to each reaction and incubate the
tubes at 37 °C for 1 h with shaking at 250 rpm.
7. Spread 50–200 μl of each reaction to LB agar plate supplemented with 100 μg/ml kanamycin and cultivate at 37 °C
overnight.
8. Select positive colonies (i.e., resistant to kanamycin and hence
containing the tkRNA vector), grow in LB broth overnight.
Isolate plasmid DNA using standard laboratory procedures.
9. Digest the plasmid DNA with Bam HI and SalI, and check the
digestion products on a 2 % agarose gel.
10. Control the correct sequence and orientation of the expression
cassette by Sanger sequencing applying standard laboratory
methods.
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11. Inoculate 7 ml of fresh LB medium supplemented with
100 μg/ml kanamycin with a clone and grow overnight on a
shaker at 37 °C and 200 rpm.
12. Treat 100 ml of fresh LB medium supplemented with 100 μg/
ml kanamycin and 2 mM IPTG with overnight culture (1:100)
in 1 l Erlenmeyer flask, and incubate on a shaker at 37 °C and
200 rpm until OD600 = 0.5 is reached.
13. If necessary, dilute bacterial solution (OD600 = 0.5; equals
1.6 × 108 bacterial cells/ml) (see Note 6).
14. Wash bacteria twice using 1× PBS.
15. Resuspend bacteria in serum-free cell culture medium
(see Note 4).
3.4 Bacterial
Infection of Human
Cancer Cells

1. Use cancer cells cultivated in 10 cm petri dishes or in LapTek
II Chamber Slides respectively exhibiting a confluency of
70–80 % (see Note 7).
2. Cultivate human cancer cells in an appropriate cell culture
medium supplemented with 100 U/ml penicillin, 100 μg/ml
streptomycin, and 2.5 μg/ml amphotericin at 37 °C in a 5 %
CO2 saturated atmosphere (see Note 4).
3. Replace the cells’ medium 30 min before bacterial infection by
fresh serum-free medium.
4. Add bacteria at desired MOI (see Note 8).
5. After 2 h of co-incubation wash cancer cells twice with 1× PBS
and once with cell culture medium.
6. Cultivate cells in cell culture medium supplemented with
100 U/ml penicillin, 100 μg/ml streptomycin, 2.5 μg/ml
amphotericin, 150 μg/ml gentamicin, and 100 μg/ml
kanamycin.

3.5 Detection
of Intracellular
Bacteria
3.5.1 DAPI Staining

For detection of intracellular bacteria DAPI staining [21] and acridine orange staining [22] are suitable.

1. Wash infected cancer cells once with DAPI working solution.
2. Incubate cancer cells with DAPI working solution for 30 min
at 37 °C.
3. Wash cancer cells once with methanol (absolute) and twice
with 1× PBS.
4. Remove chambers from slide, embed cells in 1× PBS, and
cover with cover slip.
5. Visualize intracellular bacteria and bacterial lysis by fluorescent
microscopy (Δ = 640 nm) (Fig. 3).
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Fig. 3 A cancer cell (gastric carcinoma cell line EPG85-257RDB) stained with
DAPI following treatment with E. coli BL21(DE3). The nucleus showed strong blue
fluorescence as well as the perinuclear bacteria within the cytoplasm of the carcinoma cell. Detection with DAPI band-pass filter Δ = 640 nm

3.5.2 Acridine Orange
Staining

1. Wash cancer cells (1 × 106) in PBS and centrifuge at 200 × g for
5 min.
2. Resuspend the cell pellet in 1 ml PBS.
3. Fix cells by transferring the cell suspension in 9 ml 1 % paraformaldehyde in PBS, on ice. Incubate for 15 min on ice.
4. Centrifuge at 200 × g for 5 min and resuspend the cell pellet in
5 ml PBS, centrifuge.
5. Suspend the cell pellet in 1 ml PBS and transfer the suspension
in 9 ml 70 % ethanol on ice.
6. Incubate for 4 h (the cells can be stored in ethanol for weeks).
7. Centrifuge at 200 × g for 5 min and resuspend the cell pellet in
1 ml PBS.
8. Add 0.2 ml of RNAse A solution and incubate at 37 °C for
30 min.
9. Centrifuge at 200 × g for 5 min and resuspend the cell pellet in
0.2 ml PBS.
10. Add 0.5 ml of 0.1 M HCl at room temperature.
11. After 30–45 s add 2 ml acridine orange staining solution.
12. Observe the cells under fluorescence microscope with an
appropriate filter set (see Note 9) (Fig. 4).
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Fig. 4 A cancer cell (gastric carcinoma cell line EPG85-257RDB) stained with
acridine orange following treatment with E. coli BL21(DE3). The nucleus showed
strong fluorescence as well as the perinuclear bacteria within the cytoplasm of
the carcinoma cell. Detection with Green single band-pass filter Δ = 535 nm

4

Notes
1. For optimal expression of the Plac UV5 promoter controlled
pMBV43 shRNA expression cassette an appropriate Escherichia
coli strain is recommended, e.g., E. coli CEQ221 (Marina Biotech
Inc. Contact: http://www.dddmag.com/articles/2010/04/
transkingdom-rna-interference-tkrnai). This strain is a modified Escherichia coli strain MM294 (genotype: glnV44(AS)
rfbC1 endA1 spoT1 thi-1 hsdR17 creC510) and was established
by deletion of dapA and rnc. The strain offers two advantages:
(a) It exhibits a RNase III deletion (less enzymatic destruction
of shRNAs previous to bacterial lysis leads to higher yields of
delivered shRNAs) and (b) an DAP auxotrophy, i.e., faster
bacterial lysis due to instability of bacterial cell wall.
2. DAPI binding to AT-rich DNA sequences leads to fluorescent
DAPI–DNA complexes (Emax = 488 nm).
3. Acridine Orange is a metachromatic dye which differentially
stains double-stranded (ds) and single-stranded (ss) nucleic
acids. By intercalating into dsDNA it emits green fluorescence
upon excitation at 480–490 nm. On the contrary, it emits red
when interacts with ssDNA or RNA.

128

Omar Ahmed et al.

4. The appropriate cell culture medium depends on the cell line
used. For detailed information check the available scientific
literature.
5. An overview of history, mechanism, and current recommendations for the selection of siRNA target sites is available at
http://www.rockefeller.edu/labheads/tuschl/. Further information and commercial providers of siRNAs are:
●

http://www.rnaiweb.com/RNAi/siRNA_Design/

●

http://www1.qiagen.com/Products/GeneSilencing/
CustomSiRna/SiRnaDesigner.aspx

●

http://www.lifetechnologies.com/de/de/home/lifescience/rnai/synthetic-rnai-analysis.html?icid=fr-srnaimain%20http:/www.lifetechnologies.com/us/en/home/
life-science/rnai/synthetic-rnai-analysis.html?cid=fl-sirna

●

http://www.dharmacon.com/DesignCenter/Design
CenterPage.aspx

6. The bacterial number of cells at OD600 = 0.5 equals 1.6 × 108
bacterial cells/ml applies to the strain Escherichia coli ceq221
and has been tested by experiments. This value might deviate
when other bacterial strains are used and should be tested
individually.
7. The number of seeded cells may differ from cancer cell line to
cancer cell line. The suitable number of seeded cells should be
tested in order to attain a confluency of 70–80 % 24 h after
seeding. In own experiments a range between 5 × 104 and
5 × 106 cells were seeded into 10 cm petri dishes or LapTek II
Chamber Slides respectively 24 h prior to infection.
8. Depending on the number of seeded cells the bacterial solution was diluted and applied in regard to the desired MOI.
9. Appropriate filter set for acridine orange: Green single bandpass filter (Δ = 535 nm) or TRITC band-pass filter (Δ = 610 nm).
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Chapter 8
Microwell Array-Mediated Delivery of Lipoplexes
Containing Nucleic Acids for Enhanced Therapeutic
Efficacy
Yun Wu, Daniel Gallego-Perez, and L. James Lee
Abstract
Many delivery methods have been developed to improve the therapeutic efficacy and facilitate the clinical
translation of nucleic acids-based therapeutics. We present a facile microwell array to mediate the delivery
of nucleic acids carried by lipoplexes, which combines the advantages of lipoplexes as an efficient carrier
system, the surface mediated delivery, and the control of surface topography. This method shows much
higher transfection efficiency than conventional transfection method for oligodeoxynucleotides and
microRNAs, and thus significantly reduces the effective therapeutic dosages. Microwell array is also a very
flexible platform. Multifunctional lipoplexes containing both nucleic acid therapeutics and imaging
reagents can be easily prepared in the microwell array and efficiently delivered to cells, demonstrating its
potential applications in theranostic medicine.
Key words Nucleic acid delivery, Lipoplexes, Surface medicated delivery, Microwell array, Theranostic
medicine

1

Introduction
Nucleic acids, such as plasmid DNA, antisense oligodeoxynucleotide
(ODN), small interfering RNA (siRNA), and microRNA, are
promising therapeutics for many diseases including cancer and
hereditary diseases. Many strategies have been developed to
improve the therapeutic efficacy of nucleic acids-based therapeutics: the design of nanocarrier systems, such as lipoplexes and polyplexes, the development of novel delivery routes such as surface
mediated delivery, and the control of substrate topography. We have
recently developed a novel, simple and highly efficient delivery
method that delivers nucleic acids by lipoplexes prepared in a
microwell array. This method combines the advantages of the lipoplexes carrier system, the surface mediated delivery, and the control of surface topography to achieve more efficient nucleic acid
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delivery that is not attainable by conventional transfection method
or other techniques [1].
Lipoplexes are nanoparticles formed by the electrostatic
interactions between cationic lipids and negatively charged
nucleic acids. Lipoplexes are one of important nonviral nanocarrier systems that have been widely used to deliver nucleic acids
in vitro and in vivo [2]. Low cytotoxicity, high delivery efficiency,
good biocompatibility, and flexibility in incorporating multiple
components to serve as multifunctional nanomedicine are the
major advantages of lipoplexes.
Surface medicated delivery represents an important delivery
route in biomedical applications, especially for artificial transplants,
cardiovascular stents, and scaffolds, where therapeutic reagents
including nucleic acids, antibiotic drugs, and anti-inflammatory
drugs are released from the surface directly at the site of action to
achieve better therapeutic efficacy ([3–5], see Chapter 12).
Compared with conventional transfection, surface mediated
delivery not only provides spatial and/or temporal control over the
delivery of therapeutics but also improves delivery efficiency by
directly presenting surface-bound therapeutics to cells [4–6].
Currently, surface mediated transfection mainly relies on the layerby-layer (LbL) assembly technique or the microarray-based
technique [7–13]. However, these techniques require repetitive
dipping and washing, surface modification, and microcontact
printing, which are tedious, time-consuming, and expensive.
Micro/nanotopography is well known to induce changes in a
wide range of cellular responses, including cell adhesion, spreading, migration, proliferation, gene regulation, and cellular differentiation [14–16]. Recently micro/nanotopography has been
found to improve cellular transfectability and nucleic acid delivery
efficiency. Teo et al. [17] reported that human mesenchymal stem
cells grown on 200 nm Poly(methyl methacrylate) (PMMA) pillars
had a 2.5-fold increase in GFP expression relative to a smooth
PMMA control following traditional Lipofectamine-based transfection. Adler et al. [18] found that GFP expression was increased
25 % in primary human dermal fibroblasts after Lipofectamine
transfection on dense micropit patterns with 1 μm spacing between
the features [18].
In this chapter, we introduce the microwell array-mediated
delivery of lipoplexes containing nucleic acids. We prepare lipoplexes containing nucleic acids inside the microwell array using the
discontinuous dewetting technique. This technique represents a
straightforward way to quickly and uniformly fill very small wells
with liquid by exploiting the differences in the interfacial free energies of the substrate and the liquid [19]. With discontinuous
dewetting, we are able to fill the microwells with lipoplexes in a
well-defined way, thereby systematically controlling the dosage to
the cells. Microwell array-mediated delivery provides much better
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transfection efficiency than the conventional transfection, and thus
significantly enhances the therapeutic efficacy at much lower effective dose of therapeutic reagents.

2

Materials
FAM-ODN (FAM-G3139, Sequence 5′-FAM-TCT CCC AGC
GTG CGC CAT-3′) and Cy5-ODN (Cy5-G3139, Sequence
5′-Cy5-TCT CCC AGC GTG CGC CAT-3′), 18-mer single
stranded phosphorothioate oligodeoxyribonucleotides, were purchased from Alpha DNA Inc. (Montreal, Canada). MicroRNA29b (miR-29b) mimic and microRNA mimic negative control #1
(miR-NC) were purchased from Dharmacon, Inc. (Chicago, IL).
Quantum dot 605 (QD605, Amine-Functionalized eFluor®
605NC) was purchased from eBioscience Inc. (93-6366-33, San
Diego, CA). 1, 2-Dioleoyl-3-trimethylammonium-propane (chloride salt) (DOTAP) was purchased from Avanti Polar Lipids Inc.
(890890P, Alabaster, AL). Cholesterol was purchased from SigmaAldrich Inc. (C3045, St. Louis, MO). Methoxy-polyethylene glycol (MW ≈ 2,000 Da)-distearoyl phosphatidylethanolamine
(PEG-DSPE) were obtained from Lipoid (Newark, NJ). Ethanol
(200 proof) was purchased from Sigma-Aldrich Inc. (E7023, St.
Louis, MO). HEPES was purchased from Fisher Scientific
(BP2937-100, Pittsburgh, PA).

2.1 Prepare Nucleic
Acid Solutions

1. Spin down the nucleic acid pellets to the bottom of the tubes.
2. Open the tubes in a biosafety cabinet, and then add sterile
DNase/RNase free water to make nucleic acid stock solutions:
4 mg/mL FAM-ODN, 4 mg/mL miR-29b, 4 mg/mL miRNC, and 10 mg/mL Cy5-ODN.
3. Leave the solutions at room temperature for 5 min, and then
pipet up and down to completely dissolve the nucleic acid pellets. Store at −20 °C.
4. Use QD605 at concentration of 10 μM directly with no further dilution.

2.2 Prepare Lipids
Mixture in Ethanol

1. Weigh 50 mg DOTAP and transfer to a glass vial. Add 1 mL
ethanol to prepare 50 mg/mL DOTAP stock solution. Store
at −20 °C.
2. Weigh 20 mg PEG-DSPE and transfer to a glass vial. Add
1 mL ethanol to prepare 20 mg/mL PEG-DSPE stock solution. Store at −20 °C.
3. Weigh 10 mg Cholesterol and transfer to a glass vial. Add
361.3 μL 50 mg/mL DOTAP stock solution, 147.8 μL
20 mg/mL PEG-DSPE stock solution, and 111.3 μL ethanol
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to prepare 50 mg/mL lipids mixture in ethanol (DOTAP/
Cholesterol/DSPE-PEG2k = 49/49/2 M ratio). Store at −20 °C
(see Note 1).
2.3 Prepare HEPES
Buffer (20 mM, pH 7.4)

1. Weigh 2.383 g HEPES and transfer to a glass beaker, and then
add 480 mL DI water.
2. Adjust pH to 7.4.
3. Add more DI water to make the total volume 500 mL.
4. Sterilize 10 mL HEPES buffer by filtering through 0.22 μm
filter in a biosafety cabinet.

3

Methods

3.1 Fabrication
of 1 μm PDMS
Microwell Array

1. Spin-coat image reversal photoresist (AZ5214E, AZ Electronic
Materials) on an HMDS-primed silicon wafer to a thickness
of ~1 μm.
2. Bake the photoresist on a hot plate at 90 °C for 1 min.
3. Expose the photoresist through a photomask with clear circles
(5 μm diameter with 10 μm spacing center to center) using a
GCA I-line (365 nm) stepper (GCA), which transfers the pattern from the photomask onto the photoresist with a 5× reduction in dimensions. The optimum exposure dose is ~90 mJ/cm2.
4. Conduct image reversal bake on a hot plate at 115 °C for
1 min, and then perform flood exposure of the wafer.
5. Develop the photoresist in ~100 mL of MF319 developer
(Microchem, Cat #10018042) for 1 min, and then rinse with
DI water for 0.5 min. Pillars with 1 μm diameter, 1 μm height,
and 2 μm center-to-center distance (1 feature per 4 μm2)
should now be formed on the wafer surface (Fig. 1a).
6. Treat the patterned wafers with hexamethyldisilazane (HMDS,
vapor phase, YES III) at 100 °C for 30 min before moving to
subsequent steps to facilitate demolding.
7. Use standard soft lithography techniques to prepare the 1 μm
microwell array. Fifty gram polydimethylsiloxane prepolymer
(PDMS, Dow Corning, Midland, MI) is mixed with 5 g curing
agent (Sylgard® 184, Dow Corning, Midland, MI). Different
amounts can be prepared depending on the number of wafers
to be processed. Always maintain a 10:1 weight ratio between
PDMS and the curing agent. Stir the PDMS/curing agent
mixture thoroughly. Pour the mixture onto the patterned silicon wafer(s), and degas in a vacuum desiccator for 30 min.
8. Cure the PDMS at room temperature for approximately 48 h.
9. Carefully demold the PDMS cast from the wafers (Fig. 1b).
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Fig. 1 (a) Silicon wafer with 1 μm pillars (b) PDMS cast with 1 μm wells from the
mold by soft lithography. Dashed lines show the outlines of some of the squares
(total 52 squares). Reprinted with permission from “Surface-mediated nucleic
acid delivery by lipoplexes in microwell arrays Silencing” © 2013 John Wiley and
Sons

10. Sonicate the PDMS microwell arrays in 500 mL isopropanol
for 1 min followed by a 1 min DI water rinse, and then 1 min
70 % ethanol rinse. Air-dry the PDMS microwell arrays.
11. Cut smaller (~17 mm in diameter) microwell stamps from the
PDMS cast for the transfection experiments.
12. Prepare round, doughnut-shaped reservoirs from “sticky
PDMS” (i.e., PDMS and curing agent mixture at a 30:1 ratio)
with a ~25 mm and a ~12 mm outer and inner diameter,
respectively. These reservoirs are used to hold the volume containing the cells and media (Fig. 2).
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Fig. 2 Sticky PDMS reservoir, microwell stamp, and reservoir on top of stamp.
Reprinted with permission from “Surface-mediated nucleic acid delivery by lipoplexes in microwell arrays Silencing” © 2013 John Wiley and Sons

13. Sterilize microwell stamps, reservoirs, and glass slides via
repeated DI water and 70 % ethanol rinses. Air-dry in the biosafety cabinet, and then expose to UV light overnight in the
biosafety cabinet.
3.2 Prepare
Lipoplexes Containing
Nucleic Acids (FAMODN or miR-29b)
in Microwell Array
Using
the Dewetting Method

1. Add 50 μL 4 mg/mL nucleic acids (FAM-ODN or miR-29b)
to a microcentrifuge tube as shown in Fig. 3a, and then add
10 μL HEPES buffer. Total volume of the nucleic acid solution
is 60 μL.
2. Add 40 μL 50 mg/mL lipids mixture in ethanol in a microcentrifuge tube. And then add 60 μL nucleic acid solution from
step 1 to the lipids mixture in ethanol. Pipet up and down to
completely mix two solutions. In the final mixture the lipid/
nucleic acid weight ratio is 10, nucleic acids concentration is
2 mg/mL. The final mixture contains 40 % ethanol and 60 %
aqueous (see Note 2).
3. Sonicate the mixture in a water bath for 5 min.
4. Apply 30 μL mixture to a cleaned and sterilized glass slide in
the biosafety cabinet.
5. Place a sterilized PDMS microwell stamp immediately on top
of the mixture. Firm but gentle pressure is applied on top of
the stamp to ensure that the liquid below the stamp completely
covered the entire stamp and no air bubbles are trapped in the
wells. When it was visually apparent that all microwells are
filled with the mixture, the stamp is peeled away from the
droplet on the glass slide. Due to the high surface to volume
ratio of the microwells, the liquid evaporates almost immediately and lipoplexes containing nucleic acids are formed in the
microwell array at nucleic acids concentrations of 44.4 ng per
device (total volume of microwells is 22.2 nL) (see Note 3) for
illustrations see Figs. 3 and 4.

Fig. 3 Distribution of (a) lipoplexes containing nucleic acids (FAM-ODN or miR-29b) and (b) multifunctional
lipoplexes containing Cy5-ODN/QD605 in the microwell array by discontinuous dewetting. Reprinted with
permission from “Surface-mediated nucleic acid delivery by lipoplexes in microwell arrays Silencing” © 2013
John Wiley and Sons
a
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Fig. 4 (a) Fluorescent microscopy images of lipoplexes containing FAM-ODN in the microwell array (b) AFM
images of disc-like lipoplexes containing FAM-ODN formed in the microwell array with the diameter of
~818 nm and the thickness of ~195 nm
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3.3 Prepare
Multifunctional
Lipoplexes Containing
Cy5-ODN and QD605
in Microwell Array
Using
the Dewetting Method

1. Add 50 μL 10 μM QD605 to a microcentrifuge tube as shown
in Fig. 3b, and then add 10 μL 10 mg/mL Cy5-ODN. Pipet
up and down to completely mix Cy5-ODN with QD605.
Incubate Cy5-ODN/QD605 mixture at room temperature
for 30 min, while protected from light.
2. Add 20 μL 50 mg/mL lipids mixture in ethanol in a microcentrifuge tube, and then add 20 μL ethanol.
3. Add 60 μL Cy5-ODN/QD605 mixture prepared from step 1
to the lipids mixture in ethanol prepared from step 2. Pipet up
and down to ensure complete mixing of the two solutions. In
the final mixture the lipid/nucleic acid weight ratio is 10, Cy5ODN concentration is 1 mg/mL, and QD605 concentration
is 5 μM. The final mixture contains 40 % ethanol and 60 %
aqueous.
4. Sonicate the mixture in water bath for 5 min, and then use the
same discontinuous dewetting procedure described above to
form lipoplexes containing Cy5-ODN/QD605 in the microwells at Cy5-ODN concentration at 22.2 ng per device and
QD605 concentration at 0.11 pmol per device.

3.4 Microwell
Array-Mediated
Delivery of Lipoplexes

1. Place the sticky PDMS reservoir on top of the PDMS microwell stamp after lipoplexes are prepared in the microwell array as
shown in Fig. 2.
2. Suspend 2.5 × 105 A549 non-small cell lung cancer cells (a model
cell line of adherent cells) or KG-1A acute myelogenous leukemia cells (a model cell line of suspension cells) in 500 μL
RPMI 1640 medium containing no serum, and then add the
suspension into the reservoir on top of the microwell stamp
surface (Fig. 5).
3. Carry out conventional transfection, i.e., bulk mixing lipoplexes with cells as the control. In conventional transfection,
empty microwell array is used and cells are added in the same
way, i.e., 2.5 × 105 A549 cells or KG-1A cells in 500 μL RPMI
1640 medium containing no serum are added to the reservoir on top of the empty microwell array, and then the lipoplexes are added to the cell mixture (500 μL) to achieve same
concentration of nucleic acids as microwell array-mediated
transfection.
4. Remove cells at 4 h post-transfection from the microwell array
by gentle pipetting and scraping, and then transfer cells to
6-well culture plates and culture them in 2 mL RPMI 1640
medium containing 10 % fetal bovine serum.
5. Harvest cells at 48 h post-transfection for further analyses such
as flow cytometry, confocal microscopy, and qRT-PCR. Typical
results are shown in Figs. 6 and 7.
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Fig. 5 Microwell array-mediated delivery of lipoplexes. (a) Five hundred microliters of cell suspension is placed
into the reservoir on top of microwell stamp. (b) Schematic diagram shows how cells would appear on top of
the microwell array. (c) Microscope image of A549 cells located on top of microwell array during transfection.
(d) Fluorescence microscope images of lipoplexes containing FAM-ODN in the microwell array after A549 cell
removal at 4 h post-transfection. Cell outlines are evident on the microwell array stamp following cell removal

4

Notes
1. The solubility of lipids in ethanol decreases after storage at
−20 °C. If precipitates are formed, warm up the lipids in ethanol solution at 37 °C till all lipid precipitates are gone before
use. Gentle mixing helps dissolve the lipid precipitates.
2. The concentrations of nucleic acids in the final mixture can be
scaled up and down accordingly as long as the lipid/nucleic
acid ratio is kept at 10 and the final mixture contains 40 % ethanol and 60 % aqueous. For example, 25 μL 4 mg/mL nucleic
acids are first mixed with 35 μL HEPES buffer. Then 20 μL
50 mg/mL lipids mixture in ethanol is mixed with 20 μL ethanol.
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Fig. 6 Microwell array-mediated delivery is more efficient than conventional transfection. (a) Delivery of lipoplexes containing FAM-ODN to A549 cells and KG-1A cells via microwell array and conventional method at
FAM-ODN concentration of 22.2 ng per device. Four hours after transfection, flow cytometry shows that the
microwell array-mediated delivery is ~18.6 and ~10.6 times more efficient than conventional transfection
method in A549 cells and KG-1A cells respectively. (b) Flow cytometry and (c) confocal microscopy images
show that microwell array-mediated delivery of multifunctional lipoplexes containing QD605/Cy5-ODN was
~12.8-fold more efficient than conventional transfection. Transfection was done with A549 cells at Cy5-ODN
concentration of 22.2 ng per device and QD605 concentration of 0.11 pmol per device (n = 3, MFI mean fluorescence intensity). Reprinted with permission from “Surface-mediated nucleic acid delivery by lipoplexes in
microwell arrays Silencing” © 2013 John Wiley and Sons

The 60 μL nucleic acids solution is added into 40 μL lipids
mixture. The lipid/nucleic acid ratio is 10 and the final mixture
contains 40 % ethanol and 60 % aqueous. The nucleic acid
concentration is 1 mg/mL in the final mixture, which leads to
a nucleic acid concentration of 22.2 ng per device.
3. If a small droplet of solution remains on the edge of the stamp
after the dewetting process, it can be removed by gently blotting onto a Kimwipe.
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Fig. 7 Expression of mature miR-29b (a, b) and target ID1 mRNA (c) in A549 cells 48 h after administration of
lipoplexes containing miR-29b or miR-NC by microwell array and conventional transfection (CT) as measured
by qRT-PCR and normalized to untreated control. Reprinted with permission from “Surface-mediated nucleic
acid delivery by lipoplexes in microwell arrays Silencing” © 2013 John Wiley and Sons
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Chapter 9
Modulating the Tumor Microenvironment with RNA
Interference as a Cancer Treatment Strategy
Karin Zins, Mouldy Sioud, Seyedhossein Aharinejad,
Trevor Lucas, and Dietmar Abraham
Abstract
The tumor microenvironment is composed of accessory cells and immune cells in addition to extracellular
matrix (ECM) components. The stromal compartment interacts with cancer cells in a complex crosstalk to
support tumor development. Growth factors and cytokines produced by stromal cells support the growth
of tumor cells and promote interaction with the vasculature to enhance tumor progression and invasion.
The activation of autocrine and paracrine oncogenic signaling pathways by growth factors, cytokines, and
proteases derived from both tumor cells and the stromal compartment is thought to play a major role in
assisting tumor cells during metastasis. Consequently, targeting tumor–stroma interactions by RNA interference (RNAi)-based approaches is a promising strategy in the search for novel treatment modalities in
human cancer. Recent advances in packaging technology including the use of polymers, peptides, liposomes, and nanoparticles to deliver small interfering RNAs (siRNAs) into target cells may overcome limitations associated with potential RNAi-based therapeutics. Newly developed nonviral gene delivery
approaches have shown improved anticancer efficacy suggesting that RNAi-based therapeutics provide
novel opportunities to elicit significant gene silencing and induce regression of tumor growth. This chapter
summarizes our current understanding of the tumor microenvironment and highlights some potential
targets for therapeutic intervention with RNAi-based cancer therapeutics.
Key words Tumor microenvironment, Matrix metalloproteinases, Extracellular matrix, Growth factors,
Tumor-associated macrophages angiogenesis, Metastasis, RNA interference, Small interfering RNAbased cancer therapy

1

Tumor–Host Interactions and the Tumor Microenvironment

1.1 The Cellular
Microenvironment
of Cancer Cells

The development of cancer is a complex, multistage process during
which a normal cell undergoes genetic changes that result in phenotypic alterations and acquisition of the ability to invade and colonize distant sites [1, 2]. Solid tumors are composed of both
malignant and normal cells. Targeting the complex interaction
between genetically instable neoplastic cells, the surrounding
extracellular matrix (ECM), and stromal cells such as fibroblasts,
inflammatory cells, and endothelial lineage cells is a promising
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strategy in the search for novel treatment modalities in human
cancers [1, 2]. Changes in the tumor microenvironment can lead
to ECM modification, infiltration of inflammatory cells, and alter
the activity of matrix metalloproteinases (MMPs), which are essential
regulatory factors in tumor growth and invasion [3]. In addition,
mediators released from both the stroma and tumor cells can lead
to the induction of angiogenesis by shifting the balance between
factors that promote and inhibit angiogenesis [4–7], allowing the
growth of tumors to macroscopic levels [8–11].
1.2 Macrophages,
Angiogenesis,
and the Extracellular
Matrix ECM

Macrophages are common components of the tumor stroma [9]
that modify the ECM and influence new capillary growth by several different mechanisms [12, 13]. Macrophages can produce
growth factors, cytokines, proteolytic enzymes, and matrix
molecules that act directly to stimulate vascularization by stimulating endothelial cell proliferation, migration, and differentiation
in vitro, and angiogenesis in vivo [9, 12]. Macrophages can also
modify the ECM through either the direct production of ECM
components or the production of proteases that alter ECM structure and composition [13]. The composition of the ECM dramatically influences endothelial cell shape and morphology and
profoundly influences capillary growth [8]. Importantly, recruitment of macrophages to tumors can significantly increase metastatic progression [14]. Macrophages can also secrete cytokines
that stimulate other cells to synthesize or degrade ECM molecules.
Remodeling of the ECM is crucial to both angiogenesis and
tumorigenesis and primarily involves the MMP family of proteolytic enzymes. MMPs degrade the ECM including the basement
membrane, and in conjunction with soluble growth factors foster
the migration and proliferation of endothelial cells. This process
promotes angiogenesis and also allows tumors to spread locally and
distantly [3]. Strict regulation of MMP expression is critical for
maintenance of proper ECM homeostasis; however, in malignancies high levels of MMPs are often synthesized not only by cancer
cells but also by adjacent and intervening stromal cells [15].

1.3 Fibroblasts
in the ECM

Fibroblasts in the tumor stroma have been termed carcinomaassociated fibroblasts (CAFs), myofibroblasts, or tumor-associated
fibroblasts and are important promoters of tumor growth and
progression [16, 17]. CAFs are commonly identified by expression of α-smooth-muscle actin [18]. CAFs secrete and deposit
laminin and type IV collagen to produce basal membranes and the
ECM components–collagen types I, III, and IV and fibronectin
[19]. Furthermore, CAFs facilitate the invasiveness of noninvasive
cancer cells when coinjected into mice [21]. CAFs also remodel
the tumor–stromal ECM and are recognized as a source of paracrine
(cell to cell) growth factors that influence the growth of carcinoma cells [20, 22]. CAFs can secrete stromal derived factor-1
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(SDF-1, CXCL-12), which induces angiogenesis and promotes
the proliferation of CXCR4-expressing tumor cells [23]. CAF
expression of fibroblast activation protein (FAP), which displays
dipeptidyl peptidase and collagenase activity, promotes tumor
growth and has been targeted with monoclonal antibodies in clinical trials [24]. Conversely, CAF transforming growth factor-beta
(TGF-β) signaling suppresses epithelial transformation by paracrine hepatocyte growth factor (HGF) activation of the phosphorylated HGF receptor c-met and c-myc [25]. Moreover, fibroblasts are a major source of vascular endothelial growth factor
(VEGF), which plays a central role in the formation of new blood
vessels in the developing tumor mass [26].
1.4 The Role
of Endothelial
Progenitor Cells
(EPCs) in the ECM

Microvessels may develop from either existing capillary networks
by neoangiogenesis and arteriogenesis or bone marrow-derived
angioblasts or circulating EPCs in a process known as vasculogenesis [27]. Originating in the bone marrow, EPCs can be mobilized
during tumor development and through the release of trophic factors, cancer cells and host cells are able to effectively induce the
homing of EPCs to sites of vascular growth within the tumor
stroma [28]. EPCs have the ability to form endothelial colonies
in vitro and may be recruited from the bone marrow after tumor
growth [29]. Chemotactic agents that are responsible for this process may include VEGF [30] and stromal-derived factor-1 (SDF-1)
[31]. SDF-1 recruits vascular progenitors [32] through interaction
with the CXCR4 (chemokine, CXC-motif, receptor 4) receptor,
which is expressed on EPCs [31].

2 Influencing Tumor–Host Interactions by Targeting Tumor-Associated
Macrophages (TAMs)
2.1 ColonyStimulating Factor-1
(CSF-1)
and Macrophages

The production of macrophages is regulated by CSF-1, also called
macrophage-CSF (M-CSF) [33]. CSF-1 is produced by a variety of
cell types such as fibroblasts or macrophages and prevents the
death of monocytes and promotes their differentiation into macrophages [34, 35]. CSF-1 also induces or augments the production
of a variety of cytokines by macrophages such as TNF-α [36].
Macrophages most likely enhance tumor progression through
paracrine circuits involving the production of CSF-1 by tumor cells
[9] or other host-derived stromal cells and by ECM-modulating
functions mediated by MMPs [12] to accelerate angiogenesis
in vivo [36]. Consistent with a pro-angiogenic effect, recent work
suggests that CSF-1 also stimulates monocytes to secrete biologically active VEGF [37]. VEGF is a key factor in tumor angiogenesis and is upregulated in numerous malignant tumors. The
biological effects of VEGF are mediated by VEGF-receptor 1
(VEGF-R1, Flt-1) and VEGF-R2 (KDR/Flk-1).
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2.2 CSF-1 Signaling
Pathways

CSF-1 is a disulfide-linked homodimeric growth factor that binds
the integral membrane receptor tyrosine kinase (CSF-1R) product
of the c-fms proto-oncogene [38]. Similar to other tyrosine kinase
receptors, ligand binding stabilizes CSF-1R dimerization to activate the receptor through autophosphorylation in trans, thereby
initiating a series of membrane-proximal tyrosine phosphorylation
cascades leading to rapid stimulation of cytoskeletal remodeling,
gene transcription, and protein translation [39]. Many of the
downstream tyrosine-phosphorylated proteins, such as the p85
regulatory subunit of phosphatidylinositol 3-kinase (PI3K), Cbl,
and Gab3, have been shown to be important in regulating macrophage survival, differentiation, and motility [40].

2.3 CSF-1
and Solid Tumors

CSF-1 is widely overexpressed in tumors of the reproductive system.
In breast cancer, CSF-1 expression has been shown to correlate
with high grade and poor prognosis associated with dense leucocytic infiltration [41]. High levels of CSF-1R mRNA have been
observed in ovarian and endometrial cancers and elevated levels
correlated with high histological grade and advanced clinical
presentation [42]. Over half of invasive ovarian adenocarcinomas
and endometrial cancers co-express CSF-1 and CSF-1R [43].
Constitutive production of CSF-1 has been reported in normal
ovarian epithelial cultures at levels comparable with ovarian cancer
cell lines [44]. However, the co-expression of CSF-1 and CSF-1R
may establish an autocrine loop that plays a role in metastatic progression. Serum levels of CSF-1 are markedly elevated in patients
with endometrial cancer associated with active or recurrent disease
[45]. Increased serum CSF-1 levels also characterize most clinical
cases of epithelial ovarian cancers [46] and CSF-1 is considered a
tumor marker for ovarian germ cell tumors [47].

2.4 CSF-1 and Tumor
Cell Invasion

Osteopetrotic CSF-1 (op/op) mice, which have a CSF-1 gene
defect and a profound macrophage deficiency [48], have been used
as a model to examine tumor growth. These mice show an impaired
tumor development (Lewis lung carcinoma) when compared to
normal littermates that is reversed by CSF-1 treatment [49].
Crossing CSF-1 (op/op) mice with a transgenic mouse susceptible
to mammary cancer prevented macrophage accumulation in mammary tumors. In the macrophage-deficient mice, the incidence and
initial rates of growth of primary tumors were not different from
those seen in normal mice, but the rate of tumor progression was
slowed and metastatic ability was almost completely abrogated
when compared with mice that contained normal numbers of
macrophages. Overexpression of CSF-1 in wild-type mice also accelerated tumor progression and increased rates of metastasis [14].
Another study has shown that CSF-1 promotes tissue invasion by
enhancing ECM-degrading proteinase MMP-2 production by lung
cancer cells [50]. In some instances, malignant cells co-express
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CSF-1 and CSF-1R, raising the possibility of autocrine growth
control by CSF-1 in the development of these malignancies [51].
2.5 CSF-1
in Breast Cancer

The mechanism by which mammary epithelial cells undergo
genetic changes that result in acquisition of the ability to invade
and colonize distant sites is complex [52, 53]. Normal and malignant mammary epithelium and the surrounding stromal cells produce and respond to various growth factors. Among the stromal
cells, macrophages play a unique role because they are recruited to
mammary gland carcinomas [7, 53]. The fact that in the absence
of such tumor-associated macrophages, metastatic progression of
mammary gland tumors is profoundly reduced [14] as well as the
fact that CSF-1 blockade suppresses tumor growth, MMP production, and macrophage recruitment in embryonic tumors and colon
cancer [54] support the paradigm that CSF-1 enhances progression of malignancies through effects on the recruitment and control of macrophages that regulate tumor cell growth, angiogenesis,
and the ECM. The recent discovery of highly specific, small interfering (si)RNA molecules as promising candidate therapeutics to
specifically and potently modify gene expression led us to hypothesize that blocking CSF-1 using this approach could efficiently
suppress breast cancer development. It should be noted that
human MCF-7 mammary carcinoma cells express both mRNA and
protein for CSF-1 and CSF-1R in vitro. When MCF-7 cells were
xenografted to immunodeficient nude mice, cancer cell CSF-1
expression was lost but host (mouse) cells were stimulated to overexpress CSF-1.

2.6 CSF-1 siRNAs
Against CSF-1
and c-fms
Downregulate Target
Proteins and Suppress
Mammary
Tumor Growth

CSF-1 and CSF-1R siRNAs suppress target gene expression in a
sequence- and dose-dependent manner in vitro. Mice bearing
human MCF-7 mammary carcinoma xenografts were treated with
five intratumoral injections of CSF-1 siRNA, CSF1-R siRNA,
scrambled control siRNA, or Ringer’s solution (control). siRNA
treatment was well tolerated and no significant changes in the cellular blood count of treated mice were observed. Anti-CSF-1 and
CSF-1R siRNAs suppressed mammary tumor growth by 45 and
40 %, respectively, and selectively downregulated target protein
expression in tumor lysates.

2.7 CSF-1
and CSF-1R Blockade
Downregulates Mouse
MMP-2 and MMP-12
Expression
and Decreases
Angiogenic Activity
in MCF-7 Mammary
Tumor Xenografts

After human MCF-7 cell xenografting in mice, macrophage invasion in the tumor xenografts was observed. In association with this,
host (mouse) MMP-2 and MMP-12 (a macrophage-specific protease involved in ECM remodeling) were strongly expressed during
tumor progression in control animals. Treatment with CSF-1
siRNA or CSF-1R siRNA reduced macrophage recruitment to the
tumor and intratumoral levels of both MMP-2 and MMP-12.
Histomorphometrical analysis of mammary tumors showed an
increased density of proliferating endothelial cells with tumor progression that was decreased after CSF-1 and CSF-1R siRNA blockade.
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In addition, VEGF-A mRNA levels increased with tumor progression
and were reduced in CSF-1 and CSF-1R siRNA-treated mice.
CSF-1 and CSF-1R blockade, however, did not significantly affect
tissue mRNA expression of the VEGF-A receptors Flt-1 and
KDR. These data indicated that blocking CSF-1 or CSF-1R is
associated with decreased VEGF-A expression and reduced angiogenic activity in mammary tumor xenografts. The median survival
of animals in the control group was 62 days, which was significantly increased in mice after treatment with CSF-1 siRNA
(103 days) and slightly (but not significantly) increased after treatment with CSF-1R siRNA (76 days).
2.8 The Role
of TNF-α

TNF-α is a pivotal cytokine in tumor growth and is produced by
both macrophages and malignant cells [55]. TNF-α can induce
tumor cell apoptosis in neoplastic tissues [56] but may promote
tumor growth at lower levels [6] and has been referred to as a
tumor-promoting factor [57]. TNF-α induces macrophage expression of the type-IV collagenase MMP-9 by macrophages which
degrades ECM collagen [58]. TNF-α has also been identified as a
key inducer of CSF-1 production [59]. Utilizing siRNA to explore
the mechanisms behind colon cancer upregulation of host factors
to promote tumorigenesis, mice bearing human colon cancer
xenografts were treated with siRNA. From a methodological
perspective, xenotransplanted flank tumors in nu/nu mice received
10 μg of human scrambled siRNA control, TNF-α siRNA, mouse
CSF-1 siRNA, or a combination of human TNF-α and mouse
CSF-1 siRNA treatment cycled on days 8, 11, 14, 17, and 20
following tumor cell injection. On day 22, the animals were sacrificed. Treatment with human TNF-α siRNA, mouse CSF-1 siRNA,
or combined human TNF-α/mouse CSF-1 siRNA suppressed
tumor growth by 34, 47, and 50 %, respectively. Analysis of the
isolated tumors showed that, in addition to CSF-1, levels of host
and cancer cell-derived TNF-α mRNA expression increase dramatically during tumor development [60]. Tumor cell-derived TNF-α
can also influence the migration of macrophages in vitro and cellular proliferation as well as TAM infiltration are reduced following
TNF-α siRNA treatment of colon cancer in vivo [60]. These findings support other reports of high CSF-1 serum levels correlating
to poor prognosis in colon carcinoma patients [61] and increased
soluble TNF-R1 in colorectal cancer patients [62]. Since TNF-α
regulates CSF-1 expression in macrophages, it was then shown by
co-culturing colon cancer cells with macrophages that TNF-α
expression by SW620 cells leads to the induction of macrophage
TNF-α and CSF-1, and that CSF-1 in turn increases macrophage
VEGF-A and MMP-2 expression [60]. In breast cancer, TNF-α is
known to regulate MMP production in macrophages which is
associated with increased invasiveness [63].
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2.9 The Role
of EMMPRIN in Tumor–
Stroma Interactions

3
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Tumor cells stimulate MMP production by stromal cells via soluble
cytokines [64, 65] or through intercellular interactions mediated
by adhesion molecules such as the ECM MMP inducer
(EMMPRIN) [66]. EMMPRIN (also known as the M6 leukocyte
activation antigen, CD147, or murine basigin) is a differentially
glycosylated (32–60 kDa) member of the immunoglobulin superfamily [67] containing two extracellular immunoglobulin domains,
a transmembrane domain, and a 39-amino acid cytoplasmic domain
[66]. CD147 forms homo-oligomers in the plasma membrane
similar to other members of the Ig superfamily [67]. Accumulating
evidence suggests a prominent role for CD147 in mediating interactions both between tumor cells and between tumor cells and
host stromal cells to promote a number of events during cancer
progression including MMP production [66]. CD147 is highly
expressed on the surface of tumor cells and stimulates the production of MMPs by adjacent stromal fibroblasts [14, 68]. To analyze
the role of CD147 colon cancer growth in vivo, we treated mice
bearing human colon cancer xenografts with intratumoral injections (10 μg) of siRNA against human CD147/EMMPRIN,
mouse CD147/Basigin, combined human CD147/EMMPRIN,
and mouse CD147/Basigin or scrambled control siRNAs. The
treatment was cycled on days 11, 14, 17, and 20. On day 22, animals were sacrificed. Mouse CD147/Basigin siRNA (993 ± 83 mg;
P < 0.05) treatment markedly reduced tumor weights by 26 %
compared to untreated controls (1,343 ± 139 mg) whereas tumor
weights were not influenced by human CD147/EMMPRIN
siRNA. Although cancer cell CD147/EMMPRIN tissue mRNA
significantly declined, host (mouse) CD147/Basigin and MMP-2
tissue expression increased following human CD147/EMMPRIN
blockade. In contrast, treatment with mouse CD147/Basigin or
combined EMMPRIN/Basigin siRNA downregulated host
(mouse) CD147/Basigin and MMP-2 tissue mRNA expression.
These data showed that specific tumor–stromal cell interactions
mediated by CD147 downregulate fibroblast MMP-2 production
and promote colon cancer growth in vivo [69].

Targeting the Interplay Between Stroma and Tumor Cells
The tumor microenvironment is an integral part of its anatomy and
physiology and interactions between neoplastic cells and the surrounding microenvironment are crucial to each step of tumorigenesis. Cancer cells themselves are able to generate a supportive
microenvironment by producing stroma-modulating growth factors such as members of the fibroblast growth factor (FGF) and the
vascular endothelial growth factor (VEGF) families, plateletderived growth factor (PDGF), epidermal growth factor (EGF),
CSFs, and others [17].
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Secretion of these factors disrupts normal tissue homeostasis
and induces remodeling such as angiogenic [70] and inflammatory
responses [71]. These factors also activate surrounding stromal
cells such as fibroblasts and recruit and activate macrophages,
which in turn leads to the production and secretion of additional
growth factors and proteases, emphasizing the importance of
crosstalk between cancer cells and stromal cells in tumor development [17].
One major advantage of therapies targeting cells in the microenvironment is that these are genetically stable in contrast to tumor
cells in which drug resistance can develop through the acquisition of
compensatory mutations. However, there are some reports indicating that stromal regions from cancers exhibit genetic alterations
[71–73] and it is still an unanswered question whether cancerassociated fibroblasts (CAFs) harbor genetic and/or only epigenetic
alterations that lead to activated, tumor-enhancing phenotypes [74].
Another limitation of targeting the cells in the tumor microenvironment is that a delicate balance exists between their tumorinhibitory and tumor-promoting functions. Thus, understanding
the complex cellular and molecular networks affecting stromal cells
in the tumor mass and identification of the key molecular differences between these cells under normal tissue homeostasis compared to when they have been altered by the tumor microenvironment
will help to provide information for targeting the tumor microenvironment [75].
3.1

Targeting TAMs

Macrophages recruited by tumors may be classified as inflammatory
type 1 macrophages having antitumor activity or more commonly
to type 2 (M2) macrophages that are pro-angiogenic and stimulate
tumor growth [76]. By producing growth factors and cytokines,
including epidermal growth factor (EGF), members of the fibroblast growth factor (FGF) family, transforming growth factor
(TGF)-β, TNF-α, and some chemokines, TAMs affect tumor cell
proliferation [66, 67]. These macrophages also can produce
enzymes and inhibitors which regulate the digestion of the ECM
within the tumor stroma, such as MMPs, plasmin, and urokinasetype plasminogen activator (uPA) and its receptor uPAR, that not
only remodel the ECM but also generate reactive cleavage products
of ECM molecules and release and activate pro-angiogenic factors
such as VEGF and others [76]. Additionally, macrophages can also
express the angiogenic growth factor VEGF [37]. Thus, tumors
may therefore recruit macrophages and create a microenvironment
that causes macrophages to suppress immune function and instead
modify the ECM and influence capillary growth by different mechanisms to promote and sustain tumor angiogenesis, which is one of
the contributions of the stroma to tumor progression [12].
Macrophages are produced mainly under the influence of the
growth factor CSF-1 [35]. CSF-1 prevents the death of mononuclear
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cells in culture, promotes their differentiation into macrophages,
and induces or augments the production of a variety of cytokines
by macrophages [35]. Accumulating reports suggest that CSF-1
and its receptor play an important role in malignancies. For example, high levels of CSF-1 have been observed in patients with
tumors of the head and neck, in men with metastatic prostate
cancer, and in women with metastatic breast cancer [77]. CSF-1
promotes the metastatic potential of mammary carcinoma xenografts
in mice by regulating the infiltration and function of TAMs [14].
Inhibition of upregulated host CSF-1 in human embryonic,
colon, and breast cancer xenografts in mice suppresses tumor
growth and increases mouse survival associated with decreased
tumor vascularity, reduced expression of angiogenic factors and
MMPs, and decreased macrophage recruitment to tumors [52, 54].
In the colon cancer model, upregulated host macrophage CSF-1
was mediated by TNF-α secreted by colon cancer cells, and TNF-α
successfully stimulated macrophage migration and proliferation
[60]. Moreover, some cancer cells produce CSF-1 and directly
influence macrophages [78]. Thus, interaction between cancer
cells and the surrounding tumor microenvironment leads to upregulation of CSF-1 which in turn leads to macrophage recruitment.
The tumor microenvironment educates these tumor-associated
macrophages to perform supportive roles that promote tumor
progression and metastasis [79]. Of interest, these molecular and
phenotypic changes could be exploited therapeutically and should
enhance the antitumor selectivity of targeting macrophages associated with tumors.
3.2 Tumor-Activated
Fibroblasts

Carcinoma-activated fibroblasts can promote tumorigenesis
through the expression of CXCL12/stromal derived factor-1 [23,
80], a chemokine ligand for the widely distributed chemokine
receptor CXCR4 which promotes angiogenesis by recruiting
marrow-derived precursors that contribute to vessel development.
Molecules produced in activated fibroblasts, such as the fibroblast
activation protein (FAP) [80, 81], cathepsin, MMP1 and MMP3,
which degrade and remodel the ECM [82], urokinase plasminogen activator (uPA), which is required for the activation of plasminogen to plasmin, and the secreted pro-migratory ECM
component tenascin [83] could provide promising selective targets
in the tumor stroma (see Chapter 13). Additionally, CAFs express a
range of growth factors and cytokines such as insulin-like growth
factor 1 (IGF1) and HGF [22], which promote tumor cell survival
[84] as well as tumor cell migration and invasion [83, 85], and
VEGF or monocyte chemoattractant protein-1 (MCP-1) [86],
which further activate the tumor stroma through the stimulation
of angiogenesis and the recruitment of inflammatory cells. Similar
to tumor macrophages, CAFs have a distinct phenotype compared
with normal fibroblasts [20], which neither produce CXCL12 nor
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induce angiogenesis, and only marginally contribute to tumor
growth [23]. Importantly, fibroblasts are a major cell type in the
tumor stroma and various types of invasive human carcinomas
usually include large numbers of these cells, suggesting that
stromal fibroblasts represent an attractive target for therapeutic
intervention [87].
3.3 Endothelial Cells
(ECs), EPCs,
and Lymphatic
Endothelial
Cells (LECs)

Tumor growth beyond a certain size is accompanied by increased
angiogenesis, and is considered as a necessary event for the transition of a benign tumor into a large tumor with the ability to spread
and metastasize. The tumor vasculature is derived by angiogenesis,
new blood vessel growth from preexisting vessels, and vasculogenesis, the recruitment of circulating endothelial progenitor cells [88,
89]. A plethora of anti-angiogenic agents inhibiting either angiogenic growth factors or their receptors have been developed and
tested in preclinical and clinical studies. Amongst them the VEGF
axis represents an important target for antitumor therapy, which
includes anti-VEGF agents and inhibitors to reduce VEGF receptor kinase activity. The VEGF family consists of five members
(VEGF-A, -B, -C, -D, and PlGF) and three VEGF tyrosine kinase
receptors (VEGFR-1, -2, -3) and several co-receptors, such as heparan sulfate proteoglycans and neuropilins [90]. VEGFR-1 transduces weak signals for endothelial cell and pericyte growth and
survival and a synergy exists between VEGFR-1 and R-2 specific
ligands allowing the modulation of a variety of VEGFR-dependent
signals. The principal function of the VEGFR-2 is the stimulation
of vascular endothelial cell survival and growth and promotion of
angiogenesis [91]. Both VEGFR-1 and VEGFR-2 are expressed in
vascular endothelial cells and also in some tumor cells. In addition,
VEGFR-1 is expressed by monocytes and macrophages, whereas
VEGFR-2 is also expressed on hematopoietic stem cells [92].
VEGFR-3, a receptor for the lymphatic growth factors VEGF-C
and VEGF-D, but not for VEGF-A, regulates normal and tumor
lymphangiogenesis allowing increased spread of tumor metastases
through the lymphatics [91]. PDGF and its receptors have been
suggested as another system involved in tumor lymphangiogenesis
[92], thus representing an additional therapeutic target for inhibition of lymphatic metastasis. Clearly, metastasis through either
angiogenesis or lymphangiogenesis always needs to be considered
together with the environmental conditions in which metastatic
tumors develop. Metastatic cells need an appropriate microenvironment in which they can survive and proliferate [93].
Genes specifically expressed in endothelial cells may serve as
additional attractive targets for an RNAi-based approach to interfere with angiogenesis. CD31/platelet endothelial cell adhesion
molecule 1 (PECAM-1) is one candidate target with vasculaturespecific expression including endothelial cells, platelets, monocytes,
neutrophils, and selected T cells and CD-31 possibly contributing
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to neovascularization during tumor growth [94]. Another way to
block blood supply to the developing tumor is to prevent homing
of EPCs to the tumor site. The SDF-1-CXCR-4 signaling axis is
used to recruit EPCs into tumors, and high levels of CXCR-4
expression by various types of human carcinoma cells are clinically
associated with a poor prognosis [95, 96], thus representing a
promising target for blocking EPC homing. However, there is
considerable controversy as to the exact contribution of EPCs to
the tumor endothelium, leaving it an open question whether
blocking EPC recruitment to the tumor could be a potential antiangiogenic and antitumorigenic therapeutic approach.
3.4

The ECM

The noncellular compartment consists of the various components
of the ECM including collagen, laminin, fibronectin, and heparan
sulfate proteoglycans, whose composition directly and indirectly
influences the phenotype of the cellular compartment [97, 98].
Hyaluronan is produced by hyaluronan synthases and the main
source of hyaluronan in many human cancers is the stroma. There
is also increasing evidence that the signaling functions of hyaluronan are important for promoting tumor cell growth, invasion, and
metastasis [99].
One specialized ECM component is the basement membrane
(BM), which separates the epithelium from the stroma and underlying endothelial cells, pericytes, and other cell types. Maintaining
organ homeostasis can prevent neoplastic transformation in normal tissues by ensuring firm cell–cell contacts, mediated by tightjunction proteins and cell adhesion molecules, such as β1 integrins
and E-cadherin [100].
In normal tissue homeostasis, the interacting network of proteases and their natural inhibitors maintain a proteolytic balance.
During cancer progression, this balance is disturbed by overexpression of proteases including proteases of the cysteine, serine, and
MMP classes as well as endoglycosidases such as heparanase [88].
uPA is a specific serine protease that converts plasminogen into its
active form, plasmin, which is a broad-spectrum protease involved
in the degradation of the ECM and activation of latent MMPs
[101]. Besides its proteolytic function, the uPA-uPAR system promotes various cell responses such as tumor cell migration, adhesion, and proliferation due to its interaction with various integrins
[101]. The MMPs form a family of structurally and functionally
related zinc endopeptidases which collectively can degrade virtually all ECM components [98]. Tumor-derived MMPs and host/
stromal-derived MMPs also have been regarded as major molecules
assisting tumor cells during metastasis. Importantly, MMPs can
exhibit pro-metastatic as well as anti-metastatic roles [102].
Controlled BM/ECM degradation is necessary for angiogenesis and invasion of tumor cells into both the surrounding normal
tissue and the blood and lymphatic systems [17]. Proteases can be
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pro-angiogenic, by releasing reactive ECM fragments and activating
ECM-bound angiogenic growth factors such as VEGF, bFGF, and
others. At the same time, unbalanced protease expression can also
provide anti-angiogenic signals, such as by generating endogenous
angiogenesis inhibitors through the proteolytic modification of
ECM components in the matrix. In many cancers, matrix-degrading
enzymes are provided by infiltrating innate immune cells [15, 79]
and inhibition of certain enzymes, such as cysteine cathepsins, or
heparanase, offers the potential to block multiple nodes in the
tumor microenvironment. The proteolytic activity of cathepsin B
not only involves the direct degradation of ECM proteins, but also
indirectly activates MMPs and receptor-bound uPA [103]. In addition, cathepsin B has been suggested to increase MMP activity by
inactivating tissue inhibitors of MMPs (TIMPs). However, broadspectrum MMP inhibitors (MMP-I) have not shown promising
results in clinical trials, probably due to the fact that ECM degradation is a delicate balance and that MMPs can also release antiangiogenic proteins such as endostatin and angiostatin [97], which
inhibit tumorigenesis. Experimental data clearly point to the complexity of MMP functions in vivo, rather than indicating that
MMPs are ineffective targets for cancer therapy. Thus, the design
of MMP inhibitors, not only targeting a specific MMP, but also
targeting MMPs at a specific site or tissue, especially during early
stages of metastatic disease, is of critical importance [102].

4

Strategies for the In Vivo Application of siRNAs
Several delivery methods for siRNAs are currently under investigation (see Chapters 2–6). However, their ultimate success will depend
on many relevant parameters including stability, transfection efficacy,
as well as the ability of the transfer vectors to overcome biological
barriers after systemic or local administration to reach target cells or
tissues [104]. Over the past few years, chemically synthesized siRNA
has become the standard tool for gene expression silencing in vitro.
However, some serum nucleases can degrade siRNAs, and thus
chemical modifications that improve stability and protect against
nuclease degradation have been developed [105]. Alternatively,
complexing siRNAs with polyethyleneimine (PEI) [106, 107],
atelocollagen [108], or cholesterol [109] has improved stability and
delivery in vivo (see Chapters 1 and 12). The most difficult task in
transferring this technology to an in vivo setting is to develop appropriate delivery strategies. A number of different approaches have
been developed for the in vivo delivery of siRNA (Fig. 1).
Approaches for the delivery of siRNA in vivo include intravascular, intraperitoneal, and intratumoral administration of siRNAs,
attractive routes because of their inherent simplicity, or by electroporation of synthetic siRNAs directly into target tissues [110, 111].
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Fig. 1 Potential therapeutic strategies for the delivery of RNAi molecules targeting different cells in the tumor
microenvironment. Tumor cells as well as stromal cells secrete growth factors, chemokines, and proteases,
which can act in autocrine and paracrine manners. In addition, secretion of extracellular matrix (ECM) components is initiated. The degradation of ECM components together with tumor- and host-cell derived growth
factors and cytokines then induces angiogenesis as well as recruitment and activation of inflammatory cells,
endothelial progenitor cells, and fibroblasts, which secrete further pro-tumorigenic factors to amplify these
signals thereby promoting (lymph)angiogenesis, tumor growth, and metastasis. RNA interference-based strategies for gene-specific therapeutics targeting the tumor microenvironment include the local or systemic delivery of synthetic double-stranded siRNAs or by plasmid and viral vector systems that express double-stranded
short hairpin RNAs (shRNAs) that are subsequently processed to siRNAs by the cellular machinery. Among the
targets to inhibit in stromal cells (ECs, TAMs, CAFs, EPCs, and LECs) are growth factors and their receptors
(e.g., VEGF/VEGF-R family, FGF/FGF-R family, Ang/Tie-2, CSF-1/CSF-1R, PDGF/PDGFR family), cytokines (e.g.,
TNF-α), chemokines (e.g., SDF-1/CXCR-4 axis), basement membrane- and ECM-degrading enzymes (MMPs,
uPA, cathepsin), ECM-contact factors mediating signaling (integrins), and intracellular components (e.g., factors of the NF-κB pathway). In addition tumor cell-derived factors affecting surrounding stromal cells and the
ECM can be targeted. Ang-2 angiopoietin-2; CAF cancer-associated fibroblast; CSF-1 colony-stimulating factor 1, CSF-1R CSF-1 receptor; CXCL-12 CXC-motive ligand-12 EC, endothelial cell; ECM extracellular matrix;
EGF epidermal growth factor; EMMPRIN extracellular matrix metalloproteinase inducer; EPC endothelial progenitor cell; FAP fibroblast activated protein; FGF fibroblast growth factor; IKK IκB kinase; LEC lymphatic
endothelial cell; MMP matrix metalloproteinases; NF-κB nuclear factor of κB; PDGF platelet-derived growth
factor; PDGF-R PDGF receptor; PEG polyethylene glycol; PEI polyethyleneimine; SDF-1 stromal cell-derived
factor 1; TAM tumor-associated macrophage; TNF-α tumor necrosis factor-α; uPA urokinase plasminogen
activator; VEGF vascular endothelial growth factor; VEGF-R VEGF receptor
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Intradermal administration has also been used to deliver siRNA
in vivo [112]. In an effort to improve methods for targeted, tissuespecific delivery, lipid-based strategies for in vivo delivery of RNAibased applications [113] or formulations of siRNA in ligand-targeted
nanoparticles with PEGylated PEI and a peptide ligand attached
to polyethylene glycol (PEG) to target the tumor neovasculature
[114] have been developed. Of importance, siRNA molecules
transfected into dividing cells become diluted. To tackle this problem, vector-based systems for the stable expression of siRNAs in
target cells have been developed, although their use is limited by
low transfection efficiencies. Consequently, viral vector systems
for short hairpin (sh)RNA delivery have been developed [115],
although there are concerns over the safety of using viral vectors
for therapy. Cell-specific targeting of siRNA expression is a key
issue when considering RNAi for therapeutic applications in vivo.
The recent development of antibody-directed delivery of siRNA
therapeutics by combining the nucleic-acid-binding properties
of the small basic protein protamine with antibodies to achieve
cell-type-specific siRNA delivery in vivo constitutes a promising
approach for clinical application of siRNA therapeutics [116].
Initial enthusiasm surrounding the clinical use of RNAi-based
therapeutics declined due to the aforementioned concerns and
challenges that need to be overcome before nonviral gene delivery
approaches can be approved for use in human therapy. This trend is
now reversing as a result of the excitement generated by nanoparticlebased approaches which could constitute a way of overcoming the
challenges of delivering such therapeutics [117]. The recent use of
lipid nanoparticles (LNPs) to deliver siRNAs into target cells greatly
improved anticancer efficacy suggesting that nanomedicine provides
novel opportunities to safely deliver genes to treat cancer [118].
In line with this, suppressing regulators of the major intracellular
recycling pathways of LNP-delivered siRNAs enhances cellular
retention of LNPs inside late endosomes and lysosomes and
increases silencing of the target gene. These data suggest that siRNA
delivery efficiency might be improved by designing delivery vehicles
that can escape recycling pathways [119]. Moreover, translating
RNAi into clinical practice by designing targeted, nanoparticlebased delivery systems may pave the way for new and highly effective personalized RNAi-based nanomedicines [120].
In conclusion, siRNA-mediated gene silencing is a powerful
tool to enhance understanding of the tumor microenvironment,
allowing identification of the key players involved in tumor growth,
invasion, and metastasis and provides the rational to utilize
RNAi-based therapeutics for cancer treatment. Targeting stromal
cells that have been modified by the tumor microenvironment to
gain tumor-promoting properties should limit toxicity to unmodified components in normal tissues, which is a prerequisite to translate potential therapeutic RNAi strategies targeting the tumor
microenvironment into efficient therapies in the clinic.
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Chapter 10
Targeted In Vivo Delivery of siRNA and an
Endosome-Releasing Agent to Hepatocytes
Magdolna G. Sebestyén, So C. Wong, Vladimir Trubetskoy,
David L. Lewis, and Christine I. Wooddell
Abstract
The discoveries of RNA interference (RNAi) and short interfering RNAs (siRNAs) have provided the
opportunity to treat diseases in a fundamentally new way: by co-opting a natural process to inhibit gene
expression at the mRNA level. Given that siRNAs must interact with the cells’ natural RNAi machinery in
order to exert their silencing effect, one of the most fundamental requirements for their use is efficient
delivery to the desired cell type and, specifically, into the cytoplasm of those cells. Numerous research
efforts involving the testing of a large number of delivery approaches using various carrier molecules and
inventing several distinct formulation technologies during the past decade illustrate the difficulty and complexity of this task. We have developed synthetic polymer formulations for in vivo siRNA delivery named
Dynamic PolyConjugates™ (DPCs) that are designed to mimic the features viruses possess for efficient
delivery of their nucleic acids. These include small size, long half-life in circulation, capability of displaying
distinct host cell tropism, efficient receptor binding and cell entry, disassembly in the endosome and subsequent release of the nucleic acid cargo to the cytoplasm. Here we present an example of this delivery
platform composed of a hepatocyte-targeted endosome-releasing agent and a cholesterol-conjugated
siRNA (chol-siRNA). This delivery platform forms the basis of ARC-520, an siRNA-based therapeutic for
the treatment of chronic hepatitis B virus (HBV) infection. In this chapter, we provide a general overview
of the steps in developing ARC-520 and detailed protocols for two critical stages of the discovery process:
(1) verifying targeted in vivo delivery to hepatocytes and (2) evaluating in vivo drug efficacy using a mouse
model of chronic HBV infection.
Key words siRNA delivery, Nonviral, Dynamic PolyConjugates, Amphipathic polymers, Membraneactive peptides, Melittin, Endosomal release, N-Acetylgalactosamine, NAG, Asialoglycoprotein
receptor, ASGPr, Hepatocyte, Hepatitis B virus, Mouse model
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Introduction

1.1 Dynamic
PolyConjugates
for Targeted siRNA
Delivery
to Hepatocytes

We have developed a synthetic, polymer-based siRNA delivery
platform named Dynamic PolyConjugates (DPCs) that enables
efficient and targetable siRNA delivery to liver hepatocytes after
intravenous injection [1]. The platform is based on the reversible
modification of amphipathic endosomolytic polymers [1, 2].
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Modification of positively charged amino groups with carboxy
dimethylmaleic anhydride (CDM) linked to low molecular weight
polyethylene glycol (CDM-PEG) or N-acetylgalactosamine
(CDM-NAG) provides for surface charge masking and hepatocyte
targeting via the highly expressed asialoglycoprotein receptor
(ASGPr), respectively [1]. After receptor-mediated endocytosis,
the acid-labile CDM bonds are hydrolyzed in the acidic environment of endosomes, restoring the amphipathic and membraneactive nature of the polymer, which destabilizes the endosomal
membrane. In the prototypical DPC configuration, the siRNA is
covalently attached to the polymer via a disulfide bond. Once
exposed to the reducing environment of the cytoplasm, the disulfide bond is cleaved and siRNA is released from the polymer, allowing the siRNA to engage the cellular RNAi machinery [1, 3].
Cholesterol-conjugated siRNAs (chol-siRNA) and other
lipophilic siRNA conjugates have been used previously for livertargeted systemic delivery [4, 5]. However, the approach required
repeated injections of very large chol-siRNA doses and, thus, was
not practical for clinical applications. We hypothesized that the
low efficiency was likely due to poor endosomal release and RNA
degradation in lysosomes. When we tested the effect of co-injecting
chol-siRNA with hepatocyte-targeted DPCs, we demonstrated
greater than 500-fold improvement in knockdown efficiency
compared to injection of chol-siRNA alone [6]. It is important to
note that this increased efficacy is not dependent on interaction
between the chol-siRNA and the masked polymer prior to injection or in the bloodstream prior to contact with the target cell. In
fact, the two components can be injected separately, up to 2 h
apart. Yet, microscopic studies show that within 2 h, more than
80 % of the chol-siRNAs co-localize with NAG-targeted DPCs
inside the endosomes of hepatocytes [6]. The discovery that the
siRNA and the endosomolytic agent do not have to be linked not
only simplifies the manufacturing of a potential drug candidate
but also opens up the possibility to explore the use of alternative
endosomolytic agents.
The prototypical DPC contained an amphipathic and endosomolytic polyvinylether with butyl and amino side chains that
was named PBAVE [1, 2]. The inclusion of both hydrophobic
and hydrophilic side chains was intended to mimic the membrane-lytic properties of the naturally occurring peptide melittin.
Subsequent screening of other classes of amphipathic polymers,
including peptides, led to the identification of a highly active
melittin-like peptide (MLP). MLP modified with CDM-NAG
(NAG-MLP) and co-injected with coagulation factor VII (F7)
specific chol-siRNA led to knockdown of F7 expression by up to
99 % without toxicity both in mice and in nonhuman primates
(NHPs) [7]. These modifications of the original DPC delivery
platform enabled the design, development, and manufacturing of
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Fig. 1 Schematic illustration of drug-candidate ARC-520 for the treatment of
chronic HBV infection. The drug’s disease-specific component is an equimolar
mixture of two distinct human HBV-specific siRNAs that are targeted to the liver
by cholesterol (chol-siHBVs). The other component is a CDM-NAG labeled
melittin-like peptide, NAG-MLP, which becomes an endosomal-releasing agent
in the acidic environment of endosomes. The components reach hepatocytes
separately, by independent pathways

an siRNA drug candidate—ARC-520—against chronic HBV
infection [7]. The schematic illustration of drug components in
ARC-520 is shown in Fig. 1.
1.2 Chronic Hepatitis
B Virus Infection
as a Clinical Target

According to the World Health Organization, 360 million people
globally are chronically infected with HBV and between 500,000
and 1 million a year die as a result of the disease. One-third of the
global population becomes infected with HBV at some point in
their lives. Most who are infected as adults are able to mount a
successful immune response that clears the infection and results
in life-long immunity. However, those who are infected with
HBV as neonates or young children usually become chronically
infected. One hallmark of chronicity is the intricate and dynamic
interplay between the virus and the host’s immune system. It has
been proposed that patients with chronic HBV infection mount
a weak cytotoxic T-cell and a humoral B-cell response that is
attenuated or “exhausted” by extremely high levels of circulating
viral antigens, in particular the envelope protein called S antigen
(HBsAg) [8, 9]. A significant drop in circulating antigen levels is
expected to allow the expansion and activation of HBV-reactive
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lymphocytes, such that the patient is able to mount an immune
response and produce neutralizing HBV-specific antibodies—a
process called HBsAg seroconversion. Treatment with nucleoside/nucleotide analogues or interferon has led to decreased
serum HBsAg levels in some patients, and recent results demonstrated that a tenfold reduction in HBsAg levels was predictive of
patients who achieve HBsAg seroconversion and a functional
cure [10–13]. However, the percentage of patients with strong
and sustained response after these treatment protocols is low (less
than 10 %) [14], while the rest need active, life-long drug treatment in order to reduce the incidence and severity of liver cirrhosis, hepatocellular carcinoma, and liver failure.
We recently demonstrated that co-injection of NAG-MLP and
chol-siHBVs in mouse models of chronic HBV infection results in
substantial elimination of HBV mRNAs in hepatocytes (Fig. 2a, b),
and profound and sustained reduction in the levels of circulating
HBV proteins (Fig. 2c, d), and viral DNA (Fig 2e) [7]. Two of
these, chol-siHBV-74 and chol-siHBV-77, are included in

Fig. 2 In vivo efficacy of a single dose of HBV-specific chol-siRNAs co-injected with NAG-MLP in transgenic
and pHBV mouse models of chronic HBV infection. HBV1.3.32 transgenic mice were injected once (a, b) with
6 mg/kg NAG-MLP and 3 mg/kg of the indicated chol-siRNA or a combination of 3 mg/kg chol-siHBV-74 plus
3 mg/kg chol-siHBV-77 (n = 2–4). (a) RNA filter hybridization (Northern blot) analysis of 3.5 and 2.1 kb HBV
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ARC-520. The duration of effect after a single dose of NAG-MLP
and chol-siHBV suggests that a monthly dosing regimen of
ARC-520 would be sufficient for use in clinical settings to maintain
a significant reduction of serum antigen levels, and thus to provide
an opportunity for de-repression of the host’s immune response,
HBsAg seroconversion, and a functional cure.
1.3 Major Phases
of Developing HBVSpecific siRNA Drug
Candidate ARC-520
1.3.1 Identification
of Potent siRNA Sequences

The selection of siRNA sequences targeting the HBV genome
began with in silico selection of 17-mer target sequences that are
highly conserved among 2,754 human HBV genomes contained
in GenBank. Mismatches at positions 1 and 19 of an siRNA are
well tolerated; thus the initial sequence selection was for 17-mers.
An in silico specificity filter was used to deselect those with close
sequence similarity to off-target mRNAs of the human and mouse
transcriptomes. This selection resulted in 140 candidate 17-mer
siRNA sequences that tended to be in regions of overlapping
reading frames (Fig. 3). Due to the structure of the HBV genome
with overlapping mRNAs that all contain the same 3′ terminus, a
single siRNA may be able to target multiple viral RNAs. The 140
candidate siRNAs were synthesized as 19-mers and screened in
Cos-7 green monkey kidney cells using a plasmid (psiCHECKHBV) containing Renilla and firefly luciferase genes. HBV target
sites were cloned into the 3′ untranslated region of the Renilla
luciferase gene. At 10 nM, 46 siRNAs gave ≥50 % knockdown and
14 gave ≥75 % knockdown (Fig. 4). Heavy chemical modification
of siRNAs protects them from rapid degradation in serum and
reduces cytokine induction and off-target effects [15–17].
Therefore, the 23 most effective siRNAs were synthesized with
2′-O-methyl/2′-fluoro-phosphoramidites and screened again using
the same in vitro assay as above. The four most potent siRNAs
performed well in both in vitro screens. Bases 2–18 of the
four most potent siHBV lead sequences were analyzed for their
conservation in genotypes A–H as annotated in the NCBI GenBank
database. They were highly conserved across all genotypes.

Fig. 2 (continued) RNA from livers of mice injected once and sacrificed 7 days later for evaluation. Glyceraldehyde3-phosphate dehydrogenase (GAPDH) was used as an internal control for RNA loading per lane. (b) RT-qPCR
analysis of the 3.5 kb HBV RNA is shown relative to the GAPDH mRNA in mice that received one NAG-MLP plus
chol-siRNA injection, and then normalized to the control groups. Mean + SD. NOD-SCID mice were given a hydrodynamic tail vein injection with 10 μg plasmid DNA containing an overlength HBV genome (pHBV1.3). Three
weeks later mice were given one 200 μl IV co-injection of 6 mg/kg NAG-MLP and 6 mg/kg chol-siHBV-74, -75,
-76, or -77 (n = 3–4). (c) HBsAg and (d) HBV e antigen (HBeAg) in serum were measured by enzyme-linked immunosorbent assays at the indicated times relative to injection on day 1; LOD limit of detection. (e) DNA was isolated
from serum and the concentration of HBV genomes was quantitated by qPCR. The HBV antigen or DNA levels in
chol-siRNA injected mice were compared with isotonic glucose-injected mice with similar initial HBsAg levels
(isotonic glucose groups). Standard deviation bars are shown for HBsAg. Serum HBV DNA and HBeAg levels for
each group were determined by combining equal proportions of serum from each mouse within the group to
obtain sufficient pooled sample at each time point (n = 3–4). (Figure is reproduced from [7])
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Fig. 3 Selection of siRNA sequences targeting human hepatitis B virus (HBV). (a) Locations of the open reading
frames within the human HBV genome are shown above the purple line that represents the genomic DNA and
locations of the mRNAs are shown below this. Numbering of HBV bases begins with position 1 at the EcoR I
site. The direct repeats (DR1 and DR2) and the epsilon stem-loop are features of the pregenomic RNA important for replication. The conserved target sites of all screened siRNAs (140) and the four most efficacious
siRNAs are indicated by red bars. Blue bars indicate siRNA sequences that target the 3.5 kb RNA in the terminally redundant region. The graph indicates percentage conservation of 17-mers in 2,754 full-length HBV
sequences (genotypes A–D). Schematic was adapted from [24]. (b) 140 siRNAs directed against conserved
target sites were selected in silico, synthesized and screened at 10 nmol/l in Cos-7 green monkey kidney cells
that had been transfected with firefly and Renilla luciferase-expressing psiCHECK-HBV. The Renilla/firefly luciferase expression ratio was normalized to that in cells transfected with a control siRNA. (Figure is reproduced
from [7])

Fig 4 (continued) counterstained with To-Pro-3 to visualize nuclei (blue) and with Alexa-633 phalloidin to
visualize cell outlines (blue). At each time point, the channel containing signal from the Dy547-labeled cholsiF7 (red ) and the channel containing signal from NAG-PBAVE (green) are shown separately or as a merged
image with the channel containing signal from the counterstains. White arrows indicate representative
sinusoidal areas. Each image comprised a flattened projection of 11 optical images (0.4 μm each) to represent combined fluorescence signals from a 4-μm-thick section. (Figure is reproduced from [6])
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Fig. 4 Confocal micrographs of chol-siRNA and NAG-PBAVE in mouse liver sections demonstrate their colocalization in hepatocytes. Confocal images of co-injected Dy547-labeled chol-siRNA (2 mg/kg) and Oregon
Green-labeled NAG-PBAVE (10 mg/kg) at 15 min (A–C) or 2 h (D–F), or Dy547-labeled chol-siRNA (2 mg/kg)
alone at 15 min (G–H) or 2 h (I–J) after injection. Livers were harvested at the indicated times, fixed, and
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Table 1
Target sites for HBV siRNAs
Target site in HBV (accession #V01460)

Viral mRNAs

siRNA ID

Sequence (5′–3′)

Position

3.5 kb

2.4 kb

2.1 kb

0.7 kb

siHBV-75

UCUGCGGCGUUUUAUCAUC

380–398

+

+

+

−

siHBV-76

UUUACUAGUGCCAUUUGUU

674–692

+

+

+

−

siHBV-74

CUGUAGGCAUAAAUUGGUC

1,779–1,797

+

+

+

+

siHBV-77

ACCUCUGCCUAAUCAUCUC

1,825–1,843

+

+

+

+

Figure 3 summarizes the siRNA screening strategy. Table 1
presents the sequence and mRNA specificity of the four most
potent siRNAs. These four siRNAs were then further evaluated
for in vivo efficacy in mouse models of HBV.
1.3.2 Establishment
of Suitable Mouse Models
of Chronic HBV Infection
to Assess Efficacy

For in vivo evaluation of the four lead siHBVs identified in the
in vitro screen, cholesterol-conjugated versions of chemically modified siHBVs (chol-siHBVs) were synthesized and co-injected with
NAG-MLP. We used two murine models of chronic HBV infection
in these studies. Both models harbored a terminally redundant
full-length human HBV genome (HBV1.3) [18]. One of the
models is the transgenic HBV1.3.32 mouse that has one chromosomally integrated copy of the HBV1.3 construct and allows HBV
gene expression and replication [18]. In this case, the HBV genome
is present in every hepatocyte, a scenario that resembles a chronically infected patient. However, measurement of HBsAg in serum
is not meaningful in this mouse model because most of the
HBV1.3.32 mice in the SV129 background develop neutralizing
antibodies to HBsAg.
In the second mouse model, the HBV1.3 sequence is contained in a plasmid (pHBV1.3), which is delivered to the liver of
the mouse by hydrodynamic tail vein (HTV) injection [19]. This
technique delivers the plasmid DNA almost exclusively to hepatocytes in the liver, typically transfecting 5–20 % of hepatocytes [20].
Expression of the HBV genome from the plasmid results in longterm production of viral mRNAs and pregenomic RNA, which are
used to support viral replication and the production of virions and
viral proteins. We used the immune-deficient NOD-SCID mouse
for these studies because, unlike wild-type mice, this strain does
not mount an immune response to HBV [20]. Some acute damage
to the liver can result from the hydrodynamic injection procedure.
Therefore, mice are allowed at least 3 weeks following HTV injection prior to treatment with test materials. This also allows expression from the pHBV1.3 to stabilize, ensuring the establishment of
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an accurate baseline of viral load measurements. We refer to this
model as the pHBV model, and a detailed protocol for generating
pHBV-carrying mice is described below in Subheadings 2.1 and
3.1 (see Note 1).
1.3.3 Establishment
of Analytical Methods
to Monitor In Vivo Anti-HBV
Drug Effect

There are several viral markers that can be measured to assess the
activity and efficacy of an anti-HBV agent. These include the viral
antigens HBsAg and HBeAg, viral RNA and viral DNA
(Subheading 3.1). Recombinant, purified HBsAg is less likely to
have native conformation than HBsAg produced in the liver, which
can affect its reactivity with antibodies. HBsAg standards with a conformation more similar to that of HBsAg antigen in serum can be
obtained from mouse serum after hydrodynamic delivery of S antigen expression plasmid. Methods to generate standards by this procedure are in Subheading 3.1, step 3. Another important marker to
monitor is the amount of HBV DNA in serum. We provide a detailed
protocol for this step in Subheading 3.1, steps 6 and 7.
If liver tissue samples are also available for analysis, the effect of
RNAi can be demonstrated by isolating total RNA, followed by
either Northern blotting and/or RT-qPCR (Fig. 2a, b). Direct
verification of the RNAi mechanism is performed by rapid amplification of the cDNA at the 5′ end (5′RACE), which shows that
cleavage occurs at the expected site in the target mRNA. Protocols
for these methods have long been established, and can be found in
laboratory manuals.

1.3.4 Verification of Liver
Targeting and Delivery into
Hepatocytes In Vivo

One of the most important steps for establishing a targeted drugdelivery system is to demonstrate that drug components preferentially accumulate in the desired tissue and cell type. We used several
methods to verify receptor-mediated and cell-specific uptake, and
to verify that the two drug components co-localize in the target
cells. We used fluorescently labeled drug components delivered by
IV injection, followed by the harvest of various organs and tissues
that were then used to generate cryosections. Sections were counterstained and observed by confocal microscopy to directly visualize the location of fluorescent compounds. One of the detailed
protocols we provide below (Subheadings 2.2 and 3.2) describes
this approach. In a recent publication, we showed confocal microscopy analyses of liver tissue sections from mice co-injected with
Dy547-labeled chol-siRNA and Oregon Green (OG)-labeled
PBAVE modified with CDM-PEG and CDM-NAG (NAGPBAVE). The quantitative image analysis revealed that 2 h after
co-injection, 87 % of Dy547-chol-siRNA signal overlapped with
the OG-NAG-PBAVE signal, mostly within liver hepatocytes ([6],
and Fig. 4). We also examined the liver accumulation of OG-labeled
NAG-MLP, which is the endosome-releasing agent of ARC-520,
and found that it was indistinguishable from OG-labeled NAGPBAVE (unpublished data).
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Another approach that we used to verify ligand-mediated
targeting was injecting DPCs into ASGPr-deficient mice. The lack
of gene silencing in these mice verified that NAG-targeted endosomolytic agents enter hepatocytes through NAG’s cognate receptor,
ASGPr [6]. In addition, no gene silencing is detected when MLP
is modified with CDM-PEG instead of CDM-NAG [7]. Together,
these results provided evidence that active, hepatocyte-specific
targeting of DPCs is afforded by attachment of NAG.
Evaluation of the tissue distribution, and kinetics of accumulation and clearance are important components of drug development.
Using 124I-labeled NAG-MLP and positron emission tomography/
computed tomography (PET/CT) scan, the NAG-MLP can be
visualized in the liver within 3 h of IV injection (Fig. 5). By 7 h,
very little NAG-MLP was seen in the liver and the vast majority of
the 124I label was in the bladder or intestines. This result suggested
that NAG-MLP was significantly degraded by 7 h. MLP is a
peptide composed of naturally occurring L-enantiomer amino
acids. In order to confirm that the loss of label in the liver was due
to degradation of the naturally occurring enantiomer, MLP was

Fig. 5 PET/CT images of BALB/c mice intravenously injected with 124I-labeled D
and L enantiomers of CDM-NAG-modified MLP. The peptides were modified with
Bolton-Hunter reagent (Pierce), labeled with 124-iodine and then reacted with
CDM-NAG. The animals were injected at the dose of 5 mg/kg (approximately
100 μCi/animal) and imaged at the designated time points using Siemens Inveon
PET/CT imager
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also synthesized with D-enantiomer amino acids, which is expected
to result in an MLP that is resistant to degradation. In this case,
nearly all of the label accumulated in the liver by 3 h and was still
present at 7 h. Pharmacokinetics and tissue distribution of the
siRNA were also evaluated.
1.3.5 Confirmation That
In Vivo Target Gene
Knockdown Is DPCDependent, LigandDependent,
Dose-Dependent,
and Sequence-Specific

When developing a drug candidate it is expected that drug components truly have the function ascribed to them. Below we show
two experiments that reflect critical controls used to analyze the
function of various elements in our DPC formulations. Figure 6a
shows the in vivo knockdown effect of a F7-specific siRNA in mice.
Chol-siF7 doses ranged between 0.003 and 1.0 mg/kg, and all
doses were co-injected with 6 mg/kg NAG-MLP. To demonstrate
sequence-specific effect, a firefly luciferase-specific siRNA (cholsiLuc) was also used at the highest 1 mg/kg dose. To confirm that
NAG-MLP endosomal-releasing agent was indeed required to
achieve knockdown, the chol-siF7 RNA was also delivered alone,
without mixing it with NAG-MLP, at a tenfold higher dose. An
additional control verified the importance of targeting: for one
group of animals the MLP was masked with CDM-PEG instead of
CDM-NAG and, thus, was not targeted to hepatocytes. A group of
animals received only isotonic glucose (IG) vehicle—F7 levels of
this group served as baseline. Results clearly showed that only
chol-siF7 mixed with NAG-MLP could lead to significant target
gene knockdown, and the effect was siRNA dose-dependent,
endosomal release-dependent, hepatocyte-targeting-dependent,
and sequence-specific (Fig. 6a). Figure 6b shows a similarly controlled HBV study, without testing such a wide dose range. This
experiment included the empty vehicle (IG) control group to
obtain the baseline, but then also had a control that the previous
study did not include: 6 mg/kg NAG-MLP endosome-releasing
agent injected alone, without any co-delivered chol-siRNA. The
6 mg/kg chol-siHBVs alone, the 6 mg/kg NAG-MLP alone, and
the 6 mg/kg off-target (in this case primate F7-specific) cholsiRNAs delivered with NAG-MLP all had no significant knockdown effect on HBsAg expression. In contrast, 3 or 6 mg/kg
doses of the two most potent chol-siHBVs, co-injected with 6 mg/
kg NAG-MLP, resulted in dramatic and dose-dependent drops in
circulating HBsAg levels (Fig. 6b). The last group was injected
with an equimolar mixture of the two most potent chol-siHBVs (as
in ARC-520), and the results reflect an intermediate activity
between an equal total dose of one or the other [7]. By designing
and performing these types of experiments, the role of each component in our delivery platform could be verified.

1.3.6 Verification That
the Drug Candidate’s
Mechanism of Action Is
RNA Interference

Although siRNA-mediated knockdown of genes is generally considered highly sequence-specific, siRNA delivery is not necessarily
without unexpected nonspecific effects. SiRNAs have been shown
to activate the immune system through toll-like receptors (TLRs),
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Fig. 6 The function and activity of drug components were verified by in vivo tests. (a) Cholesterol-siRNA dose
titration: ICR mice were injected intravenously with 6 mg/kg NAG-MLP or with 6 mg/kg of MLP with polyethylene glycol (PEG) attached instead of NAG (PEG-MLP); n = 4. Chol-siRNAs targeting either mouse F7 (0.003–1 mg/
kg) or luciferase (1 mg/kg) were co-injected with NAG-MLP. One group received 10 mg/kg chol-siF7 alone,
with no endosomal-releasing agent. F7 activity in serum was measured 48 h later and was normalized to that
in mice injected with isotonic glucose. (b) Properly controlled in vivo efficacy study in the pHBV mouse model.
NOD SCID mice were given a hydrodynamic tail vein injection with 10 μg minicircle HBV1.3 (MC-HBV1.3).
Three weeks later, mice were given one 200 μl IV injection of isotonic glucose alone (n = 8) or 6 mg/kg NAGMLP alone (n = 7); an injection of 6 mg/kg chol-siHBV-74 plus chol-siHBV-77 (3 mg/kg each) without NAG-MLP
(n = 4); a co-injection of 6 mg/kg NAG-MLP with 6 mg/kg chol-siF7p (primate F7) (n = 4); or a co-injection of
the indicated doses of NAG-MLP with equal doses of chol-siHBV-74, chol-siHBV-77, or chol-siHBV-74 plus
chol-siHBV-77 (n = 4–11). HBsAg was measured in serum at the indicated time points before and after injection, mean ± SD. Figures are reproduced from [7]

and they can trigger interferon, tumor necrosis factor, and other
cytokine signaling cascades, which can modify the drug’s effect.
Also, the endosomal-releasing agent may cause toxicity, and may
skew siRNA-mediated gene silencing effects. To properly assess the
mechanism of drug action, toxicity and cytokine activation must be
closely monitored. Toxicity is typically evaluated based on clinical
chemistry: elevated serum alanine aminotransferase (ALT),
aspartate aminotransferase (AST), and glutamate dehydrogenase
(GLDH) levels indicate liver toxicity, while serum blood urea
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nitrogen (BUN) and creatinine levels reflect kidney toxicity.
Depending on the specific delivery technology, other toxic effects
(e.g., muscle toxicity) may also have to be monitored. There are
commercially available protocols for the measurement of these
parameters, or clinical laboratories can perform the tests for a fee.
For analyzing signs of liver and kidney toxicity in mouse serum
samples we used a COBAS Integra 400 machine (Roche Diagnostics,
Indianapolis, IN) according to the manufacturer’s instructions.
This analyzer requires only a few microliters of serum to test for
each analyte, a very important consideration when working with
small animals such as mice. Some analytical methods require much
more serum than can be safely collected from a mouse.
Cytokine activation can also be assessed using various
commercial kits and a Luminex instrument. We measured cytokine
levels in mouse serum samples using the MILLIPLEX MAP mouse
cytokine/chemokine magnetic bead panel with premixed 25-plex
kit and in nonhuman primate serum samples using a cytokine
23-plex kit [7].
An RNAi-mediated drug effect should result in reduced mRNA
levels in the targeted tissue, in this case hepatocytes. While recovering liver tissue from human patients is an invasive procedure, in
mouse models of chronic HBV infection we have demonstrated significant reduction in HBV transcript levels both by Northern blotting and by RT-qPCR (Fig. 2a, b and [7]). These results confirmed
that the multi-log drop in serum antigen levels and viral titers is
indeed a result of silencing HBV gene expression.
1.3.7 Evaluation
of Efficacy in Nonhuman
Primates

Since there is no chronic HBV model in the commonly used
nonhuman primate species of Macaca and Cynomolgus monkeys,
we assessed the efficacy of DPC delivery in nonhuman primates
using chol-siRNA against the endogenous F7. Co-injections of
1 or 3 mg/kg NAG-MLP and 2 mg/kg chol-siF7 siRNAs into
cynomolgus monkeys resulted in sequence-specific and dose-dependent
knockdown of F7 expression, without significant liver or kidney
toxicity [7]. These and other unpublished data verified that our
hepatocyte-targeted siRNA delivery platform also works in nonhuman primates with efficacy comparable to that in rodent models.

1.3.8 Summary
of Protocols

One of the protocols below describes in detail how we generated
the pHBV model and demonstrated the in vivo efficacy of cholsiHBVs as shown in Fig. 2c–e of Subheading 1.2. Co-delivering
6 mg/kg NAG-MLP with 6 mg/kg of the four most potent cholsiHBV siRNAs resulted in rapid decrease in major parameters
reflecting viral activity: circulating HBsAg, HBeAg, and viral particles in serum samples. Chol-siHBV-75 and -76 were somewhat
less efficient with a shorter duration of knockdown while the other
two chol-siHBVs, chol-siHBV-74 and -77, resulted in remarkably
long-lasting multi-log10 reduction in both circulating antigens and
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also circulating viral particles (Fig. 2c–e). Note that all four
chol-siRNAs appear to have equal activity at time points through
Day 8. It was only by monitoring long-term effect that potency of
these siRNAs was distinguished. Based on these and other tests,
chol-siHBV-74 and -77 were chosen and are included in ARC520 (see Fig. 1 for schematic illustration). These two siRNAs
together supply broad genotype coverage, and thus would be suitable for the treatment of patients in any part of the world.
The second protocol below provides details for one of the key
steps to demonstrate delivery of the siRNA and the endosomolytic
agent into hepatocytes in vivo. Bringing an RNAi therapeutic to
the clinic naturally involves many steps and this chapter focuses
only on the mouse efficacy studies.

2

Materials

2.1 Generating
a Mouse Model
of Chronic HBV
Infection
for Evaluating In Vivo
Drug Efficacy

Due to HBV being a human pathogen, all HBV-related work must
be performed in a dedicated Biosafety Level 2 facility. Virions
produced in mice are infectious to humans and the blood must be
handled with great care. Also, employees working with HBV
should be immunized against the virus and have a confirmed positive antibody titer.

2.1.1 Facility
2.1.2 Equipment

1. Desk or reptile heat lamp to warm mice.
2. Microcentrifuge.
3. 7500 Fast or StepOne Plus Real-Time PCR system (Life
Technologies, Grand Island, NY).
4. Microplate reader for HBsAg ELISA assays (SpectraMax 190,
Molecular Devices).
5. Microplate strip washer (ELx50, BioTek, Winooski, VT).

2.1.3 Animals

1. Immune-deficient NOD.CB17-Prkdscid/NcrCrl (NODSCID) mice, 6–8 weeks old (Charles River Laboratories,
Wilmington, MA).
2. ICR mice, 6–8 weeks old (Harlan Sprague-Dawley, Indianapolis,
IN), 18–21 g.

2.1.4 Plasmid Constructs

1. Plasmid pHBV1.3 contains a terminally redundant HBV1.3
sequence (GenBank accession #V01460) that includes bases
1,068–3,182 followed by 1–1,982 as shown in Fig. 1 of
Guidotti et al. [18]. HBV1.3 was synthetically constructed
(DNA2.0, Menlo Park, CA) and inserted into a pUC-based
cloning vector.
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2. MC-HBV1.3 is a minicircle derived from pHBV1.3. The
HBV1.3 sequence was subcloned from pHBV1.3 into a
minicircle cloning vector by PlasmidFactory (Bielefeld,
Germany). The minicircle construct included sites that allow
recombination to remove all the bacterial backbone sequence
and leave only a short (approximately 400 base pairs) synthetic
sequence between the 5′ and 3′ ends of HBV1.3 [21]. It was
prepared by PlasmidFactory (Bielefeld, Germany). HBsAg
expression from this construct is higher and more stable than
from pHBV1.3.
3. Plasmid pRc/CMV-HBs expresses HBsAg and is used in mice
to generate the HBsAg protein standard for the HBsAg ELISA.
4. Plasmid pHCR/UbC-SEAP contains the human ApoE hepatic
control region, the human ubiquitin C promoter, and human
placental secreted alkaline phosphatase gene [22]. It was spiked
into mouse serum samples as a recovery control for the purification of HBV DNA from serum. Any plasmid could be used
for this purpose as long as it contains a sequence that can be
quantitated by qPCR and the primers to do so do not crossreact with mouse genomic sequence nor with the pHBV1.3.
5. Plasmid pSEAP-HBV353–777 was used to generate a standard
curve for the quantitative real-time PCR (qPCR) assay to determine the number of copies of HBV in serum samples. This
plasmid contained a segment of HBV sequence within the S gene,
bases 353–777 of GenBank accession #V01460 [7]. This HBV
sequence could be cloned into any plasmid for the purpose of
generating a standard curve as long as the qPCR probes do not
cross-react with any other sequence within the plasmid.
2.1.5 Reagents
and Materials

1. Ringer’s solution: 0.85 % w/v NaCl, 0.03 % w/v KCl, 0.03 %
CaCl2 in ultrapure H2O; filter sterilized.
2. Sterile 50 ml conical polypropylene tubes.
3. 3 ml syringes with Luer lock.
4. 27-G syringe needles that are 0.5 in. long.
5. Mouse restraining device for tail vein injection (home-made):
cut a small opening in the tip of a 50 ml conical tube to create
a breathing hole. Create a slit opening in the cap end of the
tube to allow tail exposure.
6. Gauze squares or tissues.
7. 70 % ethanol.
8. Blood collection tubes (Capiject, Gel Barrier/Clot Activator,
Cherry Red, 500 μl, Cat # TETMG; VWR International,
Batavia, IL).
9. GS HBsAg EIA 3.0 Kit (Cat # 32591; Bio-Rad, Redmond, WA).
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10. Recombinant HBsAg protein standard of the ayw subtype
(Aldevron).
11. HBsAg in serum to generate a standard curve (see
Subheading 3.1).
12. QIAamp MinElute Virus Spin Kit (Cat # 57704; Qiagen,
Valencia, CA).
13. TaqMan chemistry-based primer pairs and probes: primers
5′-GCCGGACCTGCATGACTA-3′ and 5′-GGTACAGCAA
CAGGAGGGATACATA-3′, and 6-carboxyfluorescein (FAM)labeled reporter 5′-CTGCTCAAGGAACCTC-3′ for HBV S
gene (Life Technologies, Gran Island, NY); primers 5′-CATGC
CACCTCCAACATCCACTC-3′ and 5′-GGCATAGCCA
CTTACTGACGACTC-3′, and reporter 5′-FAM/TTGTC
CTGGC/ZEN/GTGGTTTAGGTAGTGTGA/IBFQ-3′
(Integrated DNA Technologies, Coralville, IA) for human
ApoE HCR encoded on pHCR/UbC-SEAP.
2.2 Verifying
Targeted In Vivo
Delivery
to Hepatocytes
in Normal Mice by
Fluorescent Confocal
Microscopy

1. Microm HM 505N cryostat (Zeiss, Thornwood, NY).
2. Zeiss LSM710 confocal microscope (Carl Zeiss Microimaging,
Inc., Thornwood, NY).

2.2.1 Equipment
2.2.2 Animals

ICR mice, 6–8 weeks old (Harlan Sprague-Dawley, Indianapolis, IN).

2.2.3 Reagents
and Materials

1. Dy547-labeled cholesterol-conjugated siRNA was prepared as
described in Subheading 3.2, step 1.
2. OG-labeled and CDM-NAG targeted PBAVE was prepared as
described in Subheading 3.2, step 2.
3. Isotonic glucose solution: 5 % w/v glucose in 50 mM HEPES,
pH 8.0; filter sterilized.
4. Mouse restraining device for tail vein IV injection (as in
Subheading 2.1.5, step 5).
5. 1 cc syringe and 27-G needle.
6. Scissors and forceps for dissecting tissue specimens.
7. Phosphate buffered saline (PBS, pH 7.4): 8.0 g NaCl (FW
58.43), 0.2 g KCl (FW 74.55), 1.6 g Na2HPO4 (FW 358.14),
0.24 g KH2PO4 (FW 136.09) dissolved in 700 ml ultrapure
H2O, pH adjusted to 7.4 with NaOH or HCL as needed, and
volume filled up to 1,000 ml with ultrapure H2O.
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8. 4 % paraformaldehyde (Cat No. 0380; EM Grade; Polysciences,
Inc. Warrington, PA) freshly prepared in PBS, pH 7.4.
9. 30 % sucrose in PBS (pH 7.4); filter sterilized.
10. HistoPrep Embedding Medium (Cat # SH75-125D, Fisher
Scientific, Pittsburgh, PA).
11. Peel-A-Way® Embedding Molds (Cat # 18646A, Polysciences,
Inc. Warrington, PA), pre-labeled with study #, animal ID #s,
and tissue type to be frozen.
12. Liquid nitrogen, a small Dewar container to hold it, and a
Styrofoam box for floating samples on the liquid nitrogen.
13. Styrofoam box with dry ice pellets.
14. Ziploc® bags, pre-labeled with study #, animal ID #s, tissue
types, etc.
15. Superfrost®-Plus microscope slides (Cat # 48311-703; VWR,
Radnor, PA).
16. Alexa633-conjugated Phalloidin (Cat # A22284; Invitrogen,
Carlsbad, CA) and ToPro-3 (Cat # T3605; Invitrogen) to
counterstain actin filaments on the cells’ periphery, and nuclear
DNA, respectively.
17. VECTASHIELD mounting medium (Cat # H-1000; Vector
Laboratories, Burlingame, CA).

3

Methods

3.1 Generating
a Mouse Model
of Chronic HBV
Infection
for Evaluating In Vivo
Drug Efficacy

1. Inject 10–15 μg pHBV1.3 or 5–10 μg MC-HBV1.3 DNA in
2 ml Ringer’s Solution into a 20 g NOD-SCID mouse by
hydrodynamic (also called as “high pressure”) tail vein injection [20] (see Note 2). To get ready for the injections, first
prepare all samples, then label and fill the syringes. The optimal
injection volume is 10 % of body weight, and an additional
100 μl is required for the dead volume in the needle hub and
syringe. Calculate sample volumes for the number of mice that
will be injected plus at least a 10 % overage that will accommodate the dead volume. In a sterile 50 ml conical propylene
tube, dilute a sufficient quantity of the DNA in Ringer’s
Solution. Warm this solution to 37 °C. For each 20 g mouse to
be injected, draw 2.1 ml solution into a 3 ml syringe. Attach
the capped 27-G needle to the syringe. Warm the mouse for a
few minutes under a heat lamp to dilate the blood vessels in the
tail (see Note 3). Place mouse in the restraining tube with its
nose near the hole at the bottom of the tube and its tail
protruding through the slot at the end. Insert a piece of gauze
or tissue behind the mouse and then screw the cap onto the
tube. Wipe the tail with 70 % ethanol to further dilate the vein
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and disinfect the skin. Carefully remove the cap from the needle. While holding the tail at its tip with thumb and index finger of one hand, with the other hand place the needle on the
distal part of the tail pointing away from your hand and toward
the body of the mouse. Insert the full length of the needle
into the tail vein, beveled side down, keeping the needle
parallel to the tail vein. The key to efficient hepatocyte transfection is the injection rate: the entire volume must be rapidly
and continuously delivered within 4–6 s. After the injection,
withdraw the needle, wipe off the blood, and release the mouse
from the restraining tube. Place mice under a heating lamp for
10–20 min after the injection. Mice resume normal activity
after this period.
2. Allow HBV expression and replication to stabilize over a period
of 3 weeks.
3. Generate HBsAg standards for the ELISA assay by HTV
injection of 10 μg plasmid pRc/CMV-HBs in 2 ml Ringer’s
Solution (as described in Subheading 3.1, step 1) into each of
two ICR mice weighing 18–21 g. This plasmid expresses only
the S gene and not the remainder of the viral genome. At 24 h
post-injection, euthanize the mice and collect blood immediately by cardiac puncture. Isolate serum from each mouse and
combine (see Note 4). Freeze in 50 μl aliquots at −20 °C. During
the first use of each tube, thaw and sub-aliquot into smaller
volumes as needed. Quantitate the amount of HBsAg in the
serum using the HBsAg ELISA kit and 1 ng/ml recombinant
HBsAg protein as a standard. The amount of HBsAg in the
mouse serum is expected to be approximately 20 μg/ml, but
this is dependent on successful hydrodynamic injections in
both mice.
4. Collect blood from the animals to assess circulating HBsAg
levels and viral load (HBV DNA copy number) in serum
samples. Blood collection can be performed by using one of
several standard protocols (e.g., retro-orbital or submandibular bleeding techniques) after mice are anesthetized with 2–3 %
isoflurane. Allow blood to clot in the collection tube for 20 min
at room temperature, then centrifuge at 9,000 × g for 3 min,
and pipet clear serum into clean tubes. Store at 4 °C for up to
1 week (see Note 5).
5. Assess circulating HBsAg levels in serum samples using the
Bio-Rad GS HBsAg EIA 3.0 Kit according to the manufacturer’s
instructions. It is important to properly dilute serum samples
in 5 % nonfat dry milk prepared in PBS so that antigen concentrations fall in the linear range of the assay. Dilution of samples
with naïve animal serum causes nonspecific binding that
increases the background. Our experience is that 3 weeks after
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successful transfection of typically ~10 % hepatocytes by
hydrodynamic tail vein delivery, animals produce enough
HBsAg to require 500- to 2,000-fold serum dilutions to bring
concentrations into the linear range of the assay, depending on
the HBV expression vector. Generate a standard curve using
5 ng/ml HBsAg from the mouse serum (as determined in
Subheading 3.1, step 4) and twofold dilutions down to
0.078 ng/ml.
6. Isolate HBV genomic DNA from serum samples to assess viral
load. Use either 75 μl serum per mouse or pool equal volumes
of serum from mice in each group to a final volume of 100 μl
and perform duplicate isolations from the pooled serum
(see Note 6). Add sterile 0.9 % saline to each sample to a final
volume of 200 μl. Isolate DNA using the QIAamp MinElute
Virus Spin Kit following the manufacturer’s instructions.
Serum samples are added to tubes containing buffer and protease, followed by addition of carrier RNA from the kit to aid
in the isolation of small amounts of DNA, and 1 ng of plasmid
pHCR/UbC-SEAP DNA that serves as a recovery control.
After incubating for 15 min at 56 °C, precipitate nucleic acids
from the lysates with ethanol and apply the entire solution to a
spin column. After washing steps, elute each sample with 50 μl
Buffer AVE from the kit.
7. Determine absolute HBV DNA genome copy number in
serum samples using qPCR. Generate a standard curve for
HBV using pSEAP-HBV353–777 over a range of 7 − log10
(108–101 copies) and a standard curve in the same range for
the recovery control plasmid pHCR/UbC-SEAP. Perform
qPCR assays using HBV and HCR-specific primer pairs and
probes (see Note 7).
8. Based on serum HBsAg levels and HBV genome copy numbers, assign animals to experimental groups so that each group
has similar average expression level and viral load. Due to their
impaired immune system, these animals can be expected to
show stable HBV protein expression and replication for an
extended time, similar to chronic HBV infection.
3.2 Verifying
Targeted In Vivo
Delivery
to Hepatocytes
in Normal Mice by
Fluorescent
Microscopy

1. The siRNA sense strand with 5′-cholesterol modifier (cholesterolCE phosphoramidite, Cat# 2814; Link Technologies Ltd.,
Bellshill, Scotland) and the antisense strand with 5′-Dy547
phosphoramidite (Cat# SY633204, Thermo Scientific,
Pittsburgh, PA) were synthesized using conventional solidphase phosphoramidite syntheses. The sense and antisense
strands were then annealed to form double stranded
Dy547-Chol-siRNA.
2. Thirty milligram of PBAVE polymer at 15 mg/ml concentration
in 200 mM NaHCO3 buffer was reacted with 1 mg Oregon
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Green® 488 NHS ester (Cat # O-6147; Life Technologies,
Grand Island, NY) overnight, with constant stirring. The
labeled polymer was purified on a Sephadex G-25 size-exclusion
column using 20 mM ammonium formate (Sigma-Aldrich) as
running buffer, then was lyophilized to dry. Dry OG-PBAVE
was brought back up at 10 mg/ml concentration in ultrapure
H2O.
3. A 2:1 w:w mixture of CDM-PEG and CDM-NAG was added
to OG-PBAVE at a 7× weight excess, in 5 % (isotonic) glucose
solution buffered with 50 mM HEPES, pH 8.0. The mixture
was incubated for a minimum of 1 h at room temperature prior
to injecting into a mouse. Samples were used without purification. For preparing untargeted control, only CDM-PEG was
added to OG-PBAVE at a 7× weight excess (see Note 8).
4. Mix Dy547-Chol-siRNA and OG-NAG-MLP in 5 mM Hepesbuffered (pH 7.5) isotonic glucose at the desired dose.
Typically, we deliver 2–6 mg/kg siRNA with 2–10 mg/kg
endosomolytic agent, through a low pressure intravenous (IV)
injection into the tail vein, shortly after mixing the components, in a volume of 200 μl per mouse. Calculate sample volumes to include an additional 100 μl per injection to allow for
the dead volume in the needle hub and syringe. As untargeted
control, OG-PEG-PBAVE can be used instead of OG-NAGPBAVE, and Dy™547-Chol-siRNA can be delivered alone,
without mixing it with the endosome-releasing agent.
5. To get ready for the injections, first prepare all samples, then
label and fill the syringes. Place mouse in the restraining tube
with its nose near the hole at the bottom of the tube and its tail
protruding through the slot at the cap end. Insert a piece of
gauze or tissue behind the mouse and then screw the cap onto
the tube. Dilate the tail veins by soaking the tail in warm water,
or wiping it with ethanol. While holding the tail in place, insert
a 27-G needle into the tail vein at a shallow angle as distally as
possible and slowly inject the solution (see Note 9).
6. At the desired time points (e.g., 15–20 min, 1 h, or 2 h postinjection), euthanize the mouse and harvest all tissues of
interest (see Note 10).
7. Fix tissues in 4 % paraformaldehyde/PBS for 6 h at room
temperature, or overnight at 4 °C. Do not expose samples to
sunshine or direct light.
8. Transfer tissue samples into 30 % sucrose/PBS solution overnight at 4 °C, or until tissues sink to the bottom of the tube.
This typically happens after 4–5 h. Again, avoid exposure to
direct, strong light.
9. Using forceps, transfer tissue samples into pre-labeled plastic
cryo-molds containing a small amount of HistoPrep Embedding
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Medium. Sectioning will be started from the bottom of the
mold, so orient tissue pieces accordingly. If multiple tissues are
placed into a single block, try to arrange them at the same
depth, and make a note about their location inside the block.
This will make sectioning and analysis significantly easier.
10. Fill up the mold with HistoPrep until all tissue pieces are covered. Avoid air bubbles.
11. Transfer the mold into a Styrofoam box containing 1–2 in. of
LN and float the mold on the liquid using a sheet of Styrofoam
with holes large enough to hold the mold in place, surrounded
by the liquid but not submerged in it. Wait until the blocks
turn completely white (frozen), then using forceps transfer
them into pre-labeled Ziploc® bags. Close the bags and temporarily store them on dry ice until all samples are processed.
Long-term storage is at −80 °C.
12. Cryo-sections (8–10 μm) are prepared using the cryostat, and
are placed onto Superfrost-Plus microscope slides. Sections
can be stored in the dark at room temperature for a few days
(see Note 11).
13. Briefly rehydrate sections in PBS, then counterstain them with
Alexa633-Phalloidin (20 nM) and ToPro-3 (40 nM) in PBS, at
room temperature, for 20–60 min.
14. Rinse slides 3× with PBS.
15. Mount sections in VECTASHIELD, and image tissue samples
by confocal microscopy. We typically collect Z-stacks of 11
0.4 μm optical sections, and project the stack into a flattened
image representing 4 μm tissue depth.

4

Notes
1. It is important to note that although using HTV delivery of
expression plasmids into hepatocytes is a convenient and effective approach to deliver expression constructs, it is essential that
the proper “expression cassette” be used to drive high levels of
long-term expression. While the cytomegalovirus promoter is
known to allow high levels of gene expression in almost any cell
type, its inability to drive long-term expression in the liver is less
well known. We have studied requirements for optimal and stable liver-specific expression vectors [23] for sustained transgene
expression in hepatocytes. We suggest that features of an expression cassette are always carefully analyzed and optimized before
attempting to establish an animal model that relies on stable
transgene expression. In the case of HBV, the length of the
HBV genome needed for full expression of viral sequences has
been determined: it is 1.3 genome lengths [18].
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2. The hydrodynamic procedure is most efficient in mice that
weigh 18–21 g.
3. The tail vein is more easily seen in white compared to black
mice. Instead of using a heat lamp, the tail may be soaked in
warm water to dilate the tail vein and make it more visible. If
the vein is still difficult to see, inserting the needle into the vein
by feel requires some experience or practice. If the tail turns
white at or proximal to the injection site or a bleb of fluid
appears in the tissue, stop immediately. The needle is not in the
vein and the solution is perivascular. Attempt the injection
again proximal to the white area. Keep detailed notes to match
injected samples with animal identification numbers, and
record anything unusual during injection, such as a failed
attempt, or lost volume. Mirus Bio LLC has a very helpful,
detailed description of the hydrodynamic injection procedure
on its website, including a short video clip to demonstrate
proper injection technique: http://www.mirusbio.com/delivery
/tailvein/.
4. Blood collection can be performed by using one of several standard protocols (e.g., retro-orbital or submandibular bleeding
techniques) after mice are anesthetized with 2–3 % isoflurane.
Cardiac puncture is a procedure that allows collection of a larger
volume, but it is terminal. Allow blood to clot in the collection
tube for 20 min at room temperature, then centrifuge at
9,000 × g for 3 min, and pipet clear serum into clean tubes.
5. On the average, mice have 79 ml blood per kg body weight.
Thus, a 25 g mouse has approximately 2 ml blood. The guideline is that no more than 10 % of the total blood can be collected in 1 week (e.g., 200 μl for a 25 g animal). This means
that assays must be designed to work with small serum
volumes.
6. Due to the small serum volumes collected from individual
mice, take care to have enough samples to be able to determine
statistically significant results. One approach is to use 75 μl
serum per mouse with a suitable number of mice in each group.
The alternative is to pool equal volumes of serum from mice in
each group to a final volume of 100 μl and perform duplicate
or triplicate isolations from the pooled serum. The number of
animals in a group must be adequate to allow for statistically
significant results even if there are a few samples that are poorly
recovered during isolation of DNA from serum.
7. If the recovery plasmid in any sample is present at less than one
standard deviation from the average cycle threshold of all the
samples, flag this sample as having poor recovery and omit
from the analysis.
8. For preparing NAG-MLP instead of NAG-PBAVE, CDMPEG was omitted from the reaction, and CDM-NAG was
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added to MLP at a 5× weight excess. For preparing untargeted
control MLP, a 5× weight excess of CDM-PEG was used
instead of CDM-NAG.
9. If the tail turns white at or proximal to the injection site, stop
immediately. The needle is not in the vein and the solution is
perivascular. Attempt the injection again proximal to the white
area. If multiple IV injections or attempts are needed to inject
the sample, each injection should be more proximal than the
last. Keep detailed notes to match injected samples with animal
identification numbers, and record anything unusual during
injection, such as a failed attempt, or lost volume.
10. In addition to the liver, in some experiments we also harvested
other tissues, such as lung, kidney, spleen, brain, pancreas, and
skeletal muscle, in order to assess fluorescent signal intensity in
nontarget tissues.
11. Place two samples of each sectioned tissue block on the slides.
Not all sections are equally pretty: folds and tears, or distorted
structures do happen.
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Chapter 11
Cell-Internalization SELEX: Method for Identifying
Cell-Internalizing RNA Aptamers for Delivering
siRNAs to Target Cells
William H. Thiel, Kristina W. Thiel, Katie S. Flenker, Tom Bair,
Adam J. Dupuy, James O. McNamara II, Francis J. Miller,
and Paloma H. Giangrande
Abstract
After a decade of work to address cellular uptake, the principal obstacle to RNAi-based therapeutics, there
is now well-deserved, renewed optimism about RNAi-based drugs. Phase I and II studies have shown safe,
strong, and durable-gene knockdown (80–90 %, lasting for a month after a single injection) and/or clinical
benefit in treating several liver pathologies. Although promising, these studies have also highlighted the
need for robust delivery techniques to develop RNAi therapeutics for treating other organ systems and
diseases. Conjugation of siRNAs to cell-specific, synthetic RNA ligands (aptamers) is being proposed as a
viable solution to this problem. While encouraging, the extended use of RNA aptamers as a delivery tool
for siRNAs awaits the identification of RNA aptamer sequences capable of targeting and entering the cytoplasm of many different cell types. We describe a cell-based selection process for the rapid identification
and characterization of RNA aptamers suited for delivering siRNA drugs into the cytoplasm of target cells.
This process, termed “cell-internalization SELEX (Systematic Evolution of Ligands by Exponential
Enrichment),” entails the combination of multiple sophisticated technologies, including cell culture-based
SELEX procedures, next-generation sequencing (NGS), and novel bioinformatics tools.
Key words RNA aptamers, Systematic evolution of ligands by exponential enrichment (SELEX),
Cell-internalization SELEX, Cell-targeted aptamers, Next-generation sequencing (NGS),
Bioinformatics, Quantitative PCR
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Introduction
Aptamers are synthetic, structural oligonucleotides that bind
particular target molecules with high affinity and specificity [1].
Aptamers have several advantages as therapeutic reagents, including
that they (1) can be chemically synthesized, (2) can be chemically
conjugated to secondary reagents using well-defined and site-specific
covalent coupling mechanisms, (3) have low immunogenicity (due
to chemical modifications), (4) bind their targets (usually proteins)
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with affinities comparable to antibody/antigen interactions, and
(5) often impair the function of their protein target (e.g., function
as receptor antagonists) [2]. The clinical potential of aptamers is
highlighted by the FDA approval of an aptamer-based drug for
macular degeneration [3, 4] and by clinical trials that demonstrate
the safety and efficacy of systemically administered RNA aptamers
[5]. Aptamers that bind the extracellular domains of cell surface
receptors have previously been used to deliver secondary reagents
to cells that express the targeted receptor (i.e., cell type-specific
delivery [6–9]). Various aptamer conjugates have been explored
with this basic approach, including aptamer-drug [5, 7, 10] and
aptamer-nanoparticle conjugates [11]. We previously pioneered
the cell type-specific delivery of siRNAs with RNA aptamers using
a simple all-RNA reagent [12]. This approach leverages the power
of both the aptamer and RNAi platforms to yield a simple means of
downregulating the expression of virtually any gene in the genome
in a cell type-specific manner. The single-component makeup (all
RNA) of aptamer-siRNA chimeras (AsiCs) also reduces the future
regulatory hurdles in the drug approval process and the likelihood
that the reagents will exhibit toxicity. The promise of this technology for clinical applicability is further highlighted by the demonstrations by several groups of low-dose efficacy in diverse animal
disease models [13–17].
1.1 Aptamer
Identification
via SELEX

The SELEX (Systematic Evolution of Ligands by EXponential
enrichment) process by which aptamers for a chosen target are
identified is distinct from other ligand development platforms and
provides important advantages for the aptamer platform [18, 19].
SELEX is a powerful ligand identification process capable of
screening combinatorial nucleic acid sequence libraries with vast
complexities (typically 1012–1014 distinct sequences are screened).
SELEX does not necessitate expression of aptamers or their derivatives in cells or organisms (e.g., as with antibody development),
which can lead to loss of potential “winning” sequences due to
expression difficulties. Furthermore, the essential information
needed to identify and regenerate each aptamer is encoded in the
aptamer (through PCR amplification) itself. This property is at the
heart of the SELEX process and it enables the easy adaptation of
SELEX to a wide variety of contexts such as cells in culture and
even entire organisms. It also enables the construction of selection
schemes that favor isolation of aptamers that exhibit particular
properties (e.g., cell internalization) beyond basic target binding.

1.2 CellInternalization SELEX

Internalization into a cell is an essential property of RNA aptamers
that are to be used to deliver secondary reagents, such as siRNAs.
Many ligands of cell surface proteins are efficiently internalized
after binding their protein targets on the cell surface. We recently
used the versatility of SELEX to selectively identify RNA aptamers

RNA Aptamers-Mediaded siRNA Delivery

Starting aptamer
library

Non-target cell

189

Transfer unbound
RNAs

Target cell

Remove unbound and
surface-bound RNAs
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recovered
RNAs
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Fig. 1 Cell-internalization SELEX (Systematic Evolution of Ligands by EXponential
enrichment). The starting RNA aptamer library is pre-cleared by incubating the
library with nontarget cells. Those RNAs that do not bind or internalize into the
nontarget cells are then transferred to the target cells. Unbound and surfacebound RNAs are discarded and internalized RNAs recovered. The recovered
RNAs are amplified using PCR and the resulting amplified dsDNA in vitro transcribed for the subsequent round of selection. The selection is terminated when
the library has reached ~80–90 % sequence convergence (~6–10 rounds of
selection) as measured by NGS technologies

that not only bind a particular target protein on the surface of
cells, but are also subsequently internalized into the cell [20–22].
The process we developed, termed “cell-internalization SELEX”
(Fig. 1), involves addition of a combinatorial sequence library to
the culture media of live cells that express a targeted cell surface
receptor and incubation at 37 ºC for a period of time. Unbound
aptamers and aptamers that remain on the surface of the cells are
removed with a stringent wash and the internalized sequences
are recovered and amplified with RT-PCR for generation of the
subsequent selection round. Importantly, an initial “pre-clearing”
step is used to remove sequences that are internalized by cell
surface components other than the target receptor. This step is ideally carried out with control cells that are identical to the target
receptor-expressing cells, except that they lack the target receptor.
Using this approach, together with next-generation sequencing of
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resulting sequence pools, we identified cell-internalizing RNA
aptamers specific for two distinct receptor tyrosine kinases [20, 22].
1.3 SELEX with NextGeneration
Sequencing (NGS)
and Bioinformatics
Analysis

2
2.1

Identification of the sequences that emerge after several rounds of
SELEX was previously accomplished by cloning and sequencing
<100 individual sequences from the PCR amplification step. While
this often provided a sufficient number of winning sequences to
proceed with aptamer characterization, the number of sequences
that were analyzed was quite small in comparison with the sequence
complexity of evolved oligonucleotide pools. We and others
recently sought to evaluate more sequences within evolved SELEX
sequence pools in order to generate a more complete picture of the
winning sequences that emerge from a selection [20–28]. For this,
we used NGS technology to determine the sequences of thousands
of individual aptamers recovered at various stages of several SELEX
protocols [20–23]. Importantly, these data, when coupled with
appropriate bioinformatics analyses, enabled us to identify winning
aptamer sequences at earlier selection rounds and thereby reduced
the time and resources needed to complete aptamer identification.
Here we provide detailed methods for performing the cellinternalization SELEX protocol and for identifying winning
sequences with NGS and bioinformatics analysis.

Materials
Primers

Primers should be resuspended at 100 μM in PCR-grade H2O and
aliquoted.
Sel2 5′-primer: 5′-TAATACGACTCACTATAGGGAGGACGAT
GCGG-3′.
Sel2 3′-primer: 5′-TCGGGCGAGTCGTCTG-3′.
Sel1 5′-primer: 5′-GGGGGAATTCTAATACGACTCACTATA
GGGAGAGAGGAAGAGGGAT GGG-3′.
Sel1 3′-primer: 5′-GGGGGGATCCAGTACTATCGACCTCT
GGGTTATG-3′.

2.2 Sel2 N20 Library
ssDNA Template Oligo

The ssDNA template oligo should be PAGE purified for better results.

2.3 Sel1 Processing
Control Aptamer
(M12–23) [29]

M12-23: 5′-GGGAGAGAGGAAGAGGGAUGGGCGACCGAAC
GUGCCCUUCAAAGCC GUUCACUAACCAGUGGCAUAAC
CCAGAGGUCGAUAGUACUGGAUCCCCCC-3′.

2.4 SELEX Reagents,
Solutions,
and Supplies

Sel2 N20 ssDNA template oligo: 5′-TCGGGCGAGTCGTCT
G-N20-CCGCATCGTCCTCCC-3′.

1. 1.0 M Tris–HCl pH 8.0 (Sigma SLBF9645).
2. Taq DNA polymerase (Denville Scientific Choice Taq
5 units/μL).
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3. 10× buffer Taq DNA polymerase buffer (Denville Scientific).
4. 10 mM dNTP mix (Invitrogen 4893).
5. DNA miniprep kit (Qiagen 27106).
6. T7 RNA polymerase 5× buffer: 20 % w/v PEG-8000 (Sigma
P5413), 200 mM Tris–HCl pH 8.0 (Life Technologies 15568025), 60 mM MgCl2 (Sigma M8266), 5 mM spermidine HCl
(Sigma 233994), 25 mM DTT (Sigma 646563).
7. 10× rNTP mix: 30 mM 2′F-C/U (2′F-CTP: TriLink N-1008013008; 2′F-UTP: TriLink N1010-T1MH01A); 10 mM
2′OH-G/A (2′OH-ATP Roche 14470220; 2′OH-GTP
Roche 14611221).
8. IPPI (Roche 13529722).
9. Y639F T7 RNA polymerase [30].
10. DNAse I 10 units/μL (Roche 04716728001).
11. Chloroform (Mallinckrodt Chemicals 4440-04).
12. 2× Formamide RNA loading dye: 0.01 g Xylene Cyanol (Sigma
Aldrich X4126-10G), 0.01 g Bromophenol Blue (Sigma
Aldrich B5525-10G), 500 μL 10× TBE (rpi, T32024-4000),
10 mL Formamide (Amresco 0464-500 mL).
13. Acrylamide gel solution: 115 g Urea (rpi U20200-1000),
62.5 mL 40 % acrylamide:bis 29:1 (Bio-Rad 161-0146),
12.5 mL 10× TBE (rpi, T32024-4000) and bring to 250 mL
with dH2O. Filter and store at 4 °C.
14. 0.5× TBE (rpi, T32024-4000).
15. 10 % APS (Sigma 248614).
16. TEMED (Sigma Aldrich T9281).
17. 20 × 20 cm Vertical Electrophoresis System (Fisher Biotech
FB-VE20-1).
18. Fluor-coated TLC plate (Ambion 10110).
19. 0.5 M EDTA (Ambion AM9260G).
20. 0.1 mM EDTA 10 mM TE pH 7.5 (Affymetrix 75793).
21. 0.2 μm cellulose acetate Centrex MF filter (Whatman
10467013).
22. 10 kDa MWCO regenerated cellulose centrifugal filter
(Millipore UFC801024).
23. Linear acrylamide 5 mg/mL (Ambion AM9520).
24. 10 M ammonium acetate: 770 g ammonium acetate (Amresco
01023-2.5KG) in 1 L dH2O. Solution should be filter-sterilized.
25. Cell culture medium (e.g., Opti-MEM, DMEM).
26. tRNA block: Resuspend yeast tRNA (Invitrogen 15401-018)
to 10 mg/mL with PCR-grade H2O.
27. Ice-cold PBS (GIBCO 14040).
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28. Ice-cold 0.5 M NaCl PBS: Add 50 mL 5 M NaCl to 450 mL
PBS (GIBCO 14040).
29. TRIzol (Invitrogen 15596-018).
30. Superscript III and supplied 10× FS buffer (Life Technologies
18080-044).
31. RNase A 10 mg/mL (Fermentas EN0532).
32. Phenol/chloroform/isoamyl alcohol (Roche 03117979001).
33. iQ SYBR green 2× supermix (Bio-Rad 170-8882).
34. RNase/DNase-free 1.5 mL microfuge tubes.
35. 15 and 50 mL conical tubes.
36. Cell culture dishes (15 cm) and plates (6-well).
37. Cryo vials.
2.5

Equipment

1. Swinging bucket centrifuge.
2. Microfuge tube centrifuge.
3. PCR machine.
4. Real-time PCR machine.
5. Handheld 254 nm UV lamp.
6. Heat block.
7. Cell culture incubator.
8. UV spectrometer or NanoDrop.

3

Methods

3.1 Making the Sel2
N20 dsDNA Library

1. Annealing step: Combine 9 μL 100 mM Tris–HCl pH 8.0,
2 nmol of Sel2 5′-primer, and 1 nmol Sel2 N20 ssDNA template oligo. Bring these to 90 μL total volume with H2O and
aliquot into five PCR tubes at 18 μL/tube. Run an annealing
program on a PCR machine using the following protocol: (1)
95 °C for 5 min; (2) 25 °C for 20 min; and (3) 4 °C hold.
2. Extension step: Combine 50 μL 10× Taq DNA polymerase buffer (with MgCl2), 10 μL 10 mM dNTP mix, and 20 units of
Taq DNA polymerase to a total volume of 410 μL with PCRgrade H2O. Aliquot 82 μL per PCR tube containing the
annealed template oligo and Sel2 5′-primer. Run an extension
program on a PCR machine using the following protocol: (1)
72 °C for 30 min; (2) 25 °C for 10 min; and (3) 4 °C hold.
3. Purification step: The dsDNA library should be purified using
DNA miniprep columns or PCR purification columns as
directed in the supplier’s manual. To confirm the presence and
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quality of the Sel2 N20 DNA library, load 5–10 μL of the purified
material on a 2–3 % agarose gel. Determine the concentration
of the Sel2 N20 dsDNA library by UV spectrometry. The
molecular weight of the Sel2 N20 dsDNA library is approximated to be MW 41,600.
3.2 Making the Sel2
N20 RNA Library

1. In vitro transcription step (125 μL reaction): Combine 25 μL
T7 RNA polymerase 5× buffer, 12.5 μL 5× rNTP mix,
1.25 units IPPI, 62.5 pmol Sel2 N20 dsDNA template, and
1–5 μL Y639F T7 RNA polymerase [30] (see Note 1) and
bring up to a total volume of 125 μL with PCR-grade
H2O. Incubate at 37 °C overnight. Add 1 μL DNase and incubate at 37 °C for 20 min. Chloroform-extract RNA by adding
500 μL chloroform to the 125 μL in vitro RNA transcription
reaction, vortex, and centrifuge at maximum rpm for 10 min at
room temperature. Carefully pipette top aqueous phase only
into a fresh microfuge tube. Add one volume of 2× formamide
RNA loading dye. Heat the RNA-dye solution to 65 °C for
10 min prior to loading onto the acrylamide gel.
2. Gel purification step: Pour 10 % acrylamide gel by combining
25 mL acrylamide gel solution with 75 μL 10 % APS and 25 μL
TEMED. Assemble gel apparatus and fill with 0.5×
TBE. Preheat polymerized gel at 24 W for 20–30 min. Wash
each well with 0.5× TBS to remove urea. Load RNA into the
pre-washed wells and run at 24 W for approximately 30–40 min.
Carefully remove the gel from the plates and place on a sheet
of Saran Wrap. Detect the RNA aptamer library by UV shadow
using a handheld UV lamp with fluor-coated TLC plates.
Excise the RNA band using clean razor blades. Elute RNA
from the excised acrylamide band in 4 mL 0.1 mM EDTA
10 mM TE pH 7.5 for >1 h at 37 °C while rotating. Transfer
eluted RNA to 0.2 μm cellulose acetate Centrex MF filter and
centrifuge at ~2,000 × g to remove any gel fragments. Transfer
flow-through to 10 kDa MWCO regenerated cellulose centrifugal filter, centrifuge at ~4,000 × g for 10–15 min, and discard flow-through. Repeat the elution from the gel a second
time using the same Centrex MF filter and 10 kDa MWCO
filter. Wash RNA by adding 4 mL 0.1 mM EDTA 10 mM TE
pH 7.5 to the 10 kDa MWCO filter and centrifuge at ~4,000 × g
for 10–15 min. The concentration of the Sel2 N20 RNA
library should be determined by UV spectrometry.
3. RNA folding step: The RNA library should be heated and
refolded at a concentration of 1–3 μM in cell culture medium
without supplements or FBS: (1) 95 °C for 5–10 min; (2)
65 °C for 10–15 min; and (3) 37 °C for 20 min. Folded RNA
can be stored at −20 °C and then thawed at 37 °C for 20 min.
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3.3 CellInternalization SELEX

The Cell-Internalization SELEX protocol is intended for adherent
cells. Cells that are non-adherent or detach easily will need to have
the protocol adjusted accordingly. The cell-internalization SELEX
protocol is entirely dependent on the quality/viability of the cells
used. Thus, proper culture conditions are paramount to the success of the selection. This protocol has been used to identify aptamers that internalize into specific cell types (e.g., vascular smooth
muscle cells vs. endothelial cells) [21] or cells that express specific
cell surface receptors (e.g., HER2 or TrkB) [20, 22]. A well-characterized target cell line (positive selection step) and at least one
nontarget cell line (negative selection step) need to be available
prior to beginning the selection. Throughout the selection process, selection conditions (e.g., temperature, salt concentration,
ratio of RNA to cells) can be altered in order to increase or decrease
the selection pressure. Selection conditions need to be determined
empirically for any given selection. The cell passage number should
be kept consistent (within 1 or 4 passages) throughout the selection process to minimize variability due to passage number. This is
particularly important for those selections performed on primary
cells. Prior to starting a selection, cells should be tested for the
desired phenotype/genotype (e.g., HER2 positivity) [20]. In
addition, cells should be screened for mycoplasma contamination
as this bacterium has been shown to secrete nucleases capable of
degrading 2′-fluro-modified RNA aptamers [31].
1. Prepare nontarget and target cells: On day 1, seed both target
and nontarget cells on 15 cm plates. For the selection, cells
should be plated at >90 % confluence to minimize contact of
RNA aptamers with plastic. All incubations are done at 37 °C
and at 5 % CO2, unless otherwise specified.
2. Pre-clear aptamer library against nontarget cells: On day 2, dilute
RNA aptamer to working concentration (~150 nM) in 12 mL of
serum-free cell culture medium or Opti-MEM and add tRNA to
100 μg/mL. Wash nontarget cells twice with 15 mL of cell
culture medium. This step will remove unattached/dead cells,
which could lead to nonspecific binding of the RNA library.
Block the nontarget cells with 15 mL of 100 μg/mL tRNA in
cell culture media at 37 °C for 15 min. Discard the tRNA block,
add the folded Sel2 N20 RNA library to the nontarget cells, and
incubate for 15 min at 37 °C. Collect the pre-cleared Sel2 N20
RNA library containing media from the nontarget cells and
centrifuge at 2,000 × g for 5 min to pellet cell debris.
3. Incubate pre-cleared aptamer library with target cells: Wash
target cells 2× with cell culture medium. Proceed to block the
target cells with 15 mL tRNA for 15 min at 37 °C. Remove
tRNA block and add the pre-cleared Sel2 N20 RNA library
containing media to the target cells. Incubate at 37 °C for
30 min. Swirl media gently at least one time during the 30-min
incubation.

RNA Aptamers-Mediaded siRNA Delivery

195

4. Remove unbound and surface-bound RNAs: Wash the target
cells 1× with 15 mL ice-cold PBS. Wash one time with 15 mL
cold 0.5 M NaCl PBS (short wash), followed by one time
5-min wash with 15 mL cold 0.5 M NaCl at 4 °C. Wash one
time with 15 mL ice-cold PBS. Tilt plates for ~30 s and aspirate to minimize residual PBS.
5. Recover internalized RNAs: Lyse cells with 4 mL TRIzol.
Allow TRIzol to lyse cells completely by incubating at room
temperature for 3–5 min. Collect as much TRIzol as possible
using a cell scraper and pipette TRIzol-lysed samples into
clean microfuge tubes (~4 tubes). Samples can be stored frozen
at −80 °C at this step.
6. TRIzol extraction step: If necessary, thaw samples and proceed
to shear DNA by vortexing samples for ~1 min. Add 200 μL
chloroform per 1 mL TRIzol and vortex for 30 s. Centrifuge
at room temperature at 15,000 × g for 15 min. Transfer as
much of the aqueous phase (400 μL) to a clean 1.5 mL
microfuge tube being careful not to transfer any of the organic
phase. Add 8–10 μL RNase A, mix carefully, and incubate at
37 °C for 30 min. The RNase treatment will degrade endogenous RNA but not the 2′-fluoro-modified RNA aptamers,
thereby eliminating amplification of non-aptamer sequences
during the PCR step. Add 1× volume (~600 μL) phenol/chloroform/isoamyl alcohol and vortex. Centrifuge at room temperature at 15,000 × g for 10 min. Transfer as much of the
aqueous phase (400 μL) to a clean microfuge tube. Add 1×
volume (~600 μL) chloroform and vortex. Centrifuge at room
temperature at 15,000 × g for 10 min. Transfer as much of the
aqueous phase (400 μL) to a clean microfuge tube. Divide the
aqueous phase into four microfuge tubes. For each microfuge
tube, ethanol precipitate the RNA aptamer by adding 5 μL linear acrylamide as a carrier, 1/10 volume 10 M ammonium
acetate (30 μL), and 2× volume 100 % ice-cold ethanol
(600 μL). Incubate at −80 °C overnight to precipitate
RNA. Centrifuge at 4 °C for 30 min at 15,000 × g to pellet
precipitated RNA. Discard supernatant and wash pellet with
300 μL of 95 % ice-cold ethanol. Vortex and centrifuge at
room temperature at 15,000 × g for 10 min. Discard supernatant and air-dry pellet at 65 °C for 30 min or until no ethanol
is present. Resuspend RNA pellet in 25 μL PCR-grade
H2O. Incubate at 65 °C for 10–20 min to ensure that the RNA
is completely dissolved. Pool samples and store at −80 °C. This
RNA sample represents a single round of selection. Proceed
with the RT and PCR steps to generate the RNA aptamer
library for the next round of selection.
7. Generate the RNA aptamer library for the next round of selection: RT-PCR is performed to amplify the recovered RNA.
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We routinely perform a two-step RT-PCR protocol as follows:
Anneal the Sel2 3′ primer to the recovered RNA. Combine:
10 μL 5× FS buffer, 1 μL 0.1 M DTT, 1 μL 100 μM Sel2
3′-primer, 31 μL PCR-grade H2O, and 5 μL recovered
aptamer RNA. Incubate samples at (1) 65 °C for 5 min; (2)
22 °C for 5 min; and (3) 25 °C hold. Initiate reverse transcription by adding 1 μL 10 mM dNTP mix and 1 μL
Superscript III reverse transcriptase. Run a Superscript III
reverse transcriptase protocol: (1) 55 °C for 60 min; (2)
72 °C for 15 min; and (3) 4 °C hold. Use the RT in a PCR
reaction. Combine 50 μL 10× Taq polymerase buffer; 20 μL
10 mM dNTP mix; 5 μL 100 μM Sel2 5′-primer; 5 μL
100 μM Sel2 3′-primer; 25 units of Taq polymerase; and
25 μL of the RT reaction; bring to 500 μL with PCR-grade
H2O. Aliquot 100 μL of the PCR mix per PCR tube. Run a
PCR amplification protocol: (1) 95 °C for 2 min; (2) 95 °C
for 30 s; (3) 55 °C for 30 s; (4) 72 °C for 5 s; (5) repeat
steps 2–4 for 25 cycles; (6) 72 °C for 5 min; and (7) hold
at 4 °C. Clean the PCR product as outlined in Subheading 3.1,
step 3. To generate the RNA for the next round of selection
follow the in vitro RNA transcription protocol outlined in
Subheading 3.2.
3.4 Assess
the Progress
of the CellInternalization
Selection

Tracking the progress of the cell-internalization SELEX process is
crucial for the success of the selection and for identifying cell-specific
internalizing RNA aptamers. This information is necessary to
appropriately adjust the selection pressure (e.g., increase no. of
washes, increase RNA:cell ratio during selection, introduce an
additional pre-clear step, and reduce incubation time of RNA with
target cells), and determine when to stop a selection.
1. DNA melt assay: The DNA melt assay allows for a rapid assessment of the progress of the SELEX process. This assay is used
to assess the overall sequence complexity in a given round.
A decrease in sequence complexity is indicative of library convergence. To 33 μL of 0.5 μM dsDNA (from a selection round)
add 33 μL of SYBR green supermix. Pipette 20 μL of dsDNA/
SYBR green mix into a qPCR plate in triplicate wells. Run a
reverse DNA melt program on a real-time PCR machine using
the following protocol: (1) 95 °C for 15 min; (2) 95 °C for
15 s; (3) 95–25 °C ramp over 20 min; (4) 25 °C for 15 s; and
(5) 4 °C hold. Average triplicate data for each melt curve and
plot temperature (65–95 °C) on the X-axis against fluorescence on the Y-axis. A shift to the right in the melt curve
(higher temperatures) from round to round is indicative of a
decrease in sequence complexity of the RNA pool.
2. Cell-internalization assay: All incubations are done at 37 °C
and at 5 % CO2, unless otherwise specified. On day 1, target
and nontarget cells should be seeded in 6-well plates. Cells should
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be >90 % confluent after 24 h. The following day, dilute the
RNA aptamer pool or individual aptamer sequence to the
working concentration (1 nM to 1 μM) in serum-free medium
and add tRNA to 100 μg/mL. Wash cells 2× with 2–3 mL cell
culture media. Block the cells with 1 mL of 100 μg/mL tRNA
in cell culture media at 37 °C for 15 min. Discard tRNA block
and add folded RNA aptamer to each well for 30 min at
37 °C. Swirl media every 15 min. Discard unbound RNA
aptamer. Wash cells as outlined in Subheading 3.3, step 4.
Lyse cells with 1 mL TRIzol that contains 5 × 10−3 pmol/mL
of control Sel1 RNA. Incubate the TRIzol solution on cells for
3–5 min. Pipette TRIzol-lysed samples into clean microfuge
tubes. Samples can be frozen and stored at −80 °C at this step.
TRIzol extraction should be performed as outlined in
Subheading 3.3, step 6 (see Note 2). The recovered RNA is
quantified by RT-qPCR using SYBR green supermix as appropriate during the PCR detailed in Subheading 3.3, step 7. For
each RNA sample perform two independent RT and PCR
reactions: one with the Sel2 primers (Sel2 PCR) and one with
the Sel1 primers (Sel1 PCR). The Sel1 PCR is used as a normalization control for sample processing. Proper processing
should result in similar Sel1 PCR values (CT values) for each
sample. Any samples that are excessively low or high should be
flagged as possibly problematic due to issues with the TRIzol
extraction. Average the triplicates of the Sel2 samples and normalize these data to the corresponding Sel1 samples. Data
analysis from this point forward should be done as appropriate
for the experiment, including calculation of experimental error
and statistical tests.
3.5 Next-Generation
Sequencing (NGS)
of RNA Aptamer Pools

The following protocol is based on Illumina Sequencing technology,
although other NGS methods can also be used.
1. The DNA or RNA from any given round of selection can be
used for NGS. If using RNA, first perform an RT reaction
using superscript III, but substitute the Sel2 3′-primer with
the appropriate NGS primer (e.g., reverse or 3′-primer). The
reverse-transcribed RNA or dsDNA from a given selection
round may then be used for PCR amplification as done during
the SELEX process with Taq DNA polymerase using the
appropriate NGS primers instead of the Sel2 primers. A water
control should be run with each sample as a control. If rounds
of selection are going to be multiplexed for NGS the forward
or 5′-NGS primer should contain a unique barcode.
2. The resulting PCR reaction should be run on a 1 % agarose gel
along with the corresponding water control. The appropriate
band should be excised and gel purified and an accurate sample
concentration determined. Samples can be combined at an
equal molar ratio if multiplexing.
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3. The sample can be submitted for NGS and will undergo a
separate quality/size analysis prior to processing. Sequencing
from both ends of the PCR product should be chosen if the
option is available.
3.6 Processing RNA
Aptamer Library
High-Throughput
Sequencing Data

The Galaxy web server (https://usegalaxy.org/) provides all of the
online tools necessary to do the following initial bioinformatics
analysis of next-generation sequencing data. A brief outline of the
steps is shown below:
1. Raw reads need to be parsed for quality (eng. intact 5′ and 3′
constant regions, “N” sequencing read errors).
2. Multiplexed data needs to be separated by barcode.
3. Constant regions can be filtered to give only the variable region.
4. Unique reads need to be determined and the number of each
unique reads calculated by collapsing the data. The number of
unique reads and the number of total reads can be used to
determine the sequence enrichment of a selection round using
the following equation: % sequence enrichment = 1 − (unique/
total).
5. For an in-depth bioinformatics analysis several different strategies exist for examining RNA aptamer selection data including
fold enrichment, percent enrichment, sequence relatedness,
and predicted structure similarity.

4

Notes
1. The volume of the Y639F T7 RNA polymerase used for in vitro
transcription is determined experimentally by testing the efficiency of transcription using different dilutions of the enzyme.
2. The remaining TRIzol organic phase may be used to isolate
total protein or total DNA.

References
1. Keefe AD, Pai S, Ellington A (2010) Aptamers
as therapeutics. Nat Rev Drug Discov 9:
537–550
2. Thiel KW, Giangrande PH (2009) Therapeutic
applications of DNA and RNA aptamers.
Oligonucleotides 19:209–222
3. Ng EW, Shima DT, Calias P, Cunningham ET
Jr, Guyer DR, Adamis AP (2006) Pegaptanib, a
targeted anti-VEGF aptamer for ocular vascular
disease. Nat Rev Drug Discov 5:123–132
4. Apte RS (2008) Pegaptanib sodium for the
treatment of age-related macular degeneration.
Expert Opin Pharmacother 9:499–508

5. Sundaram P, Kurniawan H, Byrne ME, Wower
J (2013) Therapeutic RNA aptamers in clinical
trials. Eur J Pharm Sci 48:259–271
6. Thiel KW, Giangrande PH (2010) Intracellular
delivery of rna-based therapeutics using aptamers. Ther Deliv 1:849–861
7. Cerchia L, Giangrande PH, McNamara JO, de
Franciscis V (2009) Cell-specific aptamers for
targeted therapies. Methods Mol Biol
535:59–78
8. Zhou J, Rossi JJ (2011) Cell-specific aptamermediated targeted drug delivery. Oligonucleotides 21:1–10

RNA Aptamers-Mediaded siRNA Delivery
9. Zhou J, Bobbin ML, Burnett JC, Rossi JJ
(2012) Current progress of RNA aptamerbased therapeutics. Front Genet 3:234
10. Kanwar JR, Roy K, Kanwar RK (2011)
Chimeric aptamers in cancer cell-targeted drug
delivery. Crit Rev Biochem Mol Biol 46:
459–477
11. Sundaram P, Wower J, Byrne ME (2012) A
nanoscale drug delivery carrier using nucleic
acid aptamers for extended release of therapeutic. Nanomedicine 8:1143–1151
12. McNamara JO II, Andrechek ER, Wang Y,
Viles KD, Rempel RE, Gilboa E, Sullenger BA,
Giangrande PH (2006) Cell type-specific delivery of siRNAs with aptamer-siRNA chimeras.
Nat Biotechnol 24:1005–1015
13. Pastor F, Kolonias D, Giangrande PH, Gilboa
E (2010) Induction of tumour immunity by
targeted inhibition of nonsense-mediated
mRNA decay. Nature 465:227–230
14. Dassie JP, Liu XY, Thomas GS, Whitaker RM,
Thiel KW, Stockdale KR, Meyerholz DK,
McCaffrey AP, McNamara JO II, Giangrande
PH (2009) Systemic administration of optimized aptamer-siRNA chimeras promotes
regression of PSMA-expressing tumors. Nat
Biotechnol 27:839–849
15. Wheeler LA, Vrbanac V, Trifonova R, Brehm
MA, Gilboa-Geffen A, Tanno S, Greiner DL,
Luster AD, Tager AM, Lieberman J (2013)
Durable knockdown and protection from hiv
transmission in humanized mice treated with
gel-formulated cd4 aptamer-siRNA chimeras.
Mol Ther 21:1378–1389
16. Neff CP, Zhou J, Remling L, Kuruvilla J,
Zhang J, Li H, Smith DD, Swiderski P, Rossi
JJ, Akkina R (2011) An aptamer-siRNA chimera suppresses hiv-1 viral loads and protects
from helper cd4(+) t cell decline in humanized
mice. Sci Transl Med 3:66ra66
17. Ni X, Zhang Y, Ribas J, Chowdhury WH,
Castanares M, Zhang Z, Laiho M, DeWeese
TL, Lupold SE (2011) Prostate-targeted radiosensitization via aptamer-shRNA chimeras in
human tumor xenografts. J Clin Invest 121:
2383–2390
18. Ellington AD, Szostak JW (1990) In vitro
selection of RNA molecules that bind specific
ligands. Nature 346:818–822
19. Tuerk C, Gold L (1990) Systematic evolution
of ligands by exponential enrichment: Rna
ligands to bacteriophage t4 DNA polymerase.
Science 249:505–510
20. Thiel KW, Hernandez LI, Dassie JP, Thiel WH,
Liu X, Stockdale KR, Rothman AM, Hernandez
FJ, McNamara JO II, Giangrande PH (2012)
Delivery of chemo-sensitizing siRNAs to

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

199

her2+-breast cancer cells using RNA aptamers.
Nucleic Acids Res 40:6319–6337
Thiel WH, Bair T, Peek AS, Liu X, Dassie J,
Stockdale KR, Behlke MA, Miller FJ Jr,
Giangrande PH (2012) Rapid identification of
cell-specific, internalizing RNA aptamers with
bioinformatics analyses of a cell-based aptamer
selection. PLoS One 7:e43836
Huang YZ, Hernandez FJ, Gu B, Stockdale
KR, Nanapaneni K, Scheetz TE, Behlke MA,
Peek AS, Bair T, Giangrande PH, McNamara
JO II (2012) RNA aptamer-based functional
ligands of the neurotrophin receptor, trkb. Mol
Pharmacol 82:623–635
Thiel WH, Bair T, Thiel WK, Dassie JP, Rockey
WM, Howell CA, Liu XY, Dupuy AJ, Huang
L, Owczarzy R, Behlke MA, McNamara JO,
Giangrande PH (2011) Nucleotide bias
observed with a short selex RNA aptamer
library. Nucleic Acid Ther 21:253–263
Meyer S, Maufort JP, Nie J, Stewart R,
McIntosh BE, Conti LR, Ahmad KM, Soh HT,
Thomson JA (2013) Development of an efficient targeted cell-selex procedure for DNA
aptamer reagents. PLoS One 8:e71798
Reiss DJ, Howard FM, Mobley HL (2012) A
novel approach for transcription factor analysis
using selex with high-throughput sequencing
(tfast). PLoS One 7:e42761
Zimmermann B, Gesell T, Chen D, Lorenz C,
Schroeder R (2010) Monitoring genomic
sequences during selex using high-throughput
sequencing: neutral selex. PLoS One 5:e9169
Jagannathan V, Roulet E, Delorenzi M, Bucher
P (2006) Htpselex–a database of high-throughput selex libraries for transcription factor binding sites. Nucleic Acids Res 34:D90–D94
Roulet E, Busso S, Camargo AA, Simpson AJ,
Mermod N, Bucher P (2002) High-throughput
selex sage method for quantitative modeling of
transcription-factor binding sites. Nat Biotechnol 20:831–835
McNamara JO, Kolonias D, Pastor F, Mittler
RS, Chen L, Giangrande PH, Sullenger B,
Gilboa E (2008) Multivalent 4-1bb binding
aptamers costimulate cd8+ t cells and inhibit
tumor growth in mice. J Clin Invest 118:
376–386
Sousa R, Padilla R (1995) A mutant t7 RNA
polymerase as a DNA polymerase. EMBO J
14:4609–4621
Hernandez FJ, Stockdale KR, Huang L,
Horswill AR, Behlke MA, McNamara JO II
(2012) Degradation of nuclease-stabilized
RNA oligonucleotides in mycoplasma-contaminated cell culture media. Nucleic Acid Ther
22:58–68

Chapter 12
Strategies for siRNA Navigation to Desired Cells
Mouldy Sioud
Abstract
Whilst small interfering (si) RNAs have emerged as a promising therapeutic modality for treating a diversity
of human diseases, delivery constitutes the most serious obstacle to siRNA drug development. As the most
used delivery agents can enter all cell types, specificity must be built into the delivery agents or directly
attached to the siRNA molecules. The use of antibodies, peptides, Peptide-Fc fusions, aptamers, and other
targeting ligands has now enabled efficient gene silencing in the desired cell populations/tissues
in vitro and in vivo. The present review summarizes these current innovations, which are important for
the design of safe therapeutic siRNAs.
Key words RNAi, siRNA, Nanoparticles, Hormone peptides, Immune cells, Endocytose, Phage display

1

Introduction
The main goal of any therapy is to eradicate pathogenic cells such
as malignant cells, while sparing normal cells. The advantages of
being able to avoid delivering bioactive agents (cytotoxic drugs,
radionuclides, cytokines) to healthy tissues/cells are numerous.
For example, specific delivery of cytotoxic drugs to cancer cells
could alleviate the problem of side effects because high concentrations of the drug within tumors could be attained without
affecting normal tissues. Several experimental approaches have
been used in order to achieve a preferential accumulation of therapeutics in target cells. In principle, ligands that recognize cell surface receptors, preferentially or specifically expressed by the target
cells, can be conjugated to delivery agents to promote their specific
uptake via receptor-mediated endocytosis [1, 2]. To date siRNA
delivery has been achieved by a number of strategies including
lipid-based agents, nanoparticles, magnetofection, and electroporation ([3–7], see Chapters 1, 5 and 6). To achieve specific delivery
to target cells, a variety of siRNAs targeting strategies have been
used, including antibodies, CpG oligonucleotides, RNA aptamers,
peptides, and chemical modifications [8–14]. The identification of
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effective targeting tools should facilitate the transformation of RNAi
technology into modern medicine [8]. Hereunder, I will discuss
how this progress can be harnessed for improved siRNA targeting
to desired cells.

2

Targeting via Antibodies
With respect to gene therapy, monoclonal antibodies (mAbs) are
commonly used for targeting purposes. Since the mAbs have to
evade the immune system, current development of mAbs has been
focused on chimeric, humanized, and fully humanized derivatives
to decrease their immunogenicity [8, 11]. With respect to siRNA,
Song et al. reported the development of antibody-protamine fusion
proteins as a carrier for receptor-directed delivery of siRNAs [9].
Protamine-conjugated antibodies specific for ErbB2 or LFA-1
receptors delivered siRNAs to cell expressing these receptors and
tumor growth was inhibited in a melanoma cancer model. Lee
et al. described a method to specifically deliver siRNA to tumor
cells using transferrin receptor [11]. A DEC-205 monoclonal antibody was used to target siRNA against CD40 to dendritic cells
[12]. Using an antibody directed to insulin receptor in combination with avidin-biotin technology, Xia et al. demonstrated that
siRNAs can be targeted to cell expressing the corresponding receptor [13]. Kumar et al. have used an anti-CD7-specific single-chain
antibody conjugated to a 9-mer arginine peptide and shown that
the construct can deliver antiviral siRNAs to naïve T cells in mice
[14]. Molecular Trojan horses, which are receptor-specific mAbs,
can be mono-biotinylated with siRNA to cross the blood–brain
barrier [15]. Although further improvements are required, collectively, these examples illustrate the feasibility of conjugating siRNAs to antibody recognizing receptors expressed by targeted cells.

3

Targeting via Peptides
In contrast to mAbs, small peptides are expected to be less immunogenic, cost-effective, ease of manufacture, and easy to conjugate
to small molecules such as siRNAs. Because of their small size, they
are also expected to have more tumor penetrance than antibodies.
Short peptides can also bind to their targets with high specificity
and affinity [16].
In general, cell penetrating cationic peptides (CPP), mainly composed of arginine, lysine, and histidine that mediate the translocation
of therapeutic agents such as siRNAs across the cell membrane and
are internalized by a receptor and energy-independent endocytosis. Although the current CPP siRNA-delivery approaches have
gained some merits, they generally target the entire cell population.
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Therefore, there is a growing interest in developing peptides that
recognize specific receptors expressed by targeted cells. Kumar
et al. recently used a short peptide derived from rabies virus glycoprotein (RVG) as a targeting ligand to cross the blood–brain
barriers [17]. The 29-amino acid peptide specifically bound to acetylcholine receptor expressed in neuronal cells. A chimeric peptide
was synthesized by adding nonamer arginine residues at the carboxyl terminus of RVG for siRNA conjugation. This RVG-9R peptide was able to bind and transduce siRNA to neuronal cells
in vitro, resulting in efficient gene silencing. Transferrin (TF) is a
glycoprotein that delivers irons to cells and its receptor is overexpressed on tumor cells. The receptor has been used as a ligand for
tumor-targeted delivery. By using cyclodextrin-containing
polycation, Heidel et al. reported the first targeted delivery of
siRNA in nonhuman primates [18].
Traditionally, receptor-binding peptides are identified rationally via structure–activity studies that involve the synthesis of a
large number of peptides for in vitro and in vivo evaluation [19].
However, the advances in combinatorial and biological peptide
libraries have made it possible to select specific binding peptides for
membrane receptors expressed by tumor cells [2, 20]. It should be
noted that random peptide libraries include virtually all possible
sequences of small peptides that can mimic conformational structures
of both continuous and discontinuous epitopes [21]. Biopanning of
these libraries on purified proteins or on whole cells has led to the
selection of a large number of targeting peptides with high binding
specificity [2, 21].
In the case of cancer cells, targeting peptides are often selected
for their binding to known cell surface receptors involved in biological functions such as cell proliferation, motility, evasion, and
metastasis [22, 23]. Among the attractive receptors, fibroblast
growth factor (FGFR) and epidermal growth factor receptors
(EGFR) families are often overexpressed in human tumors [24].
The epidermal growth factor receptor type 2, known as ErbB-2/
HER-2, is a carcinoma-associated tyrosine kinase receptor whose
activation is responsible for cancer cell survival, proliferation, and
metastasis. Thus, ErbB2 receptor-binding peptides should be
important for siRNA-targeted strategies. In this respect, several
ErbB2-binding peptides have been selected from random peptidephage libraries and one the selected peptides (KCCYSL) bound to
the extracellular domain of the human purified ErbB-2 receptor
[25, 26].
Differentially expressed cell surface markers on endothelial
cells in angiogenic vessels of tumors should also be an excellent
target for site-specific targeting. The accessibility of endothelial cell
markers by the blood stream makes them more attractive targets
than their counterparts expressed on tumor cells [27]. To identify
endothelial cell-binding peptides, random peptide phage libraries
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have been screened for binding to the vasculature of various organs
by injecting the phage libraries intravenously into live animals [28–30].
This in vivo selection strategy has the advantage over in vitro selection strategies in that one can select in whole animal peptides that
bind to tumors. Indeed, Ruoslahti and colleagues have demonstrated
that this innovative in vivo screening method is feasible leading to
selection of ανβ3 and ανβ5 integrin receptor-binding peptides
[28, 29]. A phage displaying a peptide containing the Arg-Gly-Asp
(RGD) motif homed to tumors when injected intravenously into
tumor-bearing mice. Also, phages displaying a cyclic CDCRGDCFC
peptide (RGD-4C) peptide exhibited 10–20 times higher
tumor-homing ability then the negative control phages [30, 31].
Interestingly, coupling of doxorubin to RGD-4C targeting peptide
led to the design of effective and less toxic agents than the doxorubin alone [31, 32]. Furthermore, the RGD-4C targeting peptide
and other peptides were conjugated to several therapeutic agents
such as apoptotic peptides [33] and radioactive agents for tumor
imaging and therapy [34]. Because of these encouraging results, it
would be attractive to conjugate siRNAs to RGD-4C peptide for
tumor targeting. In this respect, systemic delivery of anti-HIF-1
siRNA with RGD-peptide targeted delivery systems resulted in a
significant tumor growth inhibition when compared to that
obtained with untargeted siRNAs [35]. Also, self-assembling
nanoparticles with siRNA were constructed with PEI that is
PEGylated with a RGD peptide ligand attached at the distal end of
poly(ethylene glycol) (PEG) [36]. Intravenous administration of
these formulations into tumor-bearing mice resulted in selective
tumor uptake, siRNA sequence-specific inhibition of protein
expression within the tumor, and inhibition of both tumor angiogenesis and growth rate [36]. Recently, Alam et al. have developed
a multivalent cyclic RGD conjugates for targeted delivery of siRNA
[37]. Treatment of M21 cells with RGD-siRNA conjugates
resulted in 70 % reduction in lucifurase activity. Also, Cesarone
et al. [38] used a peptide analogue of insulin-like growth factor to
deliver siRNA to cell expressing the insulin receptor.
Toward the identification of cancer cell-targeting peptides, we
have biopanned peptide phage libraries on breast cancer cell lines
and identified several binders [39]. One of the selected peptide
(LTVSPWY) was able to deliver antisense oligonucleotides to
breast cell line SKBR3. Wang and colleagues have conjugated the
vitamin E to the LTVSPWY peptide and demonstrated that the
conjugates were preferentially taken up by ErbB2 expressing cancer cells [40], thus further validating the potential use of the
LTVSPWY peptide as targeting agent. To test the feasibility of
this delivery system, siRNA targeting ErbB2 was incubated with
the protamine-LTVSPWY peptide for 1 h at RT and then added
to SKBR3 cells. Subsequent to 48 h transfection time, protein
extracts were prepared and the expression of ErbB2 was analyzed

Targeted Delivery

205

LTVSPWY-Protamine 6A

a

b

c

1

2

3
ErbB-2

Fig. 1 Cancer cell targeting using the LTVSPWY peptide. (a) Binding of the protamine LTVSPWY peptide to breast cancer cell line SKBR3. Cells were incubated
with 6A-conjugated peptides for 1 h at 37 °C, and subsequently, were analyzed
with an epifluorescence microscope. The protamine LTVSPWY peptide sequence
is: LTVSPWYGGRSQSRSRYYRQRQRSRRRRRRSAC-6A. (b) Cell nuclei were counterstained with Hoechst staining. (c) Downregulation of ErbB2 expression in
SKBR3 cells. The siRNA molecules targeting the ErbB2 mRNA were incubated
with the protamine LTVSPWY peptide for 1 h at room temperature and then
added to SKBR3 cells growing in X-vivo 15 medium (lane 3). As a control free
siRNA molecules were added to the cells (lane 2). Following 48 h transfection
time, cytoplasmic proteins were prepared and the expression of the ErbB2 gene
was analyzed with Western blotting. Lane 1 = Untreated cells

by a Western blot (Fig. 1a–c). A significant reduction in survivin
expression was evident in cells treated with the siRNA peptide
formulations. It should be noted that the ErbB2 receptor is overexpressed in 30–50 % of primary breast cancers and its expression
is low in most normal adult tissues, thus making an attractive target
for peptide-mediated delivery into ErbB2 positive tumor cells.
A number of hormone receptor binding peptides have been
successfully explored for magnetic resonance imaging of tumors.
Recent studies indicated that several hormone receptors are not
only expressed by normal human tissues but are also overexpressed
in a large variety of human cancers, thus permitting an in vivo targeting of tumors for diagnostic and therapeutic purposes [41–43].
For example, the receptors for luteinizing hormone-releasing
hormone (LHRH) are overexpressed in breast, ovarian, and prostate
cancers [44]. The NPY receptors are mainly expressed in specific
endocrine tumors and epithelial malignancies, particularly breast
cancer cells [41]. The human gastrin-releasing peptide receptor
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(GRPr) is over expressed on a variety of human cancer, including
prostate, breast, lung, and pancreatic cancers [43]. Somatostatin
receptors are overexpressed in many neuroendocrine tumors,
including small-cell lung cancer, carcinoid tumor, insulinoma, gastrinoma, and medullary thyroid cancer [42]. The epidermal growth
factor receptor is highly expressed by glioblastomas when compared to surrounding nontumor cells such as astrocytes [41]. The
examples described above, clearly show that different hormone
and growth factor receptors are overexpressed on the cell membrane of cancer cells. Thus, the coupling of their peptide ligands to
siRNAs is anticipated to target systemically siRNAs to specific cell
populations.
It should be noted that the concept of using radiolabeled peptide hormones or derivatives for molecular imaging and therapy has
been established by several groups. For instance, the coupling of
cytotoxic drugs to LHRH peptide enhanced their accumulation in
tumor cells expressing the LHRH receptor [45]. More recently a
LHRH peptide analogue was coupled to the distal end of the PEGsiRNA conjugate for ovarian cancer cell targeting [46]. Peptide
analogues of human gastrin-releasing peptides exhibited an
excellent targeting potency of cancer cells. Similarly, somatostatin
analogues were developed and used for diagnostic imaging of somatostatin receptor positive tumors. It should be noted that the somatostatin receptor is the first peptide hormone receptor identified for
receptor targeted diagnosis and therapy of tumors. Other peptides
targeting epidermal growth factor (EGF), glutathione, laminin
receptor, estrogen receptors, EGF receptor were also developed

GRP peptide
HSC-KMYPRGNHWAVGHLM-NH2

siRNA
5’HS-GAGCCAAGAACAAAAUUGCTT-3’
3’-TTCUCGGUUCUUGUUUUAACG-5’
Diamide
(thiol oxidant)

MLHGVAWHNGRPYMKC-S-S-GAGCCAAGAACAAAAUUGCTT
TTCUCGGUUCUUGUUUUAACG
GRP-siRNA

Cont

+ GRPsiRNA

Survivin
Fig. 2 GRP peptide-mediated delivery of siRNAs. SiRNA were directly conjugated
to the GRP peptide as outlined in (a) and then added to MCF7 cells growing in
X-vivo medium. Subsequent to 48 h incubation time, cytoplasmic protein extracts
were prepared and then the expression of the survivin was analyzed by Western
blotting. Cont = Untreated cells
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[47]. To direct siRNAs to cancer cells that express the GRP receptor,
we have conjugated siRNAs to gastrin-releasing peptides (GRP-1
and GRP-2 peptides). The peptides improved the delivery of siRNAs and gene silencing in cancer cells when compared to normal
cells [48]. Figure 2 illustrates the GRP-targeting strategy.

4

Targeting via Aptamers
Aside from serving as reservoir of genetic information and catalysis,
RNA can function as molecular recognition. RNA molecules
binding to their targets with high affinity were first developed for
proteins that are known to naturally bind RNA using a technique
known as systematic evolution of ligands by exponential enrichment (SELEX) ([49], see Chapter 11). Subsequently, the technique was extended for isolation of high affinity binders against
growth factors and other functional molecules. These binders
known as aptamers are highly folded single-stranded nucleic acids
molecules that bind their targets with high affinity and specificity
in a fashion similar to antibodies [50]. With the development of
SELEX technique, more than 200 aptamers have been isolated.
Aptamer-mediated siRNA delivery is mainly focused on using direct
aptamer-siRNA conjugates [50]. By conjugating an aptamer specific
for prostate-specific membrane antigen (PSA), a cell surface glycoprotein found in abundance on prostate cancer cells, it has been
shown that specific delivery to prostate cancer cells can be achieved
[50, 51]. In this respect, a PSA aptamer was conjugated to an antiPLK1 siRNA and used to treat human prostate cancer xenografts
in nude mice. The conjugates were taken up by prostate tumor
lines which express PSA, such as LNCaP cells, but not by prostate
tumor lines which do not express PSA, such as PC3 cells. Uptake
of the siRNA led to reduction in PLK1 expression and induced
tumor cell apoptosis. Similarly, Wullner et al. conjugated a PSA
aptamer to an siRNA specific for eukaryotic elongation factor 2
mRNA and siRNA functionality was demonstrated by the induction
of apoptosis in prostate tumor cells [52]. Like lipid nanoparticles
and polyplexes, PEGylation of the aptamer-siRNA chimeras
resulted in improved circulation half-life and reduced rates of clearance [51]. Rossi and colleagues fused a 27-nt siRNA specific for
the HIV tat/rev gene to an aptamer specific for the HIV-1 gp120
protein which is expressed on the surface of HIV-1 infected cells.
Following uptake by infected cells, the 27-nt siRNA was processed
by Dicer into 21 nt siRNA which suppressed HIV replication [53].
Because these chimeric RNAs only contain RNA, they are not
expected to elicit antibody response. An additional potential advantage of this single all-RNA molecules is the potential for large-scale
chemical synthesis at relatively low cost.
In addition of directing siRNA molecules to target cells via
receptor-binding ligands, some studies have shown that RNAi can
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be controlled temporally. Photocaging is one specific class of
modifications for siRNAs that inhibit their bioactivity until exposure to near-ultraviolet light [54, 55]. This light-controllable
strategies can be employed to achieve control over delivery of
siRNA molecules to intended target cells. Targeting can also be
achieved through local administration (e.g. intra-ocular injection
and inhalation, intratumorlal injection). In this respect, intraocular
injection of a VEGF-specific siRNAs being assessed as a possible
treatment of macular degeneration and inhalation of siRNA being
assessed as a possible treatment for infection with respiratory syncytial virus. Other encouraging examples, of local targeting were
also described.

5

Targeting via Small Molecules
Recently mall molecules have gained great attention as class of
targeting molecules. They have very small size and less undesired
interactions with other components in the delivery systems. Folic
acid is one of the most studied small molecules as targeting ligands.
As proof of concept, we have coupled folic acid to an siRNA against
protein kinase α and demonstrated specific uptake by cancer cells [7].
Similarly, folate-linked nanoparticles were evaluated as potential
targeting agents of siRNA to human nasopharyngeal KB cells,
which overexpressed folate receptor [56]. Folic acid was also
conjugated to gold particles to increase particle uptake by tumor cells.
Folate targeting conferred selectivity as shown by fivefold increase
in tumor implant uptake compared to nontargeted particles.
Cholesterol was one of the first lipohilic small molecules employed
to directly facilitate uptake of siRNAs by liver cells following i.v.
administration ([57], see Chapter 10). The cholesterol was chemically coupled to one of the RNA strand strands to create cholesterolsiRNA conjugates. Attachment of the RNA duplex to the
cholesterol increased binding to human serum albumin and
increase serum biodistribution to various organs, particularly the
liver. Lactose was also used as a targeting ligand. Cells expressing
asialloglycoprotein receptors can recognize compounds bearing
terminal galactose moieties. In this respect, Oishi et al. developed
a conjugate of siRNA with lactosylated PEG through an acidlabile linkage of β-thiopropionate, followed by complexation with
poly(L-LYSINE) [58].

6

Directing siRNAs to Immune Cells
Wheeler et al. demonstrated that an siRNA-aptamer encoding a
CD4 aptamer can knock down gene expression specifically in
human CD4+ T cells, macrophages, and dendritic cells [59].
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Interestingly, Intravaginal administration of CD4 aptamer-siRNA
chimeras designed to knock down CCR5 can prevent sexual transmission of HIV in humanized mice. The blood–brain barrier normally presents a major obstacle to large molecule entry into the
central nervous systems (CNS). Kumar and colleagues reported
that a short 29-aa peptide derived from the rabies virus glycoprotein (RVG), fused to 9R residues, can deliver siRNA to murine
macrophages and neuronal cells by specific binding to acetylcholine receptor [17]. The targeting strategy used to deliver anti-TNF
siRNA to the CNS, specifically targeting microglia/macrophages
which also express the nitotinic acetocholine receptor. i.v. administration of the anti-TNF RVG-9R complex was protective against
neuronal inflammation following challenging with lipopolysaccharide [60]. Also, targeted delivery of HMGB1 siRNA to human
macrophages and dendritic cells via the RVG peptide effectively
suppressed secretion of HMGB1 (High-mobility group protein 1,
which is secreted from macrophages and dendritic cells and acts as
master regulator of late and sustained cytokine storm seen in sepsis),
reduced the human cytokine storm, human lymphocyte apoptosis,
and rescued humanized mice from CLP-induced mortality [61].
Macrophages represent an important therapeutic target,
because of their involvement in several diseases such as cancer and
atherosclerosis. More recently Yu et al. [62] have used mannose as
the targeting motif, because its receptor (CD206) is primary
expressed by M2-like macrophages. CD206 mediates the recognition and endocytosis of mannosylated, fucosylated, or
N-acetylglucosaminated substrates, which occurs via clathrincoated vesicles. The mannosylated nanoparticles improved the
delivery of siRNA into primary macrophages by fourfold relative to
the delivery of a nontargeted version of the same carrier. Kortylewski
and colleagues used a DNA oligonucleotide CpG1688, a ligand for
TLR-9, to deliver siRNA to immune cells. TLR9 is expressed on a
subset of immune cells including B cells and plasmacytoid DCs
[63]. The authors have showed that the CpG oligonucleotide plus
the linked siRNA cargo was taken up by TLR9-expressing cells and
induced gene silencing of STAT3 in these cells. Moreover, the formulations significantly reduced both the size and number pulmonary implants which developed following i.v. injection of B16
melanoma cells in syngeneic C57BL/6 mice. Similarly, siRNAmediated gene silencing of CCR2 in inflammatory monocytes
reduced their ability to enter tumor sites, resulting in fewer tumorassociated macrophages and reduced tumor volumes [64].
To target siRNAs to monocytes and dendritic cells, we have
used phage display technology as a source of cell-binding peptides
and selected novel monocytes and DC-binding peptides (e.g. NW
peptide). The ability of the NW peptide to deliver siRNAs to DC
and monocytes were evaluated. As illustrated in Fig. 3a and b, the
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Fig. 3 Uptake and gene silencing by the NW-peptide siRNA conjugates. A siRNA targeting mouse IL-10 with
3′fluorescein was directly conjugated to the NW peptide via 5′end disulfide linkage, added to iDCs and then
incubated 37 °C for 2 h. (a) Epifluorescence images of iDCs showing the binding of the peptide-siRNA conjugates. (b) Confocal microscopy images showing the internalization of the peptide-siRNA conjugates. The nuclei
were visualized with Hoechst 33342 staining. (c) Inhibition of galectin-3 gene expression by peptide siRNA
conjugates. iDCs were incubated with the NW peptide-Gal-3 siRNA conjugates or free siRNA at 37 °C for 48 h.
Subsequently, gene silencing was analyzed by Western blots. Data are representative of 3 independent experiments. Lane 1, untreated cells. Lane 2, cells treated with free siRNAs (200 nM). Lanes 3, 4, and 5, cells treated
with peptide-siRNA conjugates 50 nM, 100 nM and 200 nM, respectively. Lane 6, cells treated with NW peptide
only (200 nM)

NW peptide facilitated the delivery of siRNA to DCs. The
enhanced delivery of siRNA via the NW peptide also corresponded
to knockdown of Gal-3 gene expression (Fig. 3c). By contrast, free
siRNAs or peptide molecules did not induce any detectable gene
silencing at high concentrations. Collectively, these data offer significant opportunities for targeting siRNAs and other agents to
DC subsets [65]. The selected peptides can be conjugated to antibodies or fused to the Fc region of IgG for targeted therapy and/
or cytotoxicity.

7

Transcriptional Targeting of siRNAs
As indicated above siRNA molecules can be introduced into cells
by transfection and have emerged as a valuable tool for analysis of
gene function [66]. However, the silencing effect is transient. To
circumvent this problem, several groups have developed DNA
expression vectors for RNAi in human cells that express short
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Fig. 4 Pol III expression strategy. (a) Cellular expression of small-interfering RNAs (siRNAs). Tandem-type
expression strategy. Both the sense and the antisense strands are expressed from different RNA polymerase
(pol) III promoters (H1 or U6). The transcriptional termination of five thymidines is added to the 3′ of the sense
and antisense sequences. After transcription, sense and antisense RNAs hybridize and form a duplex siRNA in
the transfected cells. (b) Hairpin-type expression strategy. Sense sequence and its inverted sequence are
expressed from H1 or U6 promoters. Both sequences can be separated by a loop sequence of 4–29 nucleotides (nt). The transcriptional termination of five thymidines is added to the 3′ end of the sense-inverted
sequence. In the case of the H1 promoter, the transcript ends with two uridine 3′ overhangs. The transcribed
RNA forms a hairpin with a loop structure that is processed by Dicer into a functional siRNA

hairpin siRNA (shRNAs) under the control of a RNA polymerase
III or a pol II promoter [66]. To date, pol III promoters are used
most frequently because is possible to express small RNAs that
carry the structural feature of siRNAs (Fig. 4a and b).
Although shRNA vectors are widely used as strategy for the
analysis of gene function, currently siRNA vectors have some limitations: (1) siRNA expression cannot be controlled in a time- or
tissue-specific manner because pol III promoters are constitutively
active in all mammalian cells and regulated expression from pol III
promoters is more difficult in comparison with pol II promoters.
(2) Only one siRNA sequence is expressed from each promoter.
(3) Constitutive expression of siRNAs might abrogate the cytoplasmic transport of miRNAs, a new class of small noncoding
RNAs with essential biological functions (see Chapters 23–25). In
this respect, a recent study has reported fatality in mice owing to
competition between shRNAs and miRNAs for limiting cellular
factors such as exportin 5 [67].
In addition to sequence-specific inhibition of the target gene,
siRNAs also have off-target effects that could be detrimental for
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healthy cells [68, 69]. Indeed, transcriptional profiling studies have
showed that siRNA duplexes can potentially silence multiple genes
in addition to the intended target. Therefore, there is an urgent
need for controlled expression systems of shRNAs. To overcome
this potential problem, regulated H1 and U6 expression vectors
have been developed. For example, a doxycycline-regulated form
of the H1 promoter to drive the expression of siRNAs against β
catenin in colorectal cancer was designed [70]. Although these
modified promoters have provided significant insights into the regulation of siRNA expression, they do not restrict the expression of
the shRNAs to pathogenic cells and therefore their use in gene
therapy is limited [71].
One way to target pathogenic cells and avoid healthy cells, is to
place the shRNA under the control of a promoter that is transcriptionally active only in pathogenic cells such as cancer cells, but not
normal cells. Several studies have shown that a number of genes are
expressed exclusively or predominantly in cancer cells when compared to normal counterparts. Moreover, various promoters have
already been evaluated for transcriptional targeting in cancer gene
therapy including the prostate-specific antigen promoter for prostate cancer and the tyrosinase gene promoter for melanoma [72].
Among the genes that are preferentially expressed in tumors, survivin is a perfect candidate because it is expressed in many human
cancer types but not normal adult tissues [73].
To test whether the survivin promoter could express siRNA in
cancer cells, we first PCR amplified the promoter sequence, and
then modified the sequence to allow the cloning of shRNAs [74].
Figure 5a illustrates the cloning strategy. When an siRNA targeting
GFP was expressed under the survivin promoter, an inhibition of
the target gene was seen only in cancer cells but not normal cells
[74], thus confirming the specificity of the designed promoter
(Fig. 5b and c). More, recently Song and colleagues described a
vector for RNAi in which a synthetic siRNA is expressed under the
PSA promoter [75]. Interestingly, reduced gene expression was
achieved in a tissue-specific and hormone-dependent manner. Both
approaches offers a number of important potential advantages
when contrasted with modified U1 and U6 vectors. These include:
(1) siRNA can be expressed only or preferentially in cancer cells.
(2) it is possible to express a long single transcript resembling the
miRNA primary transcripts, allowing the generation of several siRNAs from each survivin promoter. Notably, optimized tissue-specific promoters for shRNA expression are expected to facilitate the
therapeutic applications of siRNAs.
In conclusion, this chapter outlined the most promising strategies for directing siRNA molecules to target cells. The use of new
technologies to detect intracellular siRNA trafficking are clearly
important for guiding the development of the next generation of
delivering systems for RNAi therapeutics.
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AATAAAGCTT….
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Fig. 5 Expression of siRNA under the survivin promoter. (a) A partial sequence of the survivin promoter showing
the BamHI and HindIII cloning sites. The natural transcription starts are kept and a polyA stop signal is added
at the end of the construct. The survivin promoter (ST2)-mediated siRNA expression inhibited the expression
of GFP in survivin positive cancer cell lines. (b), but not in survivin negative normal cells. (c). In these experiments, cells were cotransfected with GFP encoding plasmid in combination with anti-GFP shRNA under the
control of the survivin promoter [62]
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Chapter 13
Use of Guanidinopropyl-Modified siRNAs
to Silence Gene Expression
Maximilian C.R. Buff, Stefan Bernhardt, Musa D. Marimani,
Abdullah Ely, Joachim W. Engels, and Patrick Arbuthnot
Abstract
Silencing gene expression by harnessing the RNA interference (RNAi) pathway with short interfering
RNAs (siRNAs) has useful analytical and potentially therapeutic application. To augment silencing efficacy
of siRNAs, chemical modification has been employed to improve stability, target specificity, and delivery to
target tissues. siRNAs incorporating guanidinopropyl (GP) moieties have demonstrated enhanced target
gene silencing in cell culture and in vivo models of hepatitis B virus replication. Here we describe the synthesis of GP-modified siRNAs and use of 5′ rapid amplification of cDNA ends (5′ RACE) to verify an
RNAi-mediated mechanism of action of these novel chemically modified siRNAs.
Key words siRNA, RNAi, RNA, Oligonucleotide synthesis, Guanidinopropyl, HBV, 5′ RACE

1

Introduction
Since discovery of the RNA interference (RNAi) pathway, there
has been widespread interest in using exogenous sequences to
silence a variety of gene targets. RNAi naturally occurs in cells of a
variety of organisms, which include mammals, fungi, and plants
(reviewed in [1]. The pathway typically involves expression and
processing of RNA comprising hairpin motifs that are processed to
form short duplex microRNAs (miRNAs) that comprise approximately 23 base pairs. One of the two strands of the mature miRNA
is selected to serve as a guide sequence for mRNA inactivation by
the RNA-Induced Silencing Complex (RISC). Complete pairing
between the guide and target leads to Ago2-mediated cleavage of
the mRNA (see Chapter 1). However partial complementarity
between the seed region of miRNA guide strands and their targets
naturally occurs more commonly to cause mRNA destabilization
and translational suppression [2].
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Exogenous RNA sequences used to reprogramme RNAi simulate
intermediates of the pathway, and their guide strands are often
designed to mediate silencing by causing cleavage of completely
complementary target mRNA [3]. Synthetic short interfering
RNAs (siRNAs), which mimic mature miRNAs, as well as DNA
cassettes that express artificial pri-miRNAs and pre-miRNAs have
been used widely to silence target gene expression. Since siRNAs
are considerably smaller than pri-miRNA- or pre-miRNA-encoding
DNA cassettes, delivery to target cells and better dose regulation
are easier to achieve. Nevertheless, susceptibility of siRNAs to degradation, nonspecific gene silencing, and inadequate delivery to
target cells remain problematic. Chemical modification of siRNAs
offers the means of addressing these difficulties [4]. Several different approaches have been employed, which include addition
of various groups to the 2′ and 4′ carbons of ribose, changes to the
phosphodiester linkage and substitution of ribose with other
sugars [5, 6].
In earlier studies, our groups have shown that incorporating
2′-O-guanidinopropyl (GP) moieties can be used successfully to
improve stability, efficacy, and specificity of siRNAs that target the
HBx open reading frame of hepatitis B virus (HBV) [7, 8]. Detailed
analysis, which entailed incorporation of GP substitutions at positions 2 to 21 of the intended siRNA guide, demonstrated that
modifications to nucleotides in the seed region limited off target
silencing. Melting point analysis showed that the GP modifications
caused only minimal destabilization of the duplexes. An added
potential benefit of introducing a positive charge within the GP
residue is that the overall neutralization of the negative charge of
the siRNAs facilitates their delivery to target cells. Using murine
hydrodynamic tail vein injection to administer siRNAs resulted in
highly effective knock down of viral replication markers in vivo.
Collectively these positive features indicate that GP modification of
siRNAs has potential utility for gene silencing.
Here we describe our improved and now standard synthesis
procedures for the generation of GP-modified nucleosides and
their incorporation into siRNAs. Importantly, one of the changes
involved replacing the isobutyryl group to a dimethylformamidine
group at the N2-position of guanosine, thus avoiding formation of
a mixture of mono- and di-isobutyryl substituted compounds
during the synthesis. This alteration in procedure improved the
product yields considerably. Production of each of the adenosine
(A), cytidine (C), and uridine (U) derivatives follows an analogous chemical protecting scheme, while the protecting groups of
the guanosine (G) derivative was changed slightly to improve
yields and purity (Scheme 1). Each synthesis started with simultaneous protection of 5′- and 3′-OH-groups with either 1,1,3,3tetraisopropyldisiloxane-1,3-diyl (TIPS) for adenosine (1), cytidine (2), and uridine (3) or di-tert-butylsilanediyl (DTBS) for
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Scheme 1 Synthesis of the 2′-O-guanidinopropyl adenosine-, cytidine- uridine- and guanosinephosphoramidites for oligoribonucleotide synthesis. (i) acrylonitrile, CsCO3, tert-butyl alcohol, rt; (ii)
H2N-NH2 · H2O, methanol, rt (adenosine and cytidine derivative); formic acid (70 %), dioxane/water (guanosine
derivative); no deprotection of the uridine derivative; (iii) H2 (30 bar), Raney-Nickel, NH3, methanol, 30–60 min,
rt; (iv) N,N'-di-Boc-N''-triflylguanidine, Et3N, CH2Cl2, 0 °C (30 min) to rt (30 min); (v) DMF-dimethyl diacetale,
methanol, rt (adenosine and guanosine derivative); benzoyl chloride, pyridine, 0 °C (30 min) to rt (30 min)
(cytidine derivative); no protection group was applied to the uridine derivative; (vi) Et3N · 3HF, THF, rt; (vii)
4,4′-dimethoxytrityl chloride, pyridine, rt; (viii) 2-cyanoethyl N,N,N',N'-tetraisopropylphosphane, 4,5-dicyanoimidazole, CH2Cl2, rt

guanosine (4). The latter was chosen to improve the reported
selectivity for the subsequent 2,4,6-triisopropylbenzenesulfonyl
(TPS) protection at the O6-position of guanosine (4a) [9]. The
exocyclic amino functions of A and C were protected with dimethylaminomethylene groups employing standard conditions and a
benzoyl group was attached to N3-position of U [10]. The first
key step follows Michael addition of acrylonitrile in tert-butanol
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with Cs2CO3 as base to 2′-O-cyanoethyl [11]. Deprotection of
dimethylaminomethylene groups of the A and C with hydrazine
yielded 1b and 2b. This additional deprotection step was necessary to avoid formation of mixtures of dimethylaminomethyleneprotected and unprotected derivatives. The TPS-group from the
O6-position of the guanosine derivative was cleaved with a mixture of formic acid (70 %), dioxane, and water (4b). For production of the uridine derivative, this extra step was not necessary. In
the next key step, the nitrile to amine transformation was achieved
by reduction with hydrogen (30 bar) and using Raney-nickel in
ammonia and methanol as catalyst [12]. The hydrogenation step
was found to be sensitive to subtle variations in the reaction conditions, which include the mass ratio of starting material to catalyst, the size of the autoclave and the reaction time. Under optimal
conditions we were able to produce yields of about 50 % for each
nucleoside. Despite intensive washings with methanol, critical loss
of the desired amino compound occurred as a result of adsorption
onto the catalyst. To minimize this, we introduced the guanidino
groups directly. Thus N,N'-di-Boc-N''-triflylguanidine, now
commercially available [13], was added as guanidinylation agent.
Our previous studies showed that two boc groups are sufficient in
RNA solid phase synthesis, although they are cleaved after repetitive acid deprotection using TBDMS-phosphoramidite protocols.
The guanidino group does not seem to undergo side reactions
during the solid phase synthesis. Yields after guanidinylation were
70 % for 1c (A), 60 % for 2c (C), around 60 % for 3c (U) and
approximately 90 % for 4c (G).
Established standard reaction conditions were applied to synthesize the desired phosphoramidites (1d – 4d). The A and G
derivatives were protected with dimethylaminomethylene at the
N6- or N2-positions, and the exocyclic amino function of the C
derivative was protected with a benzoyl group. For U derivative,
no further protection of the base was necessary. Finally we accomplished the synthesis of all four 2′-O-guanidinopropyl phosphoramidites by removal of silyl protecting groups with Et3N · 3HF. Then
the 5′-OH-group was protected with a 4,4′-dimethoxytrityl group
and in a last step the 3′-OH group was converted to a phosphoramidite using 2-cyanoethyl N,N,N',N'-tetraisopropylaminophosphane
and 4,5-dicyanoimidazole as activator. Starting with the adenosine, cytidine, uridine, and guanosine nucleosides, synthesis of the
2′-O-guanidinopropyl phosphoramidites took place in 6–8 steps
and routinely provided overall yields of 16–17 % (1d), 13–14 %
(2d), 14–15 % (3d) and 16–17 % (4d).
To incorporate GP-containing nucleotides into the oligonucleotides constituting the siRNAs, standard phosphoramidite synthetic procedures with a prolonged coupling time of 30 min were
employed. Control siRNA3 without GP moieties, referred to in
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this study as being unmodified, were also synthesized. The siRNAs
contain the classical two dT residues at the 3′ end of the sense
strand to improve stability. In addition to the detailed description
of the methods for synthesis of GP-modified siRNAs, procedures
for verifying Ago2-mediated target HBV mRNA cleavage by
GP-modified siRNAs, using 5′ rapid amplification of cDNA ends
(RACE), are presented.

2

Materials

2.1 Synthesis
of 2′-O-GP-Modified
Nucleotide Precursors

The syntheses of the GP-modified phosphoramidites are performed
with standard chemicals and solvents suitable for chemical synthesis. Chemicals were purchased from Sigma-Aldrich, TCI, Acros
Organics, and ChemGenes among other suppliers.
1. Chemicals and solvents for syntheses: adenosine, cytidine,
uridine, guanosine, 1,3-dichloro-1,1,3,3-tetraisopropyldisiloxane, di-tert-butylsilyl ditriflate, tert-butanol, acrylonitrile
(freshly distilled), cesium carbonate, hydrazine hydrate (H2N–
NH2 · H2O), Raney-Nickel (activated nickel catalyst), methanol
saturated with ammonia, hydrogen (H2, compressed in a steel
cylinder), triethylamine, N,N'-di-boc-N''-triflyl guanidine,
N,N-dimethylformamide dimethylacetale, triethylammonium
trihydrofluoride (Et3N · 3HF), 4,4′-dimethoxytrityl chloride,
2-cyanoethyl-N,N,N',N'-tetraisopropylamino phosphane, 4,5dicyanoimidazole, benzoyl chloride, ammonium hydroxide
solution (25–33 % in water), sodium carbonate, tetrabutylammonium bromide, 4-(N,N-dimethylamino)pyridine (DMAP),
2,4,6-triisopropylbenzenesulfonyl chloride, formic acid, dioxane, ethanol, acetone, benzene, pyridine, toluene.
2. Water-free solvents for syntheses (bottled with septum and
molecular sieve): dichloromethane, dimethylformamide,
methanol, pyridine, tetrahydrofurane.
3. Solutions and desiccants for workup: saturated sodium bicarbonate solution, saturated sodium chloride solution (brine),
anhydrous magnesium sulfate, or sodium sulfate, celite.
4. Solvents for extractions and column chromatography: dichloromethane, ethyl acetate, hexane, methanol. (We used technical grade solvents that were redistilled before usage to avoid
contamination of the purified products with nonvolatile impurities of the solvents.)
5. Solid-phase material for column chromatography: silica gel 60
with grain size of 0.04–0.063 mm (e.g. from Merck KGaA or
Macherey-Nagel GmbH&Co.KG), TLC plates: silica gel 60 on
aluminum foil with fluorescence indicator (254 nm).
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2.2 Solid-Phase
Oligonucleotide
Synthesis

1. Empty synthesis columns fitting to your synthesizer (e.g. from
Glen Research or ChemGenes)
2. Ribonucleoside functionalized solid support (LCAA-support,
500 Å, e.g. from ChemGenes):
N-Bz-5′-O-DMTr-2′(3′)-Ac-adenosine-LCAA-CPG
N-ibu-5′-O-DMTr-2′(3′)-Ac-guanosine-LCAA-CPG
N-Ac-5′-O-DMTr-2′(3′)-Ac-cytidine-LCAA-CPG
5′-O-DMTr-2′(3′)-Ac-uridine-LCAA-CPG
Commercially available prepacked synthesis columns may also
be used.
3. Ribonucleoside phosphoramidites for unmodified positions
(e.g. from SAFC/Proligo or ChemGenes or Glen Research):
N-Bz-5′-O-DMTr-2′-O-TBDMS-adenosine-3′-O-N,N'diisopropyl(2-cyanoethyl)phosphoramidite
N-ibu-5′-O-DMTr-2′-O-TBDMS-guanosine-3′-O-N,N'diisopropyl(2-cyanoethyl)phosphoramidite
N-Ac-5′ -O- DMTr-2′ -O- TBDMS-cytidine-3′ -O-N,N' diisopropyl(2-cyanoethyl)phosphoramidite
5 ′ - O - D M Tr- 2 ′ - O - T B D M S - u r i d i n e - 3 ′ - O - N , N ' diisopropyl(2-cyanoethyl)phosphoramidite
4. Reagents and solvents required for the synthesizer (e.g. from
SAFC/Proligo): anhydrous acetonitrile, deblock solution (3 %
trichloroacetic acid in dichloromethane), activator (0.35 M
5-ethylthiotetrazole (ETT) in acetonitrile (see Note 1)), Cap A
(acetic anhydride/tetrahydrofurane 9.1/90.9 (v/v)), Cap B
(Tetrahydrofurane/N-Methylimidazole/Pyridine
8/1/1
(v/v/v)), oxidizer (0.1 M iodine in tetrahydrofurane/pyridine/water (75:20:2 v/v/v))
5. Amidite diluent: anhydrous acetonitrile (100 mL, bottled with
septum, e.g. from SAFC/Proligo)

2.3 Workup,
Purification,
and Analytics
of 2′-O-GP-Modified
Oligonucleotides

1. Oligonucleotide cleavage: For cleavage from solid support and
removal of the cyanoethyl groups and exocyclic amino protecting groups of the bases we use a 3:1 mixture of ammonium
hydroxide solution (25–33 % in water) and ethanol.
2. Cleavage of the 2′-O-TBDMS-groups: Et3N · 3HF/1-methyl2-pyrrolidone/Et3N (6:3:4, v/v/v)
3. DEPC-water: Diethylpyrocarbonate (DEPC) is dissolved in
distilled or deionized water (0.1 % DEPC). The solution is
kept overnight at room temperature and then autoclaved at
120 °C for 20 min to deactivate the DEPC.
4. For RNA-precipitation: n-Butanol
5. LiCl-Buffer: 1 M lithium chloride in DEPC-water, adjusted
to pH 8.
6. Triethylammonium acetate buffer: 0.1 M triethylammonium acetate
in DEPC-water. We prepare a 1 M solution of triethylammonium
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acetate and dilute it 1:9 with DEPC-water before usage. For the 1 M
solution acetic acid (60.05 g, 57.2 mL, 1 mol) is dissolved in 700 mL
DEPC-water. Triethylamine (101.2 g, 138.6 mL, 1 mol) is added in
small portions while the solution is stirred vigorously. Caution: As a
result of the enthalpy of the neutralization reaction, the solution heats
up, so cooling may be required. After the solution has cooled down to
room temperature, the volume is adjusted to 1,000 mL with DEPCwater and the pH is adjusted to pH 7 with acetic acid or
triethylamine.
7. Anion-exchange HPLC-column: Dionex DNA Pac PA-100
(9 mm × 250 mm)
8. Reverse-phase HPLC-column: Phenomenex Jupiter 4u Proteo
90 Å 250 mm × 15 mm.
9. Chemicals: acetic acid, triethylamine, lithium chloride,
1-methyl-2-pyrrolidone.
2.4 Analysis
of RNAi-Mediated
Target Cleavage by
GP-Modified siRNAs
Using 5′ RACE

1 Stock solutions of target and reporter plasmids (100 ng/μL)
prepared using anion-exchange resins (e.g. Qiagen Plasmid
Maxi Kit, MD, USA): pCH-9/3091 14, pCI-neo-eGFP 15
(see Note 2).
2 Lipofectamine®-2000 and Opti MEM® (Invitrogen, CA, USA).
3 Tri Reagent® (Sigma, MO, USA).
4 Diethyl pyrocarbonate-treated water (see above).
5 GeneRacer™ Kit (Invitrogen, CA, USA).
6 Thermocycler (e.g. T100™ Instrument from BioRad, CA, USA)
7 MinElute Gel Extraction kit (Qiagen, MD, USA)
8 Reverse transcriptase gene-specific primers: HBx RT
5′-AGGGTCGATGTCCATGCCCC-3′ (Integrated DNA
Technologies, IA, USA) (see Note 3).

3

Methods
Syntheses of the GP-modified phosphoramidites have previously
been described for A, C, and U7 and separately for G8. Since many
reagents are sensitive to hydrolysis, it is highly recommended to
work under inert gas atmosphere (nitrogen or argon) and use
anhydrous solvents for the reactions (see Note 4).

3.1 Synthesis of the
2′-O-GP-Modified
Adenosinephosphoramidite (1d)

1. Synthesis of N6-Dimethylaminomethylene-2′-O-cyanoethyl-3′,
5′-O-(tetraisopropyldisiloxane-1,3-diyl)-adenosine (1e). To a
solution of N6-Dimethylaminomethylene-3′,5′-O-(tetraisopropyldisiloxane-1,3-diyl)-adenosine (1a) (3.0 g, 5.31 mmol) in
tert-butanol (25 mL), freshly distilled acrylonitrile (6.7 mL,
102 mmol) and cesium carbonate (1.6 g, 4.9 mmol) are added.
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The mixture is stirred vigorously at room temperature for 3 h.
The reaction mixture is filtered and the residue is washed
with dichloromethane. The filtrate is evaporated and the residue is purified using column chromatography with ethyl
acetate/methanol (99:1–95:5, v/v) to give 3.28 g (87 %) of N6Dimethylaminomethylene-2′-O-cyanoethyl-3′, 5′-O-(tetraisopropyldisiloxane-1,3-diyl)-adenosine (1e). 1H NMR (400 MHz,
DMSO-d6) δ [ppm] 8.90 (s, 1H, amidine-H), 8.34 (s, 1H, H2
or H8), 8.32 (s, 1H, H2, or H8), 6.02–6.01 (m, 1H, H1′),
5.05–5.01 (m, 1H, H3′), 4.64–4.62 (m, 1H, H2′), 4.08–3.84
(m, 5H, H4′, 2× H5′, O–CH2–CH2–CN), 3.20 (s, 3H, N–CH3),
3.13 (s, 3H, N–CH3), 2.83–2.80 (m, 2H, O–CH2–CH2–CN),
1.10–1.00 (m, 28H, tetraisopropyl-CH and -CH3); MS (ESI)
was calculated to be 618.3 for C28H48N7O5Si2 (M + H+), and
found to be 618.8.
2. Synthesis of 2′-O-cyanoethyl-3′, 5′-O-(tetraisopropyldisiloxane-1,
3-diyl)-adenosine (1b). N6-Dimethylaminomethylene-2′-Ocyanoethyl-3′, 5′-O-(tetraisopropyldisiloxane-1,3-diyl)-adenosine
(1e) (1.0 g, 1.62 mmol) is dissolved in methanol (20 mL) then
hydrazine hydrate (H2N-NH2 · H2O; 500 μL, 10.3 mmol) is
added. The reaction solution is stirred at room temperature for
3 h. The solvents are evaporated and the residue is purified using
a silica gel column with ethyl acetate as eluent to give 773 mg
(87 %) 2′-O-cyanoethyl-3′,5′-O-(tetraisopropyldisiloxane-1,3diyl)-adenosine (1b). 1H NMR (400 MHz, DMSO-d6) δ [ppm]
8.21 (s, 1H, H2, or H8), 8.07 (s, 1H, H2, or H8), 7.33 (bs,
2H, NH2), 5.98–5.96 (m, 1H, H1′), 5.03–4.99 (m, 1H, H3′),
4.59–4.57 (m, 1H, H2′), 4.08–3.83 (m, 5H, H4′, 2× H5′,
O-CH2–CH2–CN), 2.84–2.80 (m, 2H, O–CH2–CH2–CN),
1.09–0.97 (m, 28H, tetraisopropyl-CH and -CH3); MS (MALDI)
was calculated to be 563.8 for C25H43N6O5Si2 (M + H+) and
found to be 564.0.
3. Synthesis of 2′-O-Aminopropyl-3′,5′-O-(tetraisopropyldisiloxane1,3-diyl)-adenosine (1f) (see Notes 5 and 6). 2′-O-cyanoethyl3′,5′-O-(tetraisopropyldisiloxane-1,3-diyl)-adenosine (1b) (1.0 g,
1.78 mmol) is dissolved in 10 mL of methanol in a glass tube
suitable for use in an autoclave. Approximately 0.5 mL of
Raney-nickel slurry are rinsed thoroughly on a glass filter (see
Note 7) with dry methanol and then washed into the glass tube
containing the solution of 2′-O-cyanoethyl-3′, 5′-O(tetraisopropyldisiloxane-1,3-diyl)-adenosine (1b). After addition of 5 mL methanol saturated with ammonia, the mixture is
stirred for 1 h at room temperature under a hydrogen atmosphere (30 bar). The reaction mixture is filtered and the catalyst
is washed three times with methanol. The filtrate is evaporated
and the residue is purified using column chromatography with
ethyl acetate/methanol/triethylamine (70:25:5, v/v/v) to yield
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503 mg (50 %) of 2′-O-Aminopropyl-3′,5′-O-(tetraisopropyldisiloxane-1,3-diyl)-adenosine (1f). If no NMR or MS analysis is needed, the crude product can be used for the next step
without chromatographic purification. 1H NMR (400 MHz,
DMSO-d6) δ [ppm] 8.20 (s, 1H, H2, or H8), 8.07 (s, 1H, H2,
or H8), 7.32 (bs, 2H, NH2), 5.95–5.94 (m, 1H, H1′), 4.95–
4.90 (m, 1H, H3′), 4.41–4.39 (m, 1H, H2′), 4.08–3.90 (m,
3H, H4′, 2× H5′), 3.86–3.70 (m, 2H, O–CH2–CH2–CH2–
NH2), 2.66–2.61 (m, 2H, O–CH2–CH2–CH2–NH2), 1.65–
1.58 (m, 2H, O–CH2–CH2–CH2–NH2), 1.08–0.96 (m, 28H,
tetraisopropyl-CH and -CH3); MS (MALDI) was calculated to
be 567.9 for C25H47N6O5Si2 (M + H+), and found to be 567.9.
4. Synthesis of 2′-O-(N,N'-Di-boc-guanidinopropyl)-3′,5′-O(tetraisopropyldisiloxane-1,3-diyl)-adenosine (1c). N,N'-Diboc-N''-triflyl guanidine (280 mg, 0.72 mmol) is dissolved in
5 mL dichloromethane then triethylamine (100 μL) is added.
After cooling to 0 °C, 2′-O-aminopropyl-3′, 5′-O-(tetraisopropyldisiloxane-1,3-diyl)-adenosine (1f) (400 mg, 0.71 mmol) is
added and the mixture is stirred for 1 h at 0 °C then for 1 h at
room temperature. The reaction is diluted with dichloromethane and washed with saturated sodium bicarbonate solution
and brine. The organic layer is dried over Na2SO4 and the solvent is evaporated. The residue is purified using column chromatography with dichloromethane/methanol (98:2, v/v) to
give a yield of 402 mg (70 %) of 2′-O-(N, N'-Di-bocguanidinopropyl)-3′, 5′-O-(tetraisopropyldisiloxane-1,3-diyl)adenosine (1c). 1H NMR (400 MHz, DMSO-d6) δ [ppm] 11.50
(s, 1H, NH-boc), 8.45–8.41 (m, 1H, NH–CH2–), 8.17 (s, 1H,
H2, or H8), 8.06 (s, 1H, H2 or H8), 7.31 (bs, 2H, NH2), 6.02–
5.99 (m, 1H, H1′), 4.96–4.91 (m, 1H, H3′), 4.43–4.40 (m, 1H,
H2′), 4.06–3.70 (m, 5H, H4′, 2× H5′, O–CH2–CH2–CH2–
NH–), 3.51–3.32 (m, 2H, O–CH2–CH2–CH2–NH–), 1.84–
1.78 (m, 2H, O–CH2–CH2–CH2–NH–), 1.44 (s, 9H, C(CH3)3),
1.37 (s, 9H, C(CH3)3), 1.07–0.99 (m, 28H, tetraisopropyl-CH
and -CH3); MS (MALDI) was calculated to be 810.1 for
C36H65N8O9Si2 (M + H+), and found to be 808.3.
5. Synthesis of N6-Dimethylaminomethylene-2′-O-(N,N'-diboc-guanidinopropyl)-3′,5′-O-(tetraisopropyldisiloxane-1,3diyl)-adenosine (1g). 2′-O-(N,N'-Di-boc-guanidinopropyl)-3′,
5′-O-(tetraisopropyldisiloxane-1,3-diyl)-adenosine (1c) (500 mg,
0.61 mmol) is dissolved in methanol (5 mL) and N,
N-dimethylformamide dimethyl acetal (500 μL, 3.7 mmol) is
added. The reaction is stirred at room temperature overnight
and the solvents are evaporated. The crude product is used for
further reactions without purification.
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6. Synthesis of N6-Dimethylaminomethylene-2′-O-(N,N'-di-bocguanidinopropyl)-adenosine(1h).N6-Dimethylaminomethylene2′ -O- ( N,N' -di-boc- guanidinopropyl)-3′,5′ -O- (tetraisopropyldisiloxane-1,3-diyl)-adenosine (1g) (500 mg, 0.58 mmol)
is dissolved in tetrahydrofurane (5 mL) and triethylammonium
trihydrofluoride (Et3N · 3HF; 330 μL, 2.0 mmol) is added. The
mixture is stirred at room temperature for 1.5 h, and then the
solvent is evaporated. The residue is purified by column chromatography with ethyl acetate/methanol (98:2–9:1, v/v) giving
300 mg (83 %) of N6-Dimethylaminomethylene-2′-O-(N,N'-diboc-guanidinopropyl)-adenosine (1h). 1H NMR (400 MHz,
DMSO-d6) δ [ppm] 11.47 (s, 1H, NH-boc), 8.92 (s, 1H,
N6 = CH–NMe2), 8.50 (s, 1H, H2, or H8), 8.41 (s, 1H, H2, or
H8), 8.33–8.29 (m, 1H, NH–CH2–), 6.11–6.09 (m, 1H, H1′),
5.28–5.24 (m, 1H, 5′–OH), 5.18–5.16 (m, 1H, 3′–OH), 4.46–
4.43 (m, 1H, H2′), 4.36–4.32 (m, 1H, H3′), 4.01–3.98 (m,
1H, H4′), 3.72–3.46 (4H, 2× H5′, O–CH2–CH2–CH2–NH–),
3.33–3.28 (m, 2H, O–CH2–CH2–CH2–NH–), 3.20 (s, 3H, N–
CH3), 3.13 (s, 3H, N–CH3), 1.74–1.68 (m, 2H, O–CH2–CH2–
CH2–NH–), 1.45 (s, 9H, C(CH3)3), 1.37 (s, 9H, C(CH3)3);
MS (MALDI) was calculated to be 622.7 for C27H44N9O8
(M + H+), and found to be 624.6.
7. Synthesis of N6-Dimethylaminomethylene-2′-O-(N,N'-di-bocguanidinopropyl)-5′-O-(4,4′-dimethoxytrityl)-adenosine (1i).
N 6- D i m e t h y l a m i n o m e t h y l e n e - 2 ′ - O - ( N , N ' - d i - b o c guanidinopropyl)-adenosine (1g) (1.0 g, 1.6 mmol) is dissolved in dry pyridine (20 mL). 4,4′-Dimethoxytrityl chloride
(660 mg, 1.95 mmol) is added and the reaction is stirred at
room temperature overnight. The solution is diluted with
dichloromethane and washed with saturated sodium bicarbonate solution. After evaporation of the solvents the residue is
purified on a silica gel column with dichloromethane/methanol
(98:2, v/v) containing 0.5 % triethylamine (see Note 8), and
1.32 g (90 %) of N6-Dimethylaminomethylene-2′-O-(N,N'-diboc-guanidinopropyl)-5′-O-(4,4′-dimethoxytrityl)-adenosine
(1i) can be obtained. 1H NMR (400 MHz, DMSO-d6) δ
[ppm] 11.48 (s, 1H, NH-boc), 8.90 (s, 1H, N6 = CH–NMe2),
8.38–8.34 (m, 3H, H2, H3, NH–CH2–), 7.37–7.34 (m, 2H,
DMTr), 7.27–7.17 (m, 7H, DMTr), 6.84–6.79 (m, 4H,
DMTr), 6.14–6.13 (m, 1H, H1′), 5.18–5.15 (m, 1H, 3′–
OH), 4.57–4.54 (m, 1H, H2′), 4.47–4.42 (m, 1H, H3′),
4.14–4.08 (m, 1H, H4′), 3.72–3.71 (m, 6H, 2× OCH3),
3.70–3.56 (m, 2H, O–CH2–CH2–CH2–NH–), 3.37–3.32 (m,
2H, O–CH2–CH2–CH2–NH–), 3.24–3.21 (m, 2H, 2× H5′),
3.19 (s, 3H, N–CH3), 3.12 (s, 3H, N–CH3), 1.77–1.70 (m,
2H, O–CH2–CH2–CH2–NH–), 1.44 (s, 9H, C(CH3)3), 1.35
(s, 9H, C(CH3)3); MS (MALDI) was calculated to be 925.1 for
C48H62N9O10 (M + H+), and found to be 924.9.
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8. Synthesis of N6-Dimethylaminomethylene-2′-O-(N,N'-diboc-guanidinopropyl)-5′-O-(4,4′-dimethoxytrityl)-adenosine
3′-(cyanoethyl)-N,N-diisopropyl phosphoramidite (1d). N6Dimethylaminomethylene - 2 ′ -O- ( N,N' -di-boc- guanidinopropyl)-5′-O-(4,4′-dimethoxytrityl)-adenosine (1i) (320 mg,
346 μmol) is dissolved in dichloromethane (8 mL). 2-cyanoethyl N,N,N',N'-tetraisopropylamino phosphane (132 μL,
415 μmol) and 4,5-dicyanoimidazole (47 mg, 398 μmol) are
added. The mixture is stirred at room temperature. After 3 h,
TLC checks completion of the reaction. In the event that some
starting material did not react, an additional 0.6 equivalents of
the phosphitylating agent as well as the catalyst are added and
the reaction is stirred at room temperature for additional 4 h.
After completion of the reaction, the mixture is diluted with
dichloromethane, washed with saturated sodium bicarbonate
solution and the organic layer is dried over MgSO4. The solvent is evaporated and the residue dissolved in a small amount
of dichloromethane (ca. 5 mL). This solution is added drop
wise into a flask with hexane (500 mL) to form a white precipitate. Two thirds of the solvent is evaporated and the remaining
solvent is decanted from the solid (see Note 9). The precipitated product is redissolved in benzene and lyophilized (see
Note 10) to give 329 mg (84 %) of N6-Dimethylaminomethylene2′-O-(N,N'-di-boc-guanidinopropyl)-5′-O-(4,4′dimethoxytrityl)-adenosine 3′-(cyanoethyl)-N,N-diisopropyl
phosphoramidite (1d) as a white powder (see Note 11). 1H
NMR (300 MHz, acetone-d6) δ [ppm] 11.65 (s, 1H, NHboc) 8.95–8.93 (m, 1H, N6 = CH–NMe2), 8.42–8.27 (m, 3H,
H2, H3, NH–CH2–), 7.50–7.46 (m, 2H, DMTr), 7.38–7.17
(m, 7H, DMTr), 6.87–6.80 (m, 4H, DMTr), 6.28–6.26 (m,
1H, H1′), 4.96–4.79 (m, 2H, H2′, H3′) 4.45–4.37 (m, 1H,
H4′), 4.05–3.35 (m, 16H), 3.25 (s, 3H, N–CH3), 3.18 (s,
3H, N–CH3), 2.85 (m, 1H, cyanoethyl), 2.64–2.60 (m, 1H,
cyanoethyl), 1.90–1.82 (m, 2H, O–CH2–CH2–CH2–NH–),
1.50–1.49 (m, 9H, C(CH3)3), 1.42–1.40 (m, 9H, C(CH3)3),
1.25–1.10 (m, 12H, iPr-CH3); 31P NMR (121 MHz, acetoned6) δ [ppm] 149.6, 149.3; MS (ESI) was calculated to be
1,125.3 for C57H79N11O11P (M + H+), and found to be 1,125.7.
3.2 Synthesis
of the 2′-O-GPModified Cytidinephosphoramidite (2d)

1. Synthesis of N4-Dimethylaminomethylene-2′-O-cyanoethyl-3′,
5′-O-(tetraisopropyldisiloxane-1,3-diyl)-cytidine (2e). N4Dimethylaminomethylene-3′, 5′-O-(tetraisopropyldisiloxane1,3-diyl)-cytidine (2a) (4 g, 7.39 mmol) is dissolved in
acrylonitrile (8 mL, 122 mmol) and tert-Butanol (35 mL).
Cesium carbonate (1.8 g, 5.52 mmol) is added and the reaction is stirred for 2.5 h at room temperature. The mixture is
filtered over celite, the solvents are evaporated and the residue
is purified using column chromatography. Ethyl acetate is ini-
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tially used as solvent then changed to ethyl acetate/methanol
(9:1, v/v) after the nonpolar impurities have passed through the
column. A yield of 3.78 g (86 %) of N4-Dimethylaminomethylene2′-O-cyanoethyl-3′,5′-O-(tetraisopropyldisiloxane-1,3-diyl)cytidine (2e) can be obtained. 1H NMR (400 MHz, DMSO-d6)
δ [ppm] 8.62 (s, 1H, N4 = CH–NMe2), 7.88 (d, 1H, J = 7.3 Hz,
H6), 5.90 (d, 1H, J = 7.3 Hz, H5), 5.65 (s, 1H, H1′), 4.22–
3.91 (m, 7H), 3.17 (s, 3H, N–CH3), 3.04 (s, 3H, N–CH3),
2.86–2.82 (m, 2H, O–CH2–CH2–CN), 1.07–0.96 (m, 28H,
tetraisopropyl-CH and -CH3); MS (ESI) was calculated to be
594.9 for C27H48N5O6Si2 (M + H+) and found to be 594.9.
2. Synthesis of 2′-O-cyanoethyl-3′,5′-O-(tetraisopropyldisiloxane1,3-diyl)-cytidine (2b). N4-Dimethylaminomethylene-2′-Ocyanoethyl-3′,5′-O-(tetraisopropyldisiloxane-1,3-diyl)-cytidine
(2e) (1.0 g, 1.68 mmol) is dissolved in methanol (10 mL) and
hydrazine hydrate (500 μL, 10.3 mmol) is added. The mixture
is stirred for 1 h at room temperature and then the solvents are
evaporated. The residue is purified on a silica gel column with
ethyl acetate/methanol (95:5, v/v) to give 745 mg (82 %) of
2′-O-cyanoethyl-3′,5′-O-(tetraisopropyldisiloxane-1,3-diyl)cytidine (2b). 1H NMR (400 MHz, DMSO-d6) δ [ppm] 7.69
(d, 1H, J = 7.4 Hz, H6), 7.21 (s, 2H, NH2), 5.69 (d, 1H,
J = 7.4 Hz, H5), 5.61 (s, 1H, H1′); 4.19–3.90 (m, 7H), 2.90–
2.76 (m, 2H, O–CH2–CH2–CN), 1.07–0.97 (m, 28 H,
tetraisopropyl-CH and -CH3); MS (ESI) was calculated to be
539.8 for C24H43N4O6Si2 (M + H+) and found to be 540.0.
3. Synthesis of 2′-O-Aminopropyl-3′,5′-O-(tetraisopropyldisiloxane1,3-diyl)-cytidine (2f) (see Notes 5 and 6). 2′-O-cyanoethyl3′,5′-O-(tetraisopropyldisiloxane-1,3-diyl)-cytidine (2b) (500 mg,
928 μmol) is dissolved in 10 mL of methanol in a glass tube.
Approximately 0.5 mL of Raney-nickel sediment is washed
thoroughly with dry methanol on a glass filter (see Note 7) and
is rinsed with methanol into the glass tube containing the solution of 2′-O-cyanoethyl-3′,5′-O-(tetraisopropyldisiloxane-1,3diyl)-cytidine (2b). After addition of 5 mL methanol saturated
with ammonia, the mixture is stirred for 1 h at room temperature under a hydrogen atmosphere (30 bar). The reaction
mixture is then filtered through celite and the catalyst is washed
several times with methanol. The solvent is evaporated and the
residue is purified on a silica gel column using ethyl acetate/
methanol/triethylamine (60:35:5) to give 251 mg (50 %) of
2′ -O- Aminopropyl-3′,5′ -O- (tetraisopropyldisiloxane-1,3diyl)-cytidine (2f). If no NMR or MS analysis is needed, the
crude product can be used for the next step without chromatographic purification. 1H NMR (400 MHz, DMSO-d6) δ [ppm]
7.69 (d, 1H, J = 7.2 Hz, H6), 7.18 (bs, 2H, ar. NH2), 5.68 (d,
1H, J = 7.5 Hz, H5), 5.60 (s, 1H, H1′), 4.18–3.76 (m, 7H),
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2.70–2.66 (m, 2H, O–CH2–CH2–CH2–NH2), 1.68–1.61 (m,
2H, O–CH2–CH2–CH2–NH2), 1.07–0.95 (m, 28 H, tetraisopropyl-CH and -CH3); MS (MALDI) was calculated to be
543.8 for C24H47N4O6Si2 (M + H+) and found to be 544.6.
4. Synthesis of 2′-O-(N,N'-Di-boc-guanidinopropyl)-3′,5′-O(tetraisopropyldisiloxane-1,3-diyl)-cytidine (2c). N,N'-Diboc-N''-triflyl guanidine (360 mg, 920 μmol) is dissolved in
5 mL dichloromethane and triethylamine (125 μL) is then
added. After cooling to 0 °C, 2′-O-Aminopropyl-3′,5′-O(tetraisopropyldisiloxane-1,3-diyl)-cytidine (2f) (500 mg,
922 μmol) is added and the solution is stirred for 1 h at 0 °C
and then 1 h at room temperature. The reaction is diluted with
dichloromethane and washed with saturated sodium bicarbonate solution and brine. The combined organic layers are dried
over Na2SO4 and after evaporating the solvent the residue is
purified using column chromatography with dichloromethane/methanol (98:2–95:5, v/v) to give 434 mg (60 %)
2′ -O- ( N,N' -Di-boc-guanidinopropyl)-3′,5′ -O- (tetraisopropyldisiloxane-1,3-diyl)-cytidine (2c). 1H NMR (400 MHz,
DMSO-d6) δ [ppm] 11.48 (s, 1H, NH-boc), 8.38–8.35 (m,
1H, NH–CH2–), 7.67 (d, 1H, J = 7.4 Hz, H6), 7.19 (bs, 2H,
NH2), 5.68 (d, 1H, J = 7.4 Hz, H5), 5.63 (s, 1H, H1′), 4.17–
3.78 (m, 7H), 3.49–3.33 (m, 2H, O–CH2–CH2–CH2–NH–),
1.84–1.77 (m, 2H, O–CH2–CH2–CH2–NH–), 1.45 (m, 9H,
C(CH3)3), 1.38 (m, 9H, C(CH3)3), 1.06–0.96 (m, 28 H, tetraisopropyl-CH and -CH3); MS (MALDI) was calculated to be
786.1 for C35H65N6O10Si2 (M + H+) and found to be 786.4.
5. Synthesis of N4-Benzoyl-2′-O-(N,N'-di-boc-guanidinopropyl)3′,5′-O-(tetraisopropyldisiloxane-1,3-diyl)-cytidine (2g). 2′-O(N,N'-Di-boc-guanidinopropyl)-3′,5′-O-(tetraisopropyldisiloxane1,3-diyl)-cytidine (2c) (1.0 g, 1.27 mmol) is dissolved in dry
pyridine (10 mL) and the solution is cooled in an ice bath.
Benzoyl chloride (240 μL, 2.06 mmol) is added and the reaction solution is stirred at 0 °C for 1 h. The reaction is quenched
with water, and then ammonia (25 % in water; 3 mL) is added.
The mixture is stirred for 30 min at room temperature.
The solvents are evaporated and the residue is dissolved in
dichloromethane and washed with saturated sodium bicarbonate
solution. The organic layer is dried over Na2SO4 and after
evaporating the solvent, the residue is purified by column
chromatography using dichloromethane/methanol (98:2,
v/v) and 950 mg (84 %) of N4-Benzoyl-2′-O-(N,N'-di-bocguanidinopropyl)-3′,5′-O-(tetraisopropyldisiloxane-1,3-diyl)cytidine (2g) can be obtained. 1H NMR (400 MHz, DMSO-d6)
δ [ppm] 11.50 (s, 1H, NH), 11.31 (s, 1H, NH), 8.40–8.37
(m, 1H, NH–CH2–), 8.15 (d, 1H, J = 7.3 Hz, H6), 8.03–7.99
(m, 2H, benzoyl), 7.65–7.60 (m, 1H, benzoyl), 7.53–7.49
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(m, 2H, benzoyl), 7.38 (d, 1H, J = 7.3 Hz, H5), 5.73 (s, 1H,
H1′), 4.24–4.13 (m, 3H, H3′, H4′, H5′), 4.02–4.03 (m, 1H,
H2′), 3.97–3.92 (m, 1H, H5′), 3.87–3.83 (m, 2H, O–CH2–
CH2–CH2–NH–), 3.52–3.35 (m, 2H, O–CH2–CH2–CH2–
NH–), 1.87–1.80 (m, 2H, O–CH2–CH2–CH2–NH–), 1.45 (m,
9H, C(CH3)3), 1.38 (m, 9H, C(CH3)3), 1.08–0.95 (m, 28H,
tetraisopropyl-CH and -CH3); MS (ESI) was calculated to be
890.2 for C42H69N6O11Si2 (M + H+), and found to be 890.4.
6. Synthesis of N4-Benzoyl-2′-O-(N,N'-di-boc-guanidinopropyl)cytidine (2h). N4-Benzoyl-2′-O-(N,N'-di-boc-guanidinopropyl)3′,5′-O-(tetraisopropyldisiloxane-1,3-diyl)-cytidine (2g) (900 mg,
1.01 mmol) is dissolved in tetrahydrofurane (20 mL). Triethylamine trihydrofluoride (Et3N · 3HF; 560 μL, 3.54 mmol) is
added and the solution is stirred at room temperature for 2 h.
The solvent is evaporated and the residue is purified using
column chromatography with dichloromethane/methanol
(98:2–97:3, v/v) to give 607 mg (93 %) of N4-Benzoyl-2′-O(N,N'-di-boc-guanidinopropyl)-cytidine (2h) as a pale yellow
foam. 1H NMR (300 MHz, DMSO-d6) δ [ppm] 11.50 (s, 1H,
NH), 11.28 (bs, 1H, NH), 8.57 (d, 1H, J = 7.5 Hz, H6),
8.40–8.35 (m, 1H, NH–CH2–), 8.02–7.98 (m, 2H, benzoyl),
7.66–7.60 (m, 1H, benzoyl), 7.54–7.48 (m, 2H, benzoyl),
7.34 (d, 1H, J = 7.2 Hz, H5), 5.86–5.85 (m, 1H, H1′), 5.24
(t, 1H, J = 5.0 Hz, 5′–OH), 4.98 (d, 1H, J = 6.8 Hz, 3′–OH),
4.12–3.60 (m, 7H), 3.44–3.37 (m, 2H, O–CH2–CH2–CH2–
NH–), 1.85–1.76 (m, 2H, O–CH2–CH2–CH2–NH–), 1.46
(m, 9H, C(CH3)3), 1.38 (m, 9H, C(CH3)3); HRMS (MALDI)
was calculated to be 647.3035 for C30H43N6O10 (M + H+), and
found to be 647.3031.
7. Synthesis of N4-Benzoyl-2′-O-(N,N'-di-boc-guanidinopropyl)5′-O-(4,4′-dimethoxytrityl)-cytidine (2i). N4-Benzoyl-2′-O(N,N'-di-boc-guanidinopropyl)-cytidine (2h) (516 mg,
798 μmol) is dissolved in dry pyridine (20 mL) and the solution is cooled in an ice bath. 4,4′-Dimethoxytrityl chloride
(515 mg, 1.52 mmol) is added and the mixture is stirred overnight while the bath comes up to room temperature. The reaction is quenched with methanol (10 mL) and the solvents are
evaporated. The residue is purified by column chromatography
using dichloromethane/methanol (99:1–98:2, v/v) (The column is packed with solvent containing 1 % triethylamine (see
Note 8)) to yield 715 mg (94 %) N4-Benzoyl-2′-O-(N,N'-diboc-guanidinopropyl)-5′-O-(4,4′-dimethoxytrityl)-cytidine
(2i) as a pale yellow foam. 1H NMR (400 MHz, DMSO-d6) δ
[ppm] 11.50 (s, 1H, NH), 11.29 (bs, 1H, NH), 8.43–8.37
(m, 2H, H6, NH–CH2–), 8.02–7.99 (m, 2H, benzoyl), 7.65–
7.60 (m, 1H, benzoyl), 7.54–7.50 (m, 2H, benzoyl), 7.43–
7.25 (m, 9H, DMTr), 7.18–7.15 (m, 1H, H5), 6.94–6.91
(m, 4H, DMTr), 5.88 (s, 1H, H1′), 5.04 (d, 1H, J = 7.3 Hz,
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3′–OH), 4.34–4.28 (m, 1H, H3′), 4.13–4.10 (m, 1H, H4′),
3.94–3.87 (m, 2H, H2′, 1× O–CH2–CH2–CH2–NH–), 3.76
(s, 6H, 2× OCH3), 3.76–3.70 (m, 1H, 1× O–CH2–CH2–
CH2–NH–), 3.46–3.36 (m, 4H, 2× H5′, O–CH2–CH2–CH2–
NH–), 1.86–1.80 (m, 2H, O–CH2–CH2–CH2–NH–), 1.42
(m, 9H, C(CH3)3), 1.36 (m, 9H, C(CH3)3); HRMS (MALDI)
was calculated to be 971.4161 for C51H60N6O12Na (M + Na+),
and found to be 971.4181.
8. Synthesis of N4-Benzoyl-2′-O-(N,N'-di-boc-guanidinopropyl)5′-O-(4,4′-dimethoxytrityl)-cytidine
3′-(cyanoethyl)-N,Ndiisopropyl phosphoramidite (2d). N4-Benzoyl-2′-O-(N,N'di-boc-guanidinopropyl)-5′-O-(4,4′-dimethoxytrityl)-cytidine
(2i) (683 mg, 720 μmol) is dissolved in dichloromethane
(15 mL). 2-cyanoethyl N,N,N',N'-tetraisopropylamino phosphane (274 μL, 864 μmol) and 4,5-dicyanoimidazole (98 mg,
828 μmol) are added. After stirring at room temperature for
5 h, completion of the reaction is checked by TLC. In the
event that some starting material did not react, an additional
0.5 equivalents of the phosphitylating agent as well as the catalyst are added and the reaction is stirred at room temperature
for additional 4 h. After completion of the reaction the solution is diluted with dichloromethane and washed with saturated sodium bicarbonate solution. After drying the organic
layer over MgSO4 the solvent is evaporated and the residue is
dissolved in a small amount (5 mL) of dichloromethane. This
solution is added dropwise into a flask with hexane (500 mL)
to form a white precipitate. Two thirds of the solvent is evaporated and the residual solvent is decanted carefully (see Note 9).
The precipitate is redissolved in benzene and lyophilized (see
Note 10) to give 738 mg (89 %) of N4-Benzoyl-2′-O-(N,N'di-boc-guanidinopropyl)-5′-O-(4,4′-dimethoxytrityl)-cytidine
3′-(cyanoethyl)-N,N-diisopropyl phosphoramidite (2d) (see
Note 11). 1H NMR (400 MHz, DMSO-d6) δ [ppm] 11.50–
11.48 (m, 1H, NH), 11.25 (bs, 1H, NH), 8.52–8.45 (m, 1H,
H6), 8.39–8.34 (m, 1H, NH–CH2–), 8.01–7.98 (m, 2H,
benzoyl), 7.66–7.61 (m, 1H, benzoyl), 7.53–7.49 (m, 2H,
benzoyl), 7.45–7.25 (m, 9H, DMTr), 7.13–7.09 (m, 1H,
H5), 6.93–6.89 (m, 4H, DMTr), 5.95–5.92 (m, 1H, H1′),
4.56–4.38 (m, 1H, H3′), 4.31–4.28 (m, 1H, H4′), 4.07–3.29
(m, 17H), 2.90–2.57 (m, 2H, cyanoethyl), 1.86–1.78 (m,
2H, O–CH2–CH2–CH2–NH–), 1.40–1.35 (m, 18H, 2×
C(CH3)3), 1.20–0.93 (m, 12H, iPr–CH3); 31P NMR
(162 MHz, DMSO-d6) δ [ppm] 148.4, 148.0 (The signal of
the hydrolyzed phosphitylation reagent appears at 13.9 ppm);
HRMS (MALDI) was calculated to be 1,149.5421 for
C60H78N8O13P (M + H+), was found to be 1,149.5447.
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3.3 Synthesis
of the 2′-O-GPModified Uridinephosphoramidite (3d)

1. Synthesis of N3-Benzoyl-2′-O-cyanoethyl-3′,5′-O-(tetraisopropyldisiloxane-1,3-diyl)-uridine (3b). N3-Benzoyl-3′,5′-O(tetraisopropyldisiloxane-1,3-diyl)-uridine (3a) (1.14 g, 1.93
mmol) is dissolved in 9.6 mL of tert-butanol. Freshly distilled
acrylonitrile (2.5 mL, 38.6 mmol) is added. After addition of
cesium carbonate (645 mg, 1.98 mmol) the reaction is stirred
for 4 h at room temperature. The reaction solution is filtered
over celite. The residue is washed with 100 mL of dichloromethane. The filtrate is evaporated in a vacuum. Purification
via column chromatography in dichloromethane/ethyl acetate
(99:1–95:5, v/v) yields 746 mg (60 %) of N3-Benzoyl-2′-Ocyanoethyl-3′,5′-O-(tetraisopropyldisiloxane-1,3-diyl)-uridine
(3b) as a white powder. 1H NMR (250 MHz, acetone-d6) δ
[ppm] 8.03–7.99 (m, 3H, H6, benzoyl), 7.79–7.72 (m, 1H,
benzoyl), 7.61–7.55 (m, 2H, benzoyl), 5.80–5.74 (m, 2H,
H5, H1′), 4.50–3.94 (m, 7H), 2.80–2.75 (m, 2H, O–CH2–
CH2–CN), 1.17–1.07 (m, 28H, tetraisopropyl-CH and -CH3);
HRMS (MALDI) was calculated to be 666.2637 for
C31H45N3O8Si2Na (M + Na+) and found to be 666.2647.
2. Synthesis of 2′-O-(Aminopropyl)-3′,5′-O-(tetraisopropyldisiloxane-1,3-diyl)-uridine (3e) (see Notes 5 and 6). N3Benzoyl-2′-O-cyanoethyl-3′,5′-O-(tetraisopropyldisiloxane1,3-diyl)-uridine (3b) (500 mg, 0.78 mmol) is dissolved in
10 mL of methanol in a glass tube suitable for the applied
autoclave. Approximately 0.5 mL of Raney-nickel slurry is put on
a glass filter, washed thoroughly with dry methanol (see Note 7)
and rinsed into the glass tube containing the solution of N3Benzoyl-2′-O-cyanoethyl-3′,5′-O-(tetraisopropyldisiloxane-1,
3-diyl)-uridine (3b). After addition of 5 mL methanol saturated with ammonia, the mixture is stirred for 1 h at room
temperature in an autoclave under a hydrogen atmosphere
(30 bar). The reaction solution is decanted from the catalyst
into a glass filter. The catalyst is washed several times with
methanol and the solvent is removed from the combined filtrates under reduced pressure. The product is purified on a
silica gel column initially using dichloromethane/ethyl acetate
(7:3–0:1, v/v) and thereafter ethyl acetate/methanol/triethylamine (6:3.5:0.5, v/v/v) to obtain 253 mg (60 %) of
2′-O-(Aminopropyl)-3′,5′-O-(tetraisopropyldisiloxane-1,3diyl)-uridine (3e) as a white powder. If no NMR or MS analysis is needed, the crude product can be used for the next step
without chromatographic purification. 1H NMR (250 MHz,
acetone-d6) δ [ppm] 7.81 (d, 1H, J = 8.1 Hz, H6), 5.71 (s,
1H, H1′), 5.53 (d, 1H, J = 8.1 Hz, H5), 4.39–4.34 (m, 1H,
H3′), 4.28–4.23 (m, 1H, H5′), 4.14–4.03 (m, 3H, H2′, H4′,
H5′), 3.97–3.81 (m, 2H, O–CH2–CH2–CH2–NH2), 3.37–
3.25 (m, 2H, O–CH2–CH2–CH2–NH2), 1.92–1.82 (m, 2H,
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O–CH2–CH2–CH2–NH2), 1.14–1.05 (m, 28H, tetraisopropylCH and -CH3); HRMS (MALDI) was calculated to be 544.2869
for C24H46N3O7Si2 (M + H+), and found to be 544.2880.
3. Synthesis of 2′-O-(N,N'-Di-boc-guanidinopropyl)-3′,5′-O(tetraisopropyldisiloxane-1,3-diyl)-uridine (3c). N,N'-Di-bocN''-triflyl guanidine (320 mg, 0.82 mmol) is dissolved in
3.6 mL dichloromethane and triethylamine (150 μL) is added.
The solution is cooled in an ice bath and 2′-O-(Aminopropyl)3′,5′-O-(tetraisopropyldisiloxane-1,3-diyl)-uridine (3e) (490 mg,
0.9 mmol) is added. After 15 min the reaction mixture is
removed from the ice bath and is stirred for 2.5 h at room
temperature. The reaction solution is washed with saturated
sodium bicarbonate solution and brine. After drying over
Na2SO4 the solvent is evaporated. The crude product is purified using column chromatography with dichloromethane/
methanol (96:4–94:6, v/v). A yield of 410 mg (58 %) of 2′-O( N,N' -Di-boc-guanidinopropyl)-3′,5′ -O- (tetraisopropyldisiloxane-1,3-diyl)-uridine (3c) can be obtained. 1H NMR
(400 MHz, DMSO-d6) δ [ppm] 11.49 (s, 1H, NH), 11.37
(m, 1H, NHuridine), 8.40–8.37 (m, 1H, NH–CH2–), 7.64 (d,
1H, J = 7.9 Hz, H6), 5.64 (s, 1H, H1′), 5.53 (d, 1H, J = 7.9 Hz,
H5), 4.25–4.22 (H3′), 4.13–4.09 (m, 1H, H5′), 4.06–4.05
(m, 1H, H2′), 4.03–4.00 (m, 1H, H4′), 3.93–3.89 (m, 1H,
H5′), 3.84–3.70 (m, 2H, O–CH2–CH2–CH2–NH–), 3.49–
3.32 (m, 2H, O–CH2–CH2–CH2–NH–), 1.83–1.77 (m, 2H,
O–CH2–CH2–CH2–NH–), 1.45 (s, 9H, C(CH3)3), 1.38 (s,
9H, C(CH3)3), 1.06–0.97 (m, 28H, tetraisopropyl-CH and
-CH3); HRMS (MALDI) was calculated to be 808.3955 for
C35H63N5O11Si2Na (M + Na+), and found to be 808.3991.
4. Synthesis of 2′-O-(N,N'-Di-boc-guanidinopropyl)-uridine
(3f). To a solution of 2′-O-(N,N'-Di-boc-guanidinopropyl)3′,5′-O-(tetraisopropyldisiloxane-1,3-diyl)-uridine
(3c)
(910 mg, 1.16 mmol) and triethylamine (240 μL) in 13 mL
tetrahydrofurane, NEt3 · 3HF (700 μL, 4.3 mmol) is added.
The reaction mixture is stirred for 1 h at room temperature.
The solvents are evaporated and the residue is purified on a
silica gel column using dichloromethane/methanol (93:7–92:8,
v/v) to give 629 mg (97 %) 2′-O-(N,N'-Di-boc-guanidinopropyl)uridine (3f) as a white foam. 1H NMR (250 MHz, acetone-d6)
δ [ppm] 11.67 (bs, 1H, NH), 10.03 (bs, 1H, NH), 8.46–8.41
(m, 1H, NH–CH2–), 8.10 (d, 1H, J = 8.2 Hz, H6), 5.99–5.97
(m, 1H, H1′), 5.58 (d, 1H, J = 8.2 Hz, H5), 4.39–3.46 (m,
11H), 1.95–1.85 (m, 2H, O–CH2–CH2–CH2–NH–), 1.51 (s,
9H, C(CH3)3), 1.43 (s, 9H, C(CH3)3); MS (ESI) was calculated to be 566.2 for C23H37N5O10Na (M + Na+), and found to
be 567.0.
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5. Synthesis of 2′-O-(N,N'-Di-boc-guanidinopropyl)-5′-O-(4,
4′-dimethoxytrityl)-uridine (3g). 2′-O-(N,N'-Di-boc-guanidinopropyl)-uridine (3f) (588 mg, 1.08 mmol) is dissolved in
11.4 mL of dry pyridine and 4,4′-Dimethoxytrityl chloride
(460 mg, 1.36 mmol) is added. The reaction solution is stirred
at room temperature for 5 h. The reaction mixture is quenched
with water and the solvents are evaporated. The residue is dissolved in dichloromethane, washed twice with saturated
sodium bicarbonate solution (2 × 50 mL) and then twice with
brine (2 × 50 mL). The organic layer is dried over Na2SO4 and
the solvent is removed under reduced pressure. After purification using column chromatography with dichloromethane/
methanol (97:3, v/v) containing 0.5 % triethylamine (see Note
8), 785 mg (86 %) of 2′-O-(N,N'-Di-boc-guanidinopropyl)5′-O-(4,4′-dimethoxytrityl)-uridine (3g) (yellow powder) can
be obtained. There may be a yellow impurity that cannot be
separated on the column. 1H NMR (250 MHz, DMSO-d6) δ
[ppm] 11.49 (s, 1H, NH), 11.37 (m, 1H, NH), 8.41–8.36
(m, 1H, NH–CH2–), 7.75 (d, 1H, J = 8.1 Hz, H6), 7.40–7.23
(m, 9H, DMTr), 6.92–6.88 (m, 4H, DMTr), 5.83–5.82 (m,
1H, H1′), 5.29–5.25 (m, 1H, H5), 5.09–5.06 (m, 1H,
3′-OH), 4.23–3.88 (m, 3H), 3.74 (s, 6H, 2× O–CH3), 3.68–
3.63 (m, 2H), 3.43–3.20 (m, 4H), 1.82–1.72 (m, 2H, O–
CH2–CH2–CH2–NH–), 1.44 (s, 9H, C(CH3)3), 1.37 (s, 9H,
C(CH3)3); HRMS (MALDI) was calculated to be 846.3920
for C44H56N5O12 (M + H+), and found to be 846.3946.
6. Synthesis of 2′-O-(N,N'-Di-boc-guanidinopropyl)-5′-O-(4,
4′-dimethoxytrityl)-uridine 3′-(cyanoethyl)-N,N-diisopropyl
phosphoramidite (3d). 2′-O-(N,N'-Di-boc-guanidinopropyl)5′-O-(4,4′-dimethoxytrityl)-uridine (3g) (770 mg, 0.9 mmol)
is dissolved in dichloromethane (11 mL). To this solution,
2-cyanoethyl N,N,N',N'-tetraisopropylamino phosphane
(400 μL, 1.26 mmol) and 4,5-dicyanoimidazole (130 mg,
1.1 mmol) are added. The reaction progress is observed with
TLC (dichloromethane/ethyl acetate 1:1 (v:v), containing
0.5 % triethylamine). In the event that after 2 h some starting
material did not react, an additional 0.3 equivalents of the
phosphitylating agent as well as the catalyst are added and the
reaction is stirred at room temperature for additional 2 h. After
completion of the reaction the reaction mixture is washed
twice with saturated sodium bicarbonate solution (2 × 100 mL)
and once with brine (200 mL). After drying over Na2SO4, the
solvent is evaporated and the residue is purified on a silica gel
column with dichloromethane/ethyl acetate (6:4–1:1, v/v)
containing 0.5 % triethylamine (see Note 8). 2′-O-(N,N'-Diboc- guanidinopropyl)-5′-O-(4,4′-dimethoxytrityl)-uridine
3′-(cyanoethyl)-N,N-diisopropyl phosphoramidite (3d) is
obtained as a light yellow foam (762 mg, 83 %). 1H NMR
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(400 MHz, DMSO-d6) δ [ppm] 11.50–11.48 (m, 1H, NH),
11.35 (bs, 1H, NH), 8.39–8.33 (m, 1H, NH–CH2–), 7.87–
7.80 (m, 1H, H6), 7.41–7.22 (m, 9H, DMTr), 6.91–6.86 (m,
4H, DMTr), 5.86–5.84 (m, 1H, H1′), 5.23–5.18 (m, 1H,
H5), 4.46–4.32 (m, 1H), 4.21–4.16 (m, 1H), 4.09–4.03 (m,
1H), 3.83–3.26 (m, 16H), 2.80–2.59 (m, 2H, −O–CH2–
CH2–CN), 1.81–1.74 (m, 2H, O–CH2–CH2–CH2–NH–),
1.42–1.36 (m, 18H, C(CH3)3), 1.13–0.94 (m, 12H, iPr–
CH3); 31P NMR (121 MHz, DMSO-d6) δ [ppm] 150.0, 148.6;
HRMS (MALDI) was calculated to be 1,046.4999 for
C53H73N7O13P (M + H+), and found to be 10,046.5021.
3.4 Synthesis of the
2′-O-GP-Modified
Guanosinephosphoramidite

1. Synthesis of 2′-O-(2-cyanoethyl)-3′,5′-O-di-tert-butylsilanediylguanosine (4b). O6-(2,4,6-Triisopropylbenzenesulfonyl)3′,5′-O-di-tert-butylsilanediylguanosine
(4a)
(2.28
g,
3.3 mmol) is dissolved in tert-butanol (17 mL). Freshly distilled acrylonitrile (4.25 mL, 66 mmol) and cesium carbonate
(1.16 g, 3.3 mmol) are added to the solution. After vigorous
stirring at room temperature for 2–3 h, the mixture is filtered
through celite. The solvent and excess reagents are removed in
vacuo. The crude material is used for the next reaction without
further purification: The residue is dissolved in 4 mL of a mixture of formic acid/dioxane/water (70:24:6, v/v/v). After
stirring at room temperature for 1 h, water (150 mL) is added
to the mixture and the solution is extracted with dichloromethane. The organic layer is dried over Na2SO4 and the solvent is evaporated. The residue is purified using silica gel
column chromatography with dichloromethane/methanol
(9:1, v/v) to give 1.1 g (70 % over 2 steps) of 2′-O-(2cyanoethyl)-3′,5′-O-di-tert-butylsilanediylguanosine (4b) as a
colorless foam. 1H NMR (250 MHz, DMSO-d6) δ [ppm]
10.71 (bs, 1H, NH), 7.89 (s, 1H, H8), 6.45 (bs, 2H, NH2),
5.81 (s, 1H, H1′), 4.45–4.33 (m, 3H), 4.05–3.81 (m, 4H),
2.83–2.76 (m, 2H, O–CH2–CH2–CN), 1.06 (s, 9H, C(CH3)3),
1.01 (s, 9H, C(CH3)3); MS (ESI) was calculated to be 477.2
for C21H33N6O5Si (M + H+), and found to be 477.5.
2. Synthesis of 2′-O-(2-Aminopropyl)-3′,5′-O-di-tert-butylsilanediylguanosine (4e) (see Notes 5 and 6). 2′-O-(2-cyanoethyl)3′,5′-O-di-tert-butylsilanediylguanosine (4b) (500 mg,
1.06 mmol) is dissolved in dry methanol (5 mL). Raney nickel
(ca. 0.5 mL of the methanol-washed sediment (see Note 7))
and methanol (5 mL) saturated with ammonia are then added.
The mixture is hydrogenated at 30 bar hydrogen-pressure for
1 h at room temperature. Thereafter the mixture is filtered
through a glass filter and the catalyst is washed several times
with methanol and a methanol/water mixture. The solvents
are evaporated from the filtrate and the residue is used without
further purification for the next reaction. MS (ESI) was calculated
to be 481.3 for C21H37N6O5Si (M + H+), and found to be 481.8.
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3. Synthesis of 2′-O-(N,N'-Di-tert-butoxycarbonylguanidinopropyl)-3′,5′-O-di-tert-butylsilanediylguanosine (4c). N,N'Di-boc-N''-triflylguanidine (163 mg, 0.415 mmol) is dissolved
in dichloromethane (2.1 mL) and triethylamine (54 μL) is
then added. The solution is cooled in an ice bath and 2′-O-(2Aminopropyl)-3′,5′-O-di-tert-butylsilanediylguanosine (4e)
(200 mg, 0.42 mmol) is added. After 30 min the reaction mixture is removed from the ice bath and stirred for additional
30 min at room temperature. The reaction solution is washed
with saturated sodium bicarbonate solution and brine. After
drying over Na2SO4 the solvent is evaporated. The residue is
purified by column chromatography using dichloromethane/
methanol (9:1, v/v) to give 270 mg (89 %) of 2′-O-(N,N'-Diter t- butoxycarbonylguanidinopropyl)-3′,5′ -O- di- ter tbutylsilanediylguanosine (4c). 1H NMR (400 MHz,
DMSO-d6)δ [ppm] 11.49 (bs, 1H, NH), 10.66 (bs, 1H, NH),
8.56–8.53 (m, 1H, NH–CH2–), 7.87 (s, 1H, H8), 6.39 (bs,
2H, NH2), 5.86 (s, 1H, H1′), 4.42–4.38 (m, 1H, H3′), 4.30–
4.27 (m, 2H, H2′, H5′), 4.06–3.93 (m, 3H, H4′, H5′, ½×
O–CH2–CH2–CH2–NH–), 3.72–3.67 (m, 1H, ½× O–CH2–
CH2–CH2–NH–), 3.51–3.30 (m, 2H, O–CH2–CH2–CH2–
NH–), 1.84–1.77 (m, 2H, O–CH2–CH2–CH2–NH–), 1.46 (s,
9H, −CO–C(CH3)3), 1.39 (s, 9H, −CO–C(CH3)3), 1.06 (s,
9H, −Si–C(CH3)3), 0.97 (s, 9H, −Si–C(CH3)3); HRMS
(MALDI) was calculated to be 723.3856 for C32H55N8O9Si
(M + H+), and found to be 723.3880.
4. Synthesis of N2-Dimethylformamidine-2′-O-(N,N'-di-tertbutoxycarbonylguanidinopropyl)-3′,5′-O-di-tert-butylsilanediylguanosine (4f). 2′-O-(N,N'-Di-tert-butoxycarbonylguanidinopropyl)-3′,5′-O-di-tert-butylsilanediylguanosine (4c)
(1.12 g, 1.55 mmol) is dissolved in 25 mL dry methanol. N,Ndimethylformamide dimethyl acetal (1.0 mL, 7.76 mmol) is
added and the solution is stirred at room temperature overnight. After a reaction time of 12 h the solvents are removed in
vacuo and the residue is purified by silica gel column chromatography using dichloromethane/methanol (19:1, v/v) to
give 1.14 g (94 %) of N2-Dimethylformamidine-2′-O-(N,N'di-tert- butoxycarbonylguanidinopropyl)-3′,5′ -O- di- tertbutylsilanediylguanosine (4f). 1H NMR (400 MHz, DMSO-d6)
δ [ppm] 11.51 (s, 1H, N1H), 11.40 (s, 1H, NH-boc), 8.54 (s,
1H, −N = CH–N(CH3)2), 8.47 (m, 1H, 2′-O–CH2–CH2–
CH2–NH–), 7.99 (s, 1H, H-8), 5.98 (s, 1H, H1′), 4.48–4.45
(m, 1H, H5′), 4.41–4.39 (m, 1H, H2′), 4.33–4.30 (m, 1H,
H5′), 4.07–3.99 (m, 2H, H3′ und H4′), 3.98–3.77 (m, 2H,
2′-O–CH2–CH2–CH2–NH–), 3.48–3.37 (m, 2H, 2′-O–CH2–
CH2–CH2–NH–), 3.14 (s, 3H, N–CH3), 3.04 (s, 3H, N–
CH3), 1.87–1.78 (m, 2H, 2′-O–CH2–CH2–CH2–NH–), 1.47
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(s, 9H, −CO–C(CH3)3), 1.37 (s, 9H, −CO–C(CH3)3), 1.06 (s,
9H, −Si–C(CH3)3), 1.00 ppm (s, 9H, −Si–C(CH3)3); HRMS
(MALDI) was calculated to be 800.4097 for C35H59N9O9SiNa
(M + Na+), and found to be 800.4124.
5. Synthesis of N2-Dimethylformamidine-2′-O-(N,N'-di-tertbutoxycarbonylguanidinopropyl)-guanosine (4g). N2-Dimethylformamidine-2′-O-(N,N'-di-tert-butoxycarbonylguanidinopropyl)3′,5′-O-di-tert-butylsilanediylguanosine (4f) (1.24 g, 1.59 mmol)
is dissolved in dry tetrahydrofurane (17 mL). Triethylamine
(470 μL, 3.18 mmol) and Et3N · 3HF (943 μL, 5.79 mmol) are
then added. After stirring at room temperature for 1 h the solvent
is evaporated. The residue is purified using silica gel column chromatography with dichloromethane/methanol (9:1, v/v) to give
840 mg (83 %) of N2-Dimethylformamidine-2′-O-(N,N'-di-tertbutoxycarbonylguanidinopropyl)-guanosine (4g) as a white foam.
1
H NMR (400 MHz, DMSO-d6) δ [ppm] 11.50 (s, 1H, N1H),
11.34 (s, 1H, NH-boc), 8.54 (s, 1H, −N = CH–N(CH3)2), 8.35
(m, 1H, 2′-O–CH2–CH2–CH2–NH–), 8.10 (s, 1H, H8), 5.95–
5.94 (m, 1H, H1′), 5.14–5.12 (m, 1H, 3′–OH), 5.08–5.05 (m,
1H, 5′–OH), 4.31–4.30 (m, 2H, H2′, H3′), 3.95–3.93 (m, 1H,
H4′), 3.67–3.56 (m, 4H, 2× H5′, O–CH2–CH2–CH2–NH–),
3.36–3.33 (m, 2H, O–CH2–CH2–CH2–NH–), 3.16 (s, 3H, N–
CH3), 3.04 (s, 3H, N–CH3), 1.77–1.74 (m, 2H, O–CH2–CH2–
CH2–NH–), 1.47 (s, 9H, −CO–C(CH3)3), 1.37 (s, 9H,
−CO–C(CH3)3); HRMS (MALDI) was calculated to be 660.3076
for C27H43N9O9Na (M + Na+), and found to be 660.3087.
6. Synthesis of N2-Dimethylformamidine-2′-O-(N,N'-di-tertbutoxycarbonylguanidinopropyl)-5′-O-(4,4′-dimethoxytrityl)guanosine (4h). N2-Dimethylformamidine-2′-O-(N,N'-ditert-butoxycarbonylguanidinopropyl)-guanosine (4g) (840 mg,
1.32 mmol) is dissolved in dry pyridine (30 mL). 4,4′Dimethoxytrityl chloride (670 mg, 1.98 mmol) is added and
the solution is stirred for 3 h at room temperature. After the
reaction is complete as assessed by TLC, the reaction is
quenched with methanol and the solvents are evaporated. The
residue is purified by silica gel column chromatography using
dichloromethane/methanol (100:0 → 95:5, v/v; the column is
packed with dichloromethane containing 0.5 % triethylamine
(see Note 8)) to give 1.08 g (87 %) of N2-Dimethylformamidine2′-O-(N,N'-di-tert-butoxycarbonylguanidinopropyl)-5′-O(4,4′-dimethoxytrityl)-guanosine (4h). 1H NMR (400 MHz,
DMSO-d6) δ [ppm] 11.51 (s, 1H, N1H), 11.38 (s, 1H, NHboc), 8.50 (s, 1H, −N = CH–N(CH3)2), 8.40 (m, 1H, 2′-O–
CH2–CH2–CH2–NH–), 7.94 (s, 1H, H8), 7.38–7.20 (m, 9H,
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DMTr), 6.86–6.82 (m, 4H, DMTr), 6.01–6.00 (m, 1H, H1′),
5.16–5.13 (m, 1H, 3′–OH), 4.35–4.30 (m, 2H, H2′, H3′),
4.08–4.05 (m, 1H, H4′), 3.73 (s, 6H, 2× O–CH3), 3.71–3.61
(m, 2H, 2′-O–CH2–CH2–CH2–NH–), 3.40–3.35 (m, 2H, 2′O–CH2–CH2–CH2–NH–), 3.28–3.16 (m, 2H, 2× H5′), 3.09
(s, 3H, N–CH3), 3.02 (s, 3H, N–CH3), 1.80–1.74 (m, 2H,
2′-O–CH2–CH2–CH2–NH–), 1.44 (s, 9H, −CO–C(CH3)3),
1.34 (s, 9H, −CO–C(CH3)3); HRMS (MALDI) was calculated
to be 962.4383 for C48H61N9O11Na (M + Na+), and found to
be 962.4408.
7. Synthesis of N2-Dimethylformamidine-2′-O-(N,N'-di-tertbutoxycarbonylguanidinopropyl)-5′-O-(4,4′-dimethoxytrityl)guanosine 3′-(cyanoethyl)-N,N-diisopropylphosphoramidite
(4d). N2-Dimethylformamidine-2′-O-(N,N'-di-tert-utoxycarbonylguanidinopropyl)-5′ -O- (4,4′-dimethoxytrityl)guanosine (4h) (1.08 g, 1.15 mmol) is dissolved in
dichloromethane (25 mL), then 2-cyanoethyl-N,N,N',N'tetraisopropylaminophosphane (590 μL, 1.76 mmol) and
4,5-dicyanoimidazole (199 mg, 1.69 mmol) are added. After
4 h the reaction progress is checked by TLC. In the event that
some starting material did not react, an additional 0.3 equivalents of the phosphitylating agent as well as the catalyst are
added and the reaction is stirred at room temperature for additional 4 h. After completion of the reaction the reaction solution is washed twice with saturated sodium bicarbonate
solution and once with brine. After drying over Na2SO4 the
solvent is evaporated and the residue is purified using silica gel
column chromatography with dichloromethane/acetone/
methanol (4:0:1 → 3:0:2 → 2:1:2 → 2:2:1, v/v, the column is
packed with eluent containing 0.5 % triethylamine (see
Note 8)). The residue is dissolved in a small amount (5 mL) of
dichloromethane. This solution is added dropwise into a flask
with hexane (500 mL) to form a white precipitate. Two thirds
of the solvent is evaporated and the residual solvent decanted
carefully (see Note 9). The precipitate is redissolved in benzene
and lyophilized (see Note 10) to give 1.01 g (77 %) of
N 2- D i m e t h y l f o r m a m i d i n e - 2 ′ - O - ( N , N ' - d i - t e r t butoxycarbonylguanidinopropyl)-5′-O-(4,4′-dimethoxytrityl)guanosine 3′-(cyanoethyl)-N,N-diisopropylphosphoramidite
(4d) (see Note 11). 1H NMR (400 MHz, DMSO-d6) δ [ppm]
11.50–11.48 (m, 1H, NH), 11.39 (s, 1H, NH), 8.44–8.42
(m, 1H, −N = CH–N(CH3)2), 8.39–8.34 (m, 1H, 2′-O–CH2–
CH2–CH2–NH–), 7.96 (s, 1H, H8), 7.37–7.19 (m, 9H,
DMTr), 6.85–6.78 (m, 4H, DMTr), 6.07–6.05 (m, 1H, H1′),
4.64–4.58 (m, 1H, H3′), 4.48–4.44 (m, 1H, H2′), 4.26–4.19
(m, 1H, H4′), 3.80–3.23 (m, 10H), 3.73–3.70 (m, 6H, 2×
OCH3), 3.07 (s, 3H, N–CH3), 3.02 (s, 3H, N–CH3), 2.77–
2.74 (m, 1H, −P–O–CH2–CH2–CN), 2.55–2.52 (m, 1H,
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−P–O–CH2–CH2–CN),1.80–1.72 (m, 2H, 2′-O–CH2–CH2–
CH2–NH–), 1.44–1.34 (m, 18H, 2× –CO–C(CH3)3), 1.20–
0,93 (m, 12H, −N((CH(CH3)2)2); 31P NMR (121 MHz,
DMSO-d6) δ [ppm] 149.21, 148.93.
3.5 Automated
Solid-Phase Synthesis
of GP-Modified
Oligonucleotides

The solid-phase syntheses of the GP-modified oligonucleotides are
carried out according to the phosphoramidite method. We used an
EXPEDITE Perseptive Biosystems 8909 synthesizer for the synthesis of our GP-modified oligonucleotides and performed our
syntheses in a 1 μmol scale. A more comprehensive description of
the synthesis of 2′-O-modified oligonucleotides has previously
been reported [16].
1. Check your synthesizer: Refill all reagent bottles and required
solvents or replace empty bottles, check Argon supply, check
waste.
2. Dissolve the applied phosphoramidites with amidite diluent
(anhydrous acetonitrile) and attach them to the synthesizer
according to manufacturer’s information.
3. Program your synthesizer as specified by the manufacturer.
Use the standard RNA cycle for unmodified nucleotides. Use
a prolonged coupling time of 25 min for GP-modified phosphoramidites. After synthesis is completed, an additional
deprotection step with deblock solution (3 % trichloroacetic
acid in dichloromethane) for 20 min has to be applied (see
Note 12).
4. Fill the synthesis column with an appropriate amount of solidphase material and attach the column to your synthesizer (or
use prefilled synthesis columns).
5. Start synthesis.
6. (optional, see step 3): If an additional deprotection step with
deblock solution after completion of the synthesis cannot be
programmed, it is necessary to apply this step by manual operation of the synthesizer (see Note 12): When the synthesis is
finished, flush the synthesis column with deblock solution and
let it act on the column for 20 min. Then thoroughly purge
the synthesis column with acetonitrile and dry it with the
applied inert gas.

3.6 Deprotection
of GP-Modified
Oligonucleotides

After deprotection, the RNA is sensitive to RNase degradation.
Therefore it is recommended to work under RNase-free conditions
from then on (see Note 13).
1. The solid-phase material is transferred to an appropriate vial.
2. To the solid-phase material 1 mL of a 3:1 mixture of ammonium hydroxide solution (25–33 %) and ethanol is added and
the mixture is kept at 40 °C for 24 h. This cleaves the RNA
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from the solid support and also removes the cyanoethyl groups
and the protecting groups of the exocyclic amino functions.
3. The supernatant is transferred into a 4 mL vial. The solid-phase
material is washed with an additional 0.5 mL of the ammonia/
ethanol mixture. After sedimentation the supernatant is again
transferred into the new vial and the RNA-solution is dried in
a centrifugal evaporator.
4. The dried RNA is treated with 300 μL of a mixture from
Et3N · 3HF/1-methyl-2-pyrrolidone/Et3N (6:3:4, v/v/v)
and incubated at 60 °C for 90 min. This step removes the
2′-O-TBDMS-groups.
5. RNA-precipitation: After cooling to room temperature nbutanol (1.4 mL) is added and the solution is cooled to −80 °C
for 60 min to facilitate precipitation.
6. The solution is centrifuged at 0 °C for 30 min.
7. The supernatant is discarded and the RNA-pellet is kept for
further purification.
3.7 Purification
and Analytics
of GP-Modified
Oligonucleotides

For a more comprehensive description of purification and analytics
of 2′-O-modified oligonucleotides we refer again to a previously
published article [16].
1. Anion-exchange HPLC: The pellet of the deprotected RNA
(from 3.6) is dissolved in 1-methyl-2-pyrrolidone (200 μL)
and DEPC-water (200 μL) and purified by AE-HPLC using a
Dionex DNA-Pac 100 column (9 mm × 250 mm) (1 M LiClbuffer, DEPC-water, gradient: 0–70 % LiCl-solution in 40 min,
flow: 5 mL/min, column oven: 80 °C). The fraction of the
desired RNA-oligomer is collected and dried in a centrifugal
evaporator (see Note 14).
2. Reverse-phase HPLC: The dried RNA fraction is dissolved in
DEPC-water (1.5 mL) and purified by RP-HPLC using a
Phenomenex Jupiter 4u Proteo 90 Å (15 mm × 250 mm) (0.1 M
triethylammonium acetate pH 7, acetonitrile, gradient: 0 %
acetonitrile for 2 min, 0–37 % acetonitrile in 28 min, flow:
6 mL/min). The fraction with the purified RNA is collected
and dried in a centrifugal evaporator. The RNA is redissolved
in DEPC-water (500 μL) and dried again, to remove any traces
of triethylammonium acetate.
3. Quantification: The RNA is dissolved in a specific volume of
DEPC-water. The OD (optical density) is measured in a conventional UV spectrophotometer or with a NanoDrop
Instrument at 260 nm. For appropriate values of the OD, the
RNA-solution may need to be diluted. The concentration of
the RNA-solution is calculated by the formula: c = OD260/ε × d,
where ε is the extinction coefficient of the oligonucleotide and
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d is the length of the light path through the sample. The
extinction coefficient of the RNA oligonucleotides was calculated using the nearest neighbor method.
4. Identity of the RNA was confirmed by mass spectrometry. We
used Bruker micrOTOF-Q II. Four hundred picomoles of
RNA was diluted with DEPC-water to a sample volume of
20 μL. The sample was applied to the mass spectrometer by the
use of an attached HPLC-system. The measuring procedure
included an integrated desalting step on a short RP-column
previous to injection into the ion source.
3.8 Analysis
of RNAi-Mediated
Target Cleavage by
GP-Modified siRNAs
Using 5′ RACE

Procedures to define the exact site of cleavage by a siRNA that is
perfectly matched to its target cognate are illustrated schematically
in Fig. 1.

Fig. 1 Schematic illustration of the 5′ RACE protocol. After transfection of cells
with siRNA sequences, total RNA is isolated approximately two days later.
Ligation of the RNA oligonucleotide to the 5′ end of the cleaved target is followed
by reverse transcription using a gene specific reverse primer. The cDNA is then
used as template for PCR amplification with a primer specific to the ligated RNA
oligonucleotide-derived sequence and a reverse gene specific primer. The amplicons are then inserted into a plasmid and a representative number of positive
clones, approximately 10, subjected to sequencing analysis
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3.8.1 Cell Culture,
Transfection, and RNA
Extraction

A day before transfection, seed Huh7 cells in 24-well plates at a
confluency of 40 %. Cells should be cultured in Dulbecco’s modified essential medium (DMEM, Lonza, Basel, Switzerland) supplemented with 10 % FCS (Gibco BRL, UK). Incubation is in a
humidified atmosphere at 37 °C with 5 % CO2. siRNAs are transfected at a final concentration of 10 nM. For a single well of a
24-well plate prepare transfection mixes as follows: mix 100 ng of
target plasmid (pCH-9/3091), 100 ng of marker plasmid (pCIneo-eGFP) and 20 pmol of the respective siRNA duplex (approximately 32.5 ng) and add Opti MEM® up to a volume of
50 μL. Dilute 0.3 μL of Lipofectamine® 2000 in 50 μL of Opti
MEM®. The ratio of Lipofectamine to plasmid DNA is 1:1
(mL:mg), while that of Lipofectamine to siRNAs is 3:1 (mL:mg).
Mix the nucleic acid/Opti MEM® and the Lipofectamine/Opti
MEM® by vortexing and incubate at room temperature for 5 min.
Add 50 μL of the Lipofectamine/Opti MEM® solution to 50 μL
of the nucleic acid/Opti MEM®, briefly vortex and incubate at
room temperature for 35 min. Transfections are typically carried
out in triplicate and transfection mixes are scaled-up accordingly.
For transfection, dispense 100 μL of the transfection mix to each
well. Gently mix by shaking and incubate for 48 h. For all studies,
include unmodified and scrambled siRNAs as positive and negative
controls, respectively.

3.8.2 Ligation of RNA
to GeneRacer™ RNA Oligo

Perform the 5′ RACE technique using reagents from the
GeneRacer™ kit (Invitrogen, CA, USA) and procedures described
by the supplier. Add 7 μL of total RNA (100 ng/μL) to a tube
containing the aliquot of lyophilized GeneRacer™ RNA Oligo
(0.25 μg), mix thoroughly, collect the solution by brief centrifugation and incubate at 65 °C for 5 min. Thereafter, place on ice for
2 min, add 1 μL of Ligase Buffer (10×), 1 μL ATP (10 mM), 1 μL
RNaseOut™ (40 U/μL), 1 μL of T4 RNA ligase (5 U/μL) and
incubate at 37 °C for 1 h.
After incubation, add 90 μL of nuclease-free water, 100 μL
phenol-chloroform and mix vigorously by vortexing for 30 s.
Centrifuge the mixture at 15,000 × g for 5 min at room temperature. Transfer the upper aqueous phase (about 100 μL) to a fresh
tube. Add 2 μL of mussel glycogen (10 mg/mL) and 10 μL 3 M
sodium acetate (pH 5.2) and mix gently. Add 220 μL of 95 % ethanol, mix and incubate overnight at −20 °C. Collect the RNA by
centrifugation at 15,000 × g for 20 min at 4 °C and discard the
supernatant. Wash the pellet with 500 μL of 70 % ethanol and centrifuge at 15,000 × g for 2 min. Gently remove the ethanol, air-dry
the pellet at room temperature for 2 min, resuspend the ligated
RNA in 10 μL nuclease-free water and keep at −70 °C until required.

3.8.3 Reverse
Transcription of Ligated
RNA

Unless otherwise indicated all reagents were supplied with the
GeneRacer™ kit (Invitrogen, CA, USA). To tubes containing
10 μL of ligated RNA add 1 μL of the reverse gene specific primer
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(10 μM, 5′-AGGGTCGATGTCCATGCCCC-3′, Integrated
DNA Technologies, Iowa, USA (see Note 3), 1 μL dNTP mix (at
10 mM each) and 1 μL of nuclease-free water. Incubate the mixture at 65 °C for 5 min then place on ice for 2 min. Subsequently,
add 4 μL of First Strand Buffer (5×), 1 μL (0.1 M DTT), 1 μL
RNaseOut™ (40 U/μL) and 1 μL SuperScript™ III RT (200 U/
μL) and incubate at 55 °C for 1 h. Inactivate the reaction by incubating at 70 °C for 15 min then place on ice for 2 min. Add 1 μL
of RNase H (2 U) and incubate at 37 °C for 20 min. Prepare
10 μL aliquots of each cDNA sample and store at −20 °C until
required for use.
3.8.4 Amplification
of cDNA by 5′ RACE-PCR

Amplify the cDNA template using Platinum® Taq High Fidelity
DNA Polymerase (Invitrogen, CA, USA). Make up the reaction
mix in a total volume of 25 μL comprising 2.5 μL High Fidelity
PCR Buffer (10×), 0.5 μL dNTP solution (at 10 mM each), 1.5 μL
of the forward GeneRacer™ primer (10 μM, 5′-CGACTGGA
GCACGAGGACACTGA-3′), 0.5 μL of the reverse gene specific
PCR primer (10 μM, 5′-CAAGAGATGATTAGGCAGAGGTG-3′,
Integrated DNA Technologies, Iowa, USA), 0.25 μL Platinum®
Taq High Fidelity DNA Polymerase (5 U/μL), 1.25 μL cDNA and
18.5 μL of nuclease-free water. Perform amplification reactions
using a PCR thermocycler (T100™ Thermal Cycler, BIORAD,
CA, USA) with the following cycling conditions: one cycle of
94 °C for 3 min (initial denaturation), 35 cycles of 94 °C for 30 s
(denaturation), 63 °C for 30 s (annealing) and 72 °C for 1 min
(extension). Perform the final extension step at 72 °C for 10 min
(see Note 15). Electrophorese 10 μL of the samples on a 2 % agarose gel at 100 V for approximately 30 min and visualize the amplified PCR products under UV transillumination (Syngene G:Box,
SYNGENE, UK) (Fig. 2).

3.8.5 Gel Extraction
of PCR Products
and Inserting Them into
the pTZ57R/T Plasmid

Purification of the PCR products is carried out according to procedures recommended by the supplier of the MinElute Gel Extraction
kit (Qiagen, MD, USA) with minor modifications. Briefly, cut the
band containing the PCR product from the gel using a clean sharp
blade. Weigh the gel slice and add 3 volumes of QG buffer. Melt
the agarose by incubating the tube at 55 °C for approximately
5 min. Add an equal gel volume of isopropanol, mix and apply to
the spin column. Centrifuge for 1 min at room temperature then
discard the flow through. Apply 500 μL of QG buffer to the column and centrifuge at 10,000 × g. Discard the flow through and
then wash with 750 μL of PE buffer. After discarding the flow
through, recentrifuge for 1 min at 10,000 × g. Place the column in
a fresh 1.7 mL tube and add 50 μL of water to the column matrix.
Incubate for 2 min at room temperature then elute the DNA by
centrifugation.
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Fig. 2 Representative data from 5′ RACE analysis of RNA targeted by siRNA modified with a GP residue in
position 3 from the 5′ end of the guide strand GP3 siRNA3. The GP3 siRNA3 targeted a sequence within the
HBx region of HBV. (a) Agarose gel resolution of DNA amplified after reverse transcription of RNA comprising
the RNA linker oligonucleotide ligated to the downstream target RNA. The reverse primer was specific to the
HBV target sequence and the forward primer hybridized to complementary sequences of the oligonucleotide
linker. Controls to verify specificity of the reaction included RNA extracted from cells that had been transfected
with unmodified siRNA3 targeting the HBV sequence, a scrambled siRNA that did not target any known gene
and no template cDNA. (b) Sequence of the HBV target region with sequence complementary to GP3 siRNA3
indicated in italic font. Sequence of the RNA oligonucleotide and amplicon are indicated below. The junction of
the oligonucleotide and target sequence indicates the site of cleavage mediated by GP3 siRNA3

Ligate the purified PCR products to the pTZ57R/T plasmid
(Thermo Scientific, MA, USA) in a total reaction volume of 30 μL
comprising 6 μL Ligation Buffer (5×), 1 μL T4 DNA ligase
(Thermo Scientific, MA, USA) (5 U/μL), 3 μL of pTZ57R/T
plasmid (0.17 pmol ends), 5 μL of purified 5′ RACE PCR product
and 15 μL nuclease-free water. Incubate overnight at
14 °C. Transform 100 μL of chemically competent bacteria (e.g.
DH5α, Invitrogen, CA, USA) with 10 μL of ligation reaction and
spread on ampicillin-containing Luria Bertani agar plates impregnated with 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside
(X-gal) (US BIOLOGICAL Life Sciences, MA, USA) and Isopropyl
β-D-1-thiogalactopyranoside (IPTG) (Sigma, MO, USA). Incubate
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overnight at 37 °C then pick ten individual white colonies using
sterile procedures. Inoculate each into 10 mL of ampicillin-containing Luria Bertani broth and incubate overnight at 37 °C with
shaking. Perform standard mini preparations of each cloned
plasmid.
3.8.6 Screening
for Positive Clones Using
ApaLI

4

Screen for positive clones by digesting with ApaLI restriction
enzyme (see Note 16) in a total reaction volume of 20 μL comprising 2 μL of Fast Digest Buffer (10×), 2 μL Fast Digest ApaLI
(1 U/μL) (Thermo Scientific, MA, USA), 5 μL of plasmid DNA
(200 ng/μL) and 11 μL of water. Incubate the samples at 37 °C
for about 30 min. Electrophorese 10 μL of each sample on a 2 %
agarose gel at 100 V for approximately 30 min and visualize under
UV transillumination (Syngene G:Box, SYNGENE, UK). Presence
of two DNA fragments of 1,859 bp and 1,246 bp indicates successful cloning of the PCR products into pTZ57R/T (see Note
16). Select the positive plasmid clones for automated sequencing.
Presence of sequences derived from both the ligated GeneRacer™
RNA oligonucleotide and predicted mRNA cleavage product
indicates specific RNAi-mediated cleavage of the target by
GP-containing siRNAs (see example shown in Fig. 2).

Notes
1. We purchased solid 5-ethylthiotetrazole (e.g. from Azco Biotech
Inc.) to be able to make our own solution with a particular
concentration of 0.35 M. There are also ready-to-use solutions
available with a 5-ethylthiotetrazole concentration of
0.25 M. These solutions can also be used, maybe with slightly
less coupling efficiency for the modified phosphoramidites.
2. Plasmids are selected according to the specific requirements of
the assay. In the example here we used an HBV replicationcompetent target plasmid (pCH-9/3091) [14] in conjunction
with a GFP reporter plasmid [15] to verify transfection
efficiency.
3. Gene-specific primers should be designed according to the
sequence of the gene under investigation. They should complement a sequence at least 200 bases downstream of the
intended siRNA cleavage site and the Tm suitable for use during reverse transcription at 42 °C. Short primers of 16–20
bases are typically preferred.
4. For the chemical syntheses it is necessary to use anhydrous
solvents and to work with an inert gas atmosphere, because
many of the reagents are sensitive to hydrolysis.
5. Reduction with activated Ni-catalyst and hydrogen. The
hydrogenation step is sensitive to reaction conditions such as
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the ratio of amount of starting material to catalyst, the size of
the employed autoclave and reaction time. Under optimized
conditions, yields for reduction of each nucleotide derivative
were moderate (about 50 %). A loss of the desired product was
also confirmed by the observation that part of the amino compound was not released from the catalyst during filtration,
despite being subjected to several washes with methanol. To
minimize losses the crude unpurified 2′-O-aminopropyl compounds were used to introduce the guanidino groups in the
next synthesis step.
6. There might be an alternative way of reducing the 2′-Ocyanoethyl groups, if there is no autoclave available or to avoid
the application of hazardous H2 and the pyrophoric nickel catalyst. The original procedure was published here [17, 18]. We
tested this reaction only with the guanosine derivative and with
2′-O-cyanomethyl-3′,5′-O-(tetraisopropyldisiloxane-1,3-diyl)uridine but it may also work with the other nucleosides. The
yield was only moderate (ca. 30 %). Typical procedure: To
obtain dry nickel(II)chloride, NiCl2 · 6H2O was placed in a
round bottom flask and was heated carefully under reduced
pressure with a heat gun until the solid turns golden yellow.
The nucleoside (3 mmol) was dissolved in anhydrous ethanol
under inert gas atmosphere and the solution was cooled to
0 °C. To the stirred solution dry NiCl2 (3 mmol) was added
and the sodium borohydride (9 mmol) was added in small portions. A black precipitate is formed. After 1 h the progress of
the reaction is monitored by TLC and if the conversion is not
complete, some more sodium borohydride is added. The reaction is stopped by addition of diethylenetriamine (30 mmol)
and is stirred for another 30 min. The solvent is evaporated
and the residue is dissolved in ethylacetate, washed twice with
saturated sodium bicarbonate solution (2 × 80 mL). The
organic phase is dried over magnesium sulfate, evaporated and
the residue is purified by silica gel column chromatography
with dichloromethane/methanol (5:1 (v/v)).
7. When the activated nickel catalyst (Raney-Nickel) is washed
with methanol, it is important that the catalyst does not completely dry, because of its pyrophoric properties. Also, take
great care when opening the autoclave because of the adsorbed
H2 in the catalyst.
8. The slightly acidic reaction of silica gel may cause a partial
deprotection of the DMTr-group during purification. To circumvent this problem the addition of 0.5 % triethylamine to
the eluent is recommended. If eluent with 0.5 % triethylamine
is used for purification of phosphoramidites it is very important
to completely remove the triethylamine from the purified
product, because residual triethylamine will deprotonate the
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5-ethylthiotetrazole in the activator solution of the synthesizer
and will thereby reduce or completely extinguish coupling efficiency of your phosphoramidite. We only use 0.5 % triethylamine in the solvent used for packing the column while elution
is performed without triethylamine.
9. The forming precipitate will largely adhere to the glass wall of
the used flask or vessel, so decanting is easy. You have to make
sure to thoroughly redissolve the entire adhering product for
purification.
10. Lyophilization can be performed by dissolving the phosphoramidite in a round bottom flask, freezing the solution by dipping and slightly rotating the flask in liquid nitrogen. Finally
the flask is connected to a vacuum pump with an interconnected cooling trap. To avoid the use of benzene, it is also
possible to use dioxane for lyophilization. The dioxane must
be checked for contamination with peroxides before use,
because peroxides will oxidize the phosphoramidite to a
phosphoramidate.
11. In some cases after precipitation (and even after column chromatography) the phosphoroamidite still contains some traces
of hydrolysed phosphorylation agent (H-phosphonate).
According to our experience, this does not interfere with solidphase synthesis. The amount of the impurity can be reduced by
several consecutive precipitations but this will slightly reduce
yield. The signal of the H-phosphonate can be observed in 31PNMR at approximately 14 ppm.
12. The function of the additional deprotection step is the cleavage of the boc-protecting groups (tert-butoxycarbonyl-) from
the guanidino moiety. This is especially required, if the
GP-modification is introduced at the very end of the oligonucleotide and only few or no consecutive synthesis cycles including deprotection will follow.
13. After cleavage from solid support and removal of protecting
groups, the RNA is sensitive to RNase digestion. To prevent
the RNA from degradation it is recommended to wear gloves
and to use RNase-free labware. DEPC-water and RNase-free
reagents and solutions should be used. For long term storage
the RNA-solution should be kept at −80 °C. Alternatively the
RNA can be precipitated or lyophilized again.
14. If a complete 1 μmol synthesis batch of siRNA is purified with
a Dionex DNA-Pac 100 column (9 mm × 250 mm), the signals
will suffer significant signal broadening due to column overload. To avoid this problem the siRNA can be purified in
smaller portions or a bigger column can be used.
15. Thermal cycling conditions vary according to the specific
properties of the sequences to be analyzed. Importantly, the
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primers should form stable and specific pairs with their cognates
under the cycling conditions that are selected. Protocols giving
advice on optimizing PCR conditions are widely available and
a detailed discussion is beyond the scope of this article.
16. Selection of appropriate restriction enzymes for screening of
plasmid clones should be made according to how the positions
of their recognition sites relative to the inserted sequence will
be most informative. The sizes of the electrophoretically
resolved bands will also be dependent on the positions of the
restriction sites of the cloned plasmids.
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Chapter 14
Therapy of Respiratory Viral Infections
with Intranasal siRNAs
Sailen Barik and Patrick Lu
Abstract
Chemically synthesized short interfering RNA (siRNA) has ushered a new era in the application of RNA
interference (RNAi) against viral genes. We have paid particular attention to respiratory viruses that wreak
heavy morbidity and mortality worldwide. The clinically significant ones include respiratory syncytial virus
(RSV), parainfluenza virus (PIV) (two Paramyxoviruses), and influenza virus (an Orthomyxovirus). As the
infection by these viruses is clinically restricted to the respiratory tissues, mainly the lungs, the logical route
for the application of the siRNA was also the same, i.e., via the nasal route. Following the initial success of
single intranasal siRNA against RSV, we now offer two new strategies: (1) second-generation siRNAs, used
against the paramyxoviral RNA polymerase large subunit (L), (2) siRNA cocktail with a novel transfection
reagent, used against influenza virus. Based on these results, we propose the following consensus for
designing intranasal antiviral siRNAs: (a) modified 19–27 nt-long double-stranded siRNAs are functional
in the lung, (b) excessive 2′-OMe and 2′-F modifications in either or both strands of these siRNAs reduce
efficacy, (c) limited modifications in the sense strand are beneficial, although their precise efficacy may be
position-dependent, (d) cocktail of multiple siRNAs can be highly effective against multiple viral strains
and subtypes.
Key words siRNA, Intranasal RNAi, Antiviral, RSV, siRNA cocktail, Parainfluenza, Influenza

1

Introduction
Short interfering RNAs (siRNAs) trigger posttranscriptional gene
silencing in a variety of metazoan cells and tissues [1]. Successful
use of synthetic double-stranded siRNA in 2001 [1, 2] targeting
cellular and viral genes in cell culture, opened the door to siRNA
as prospective antivirals and drugs for gene therapy. The “firstgeneration” siRNAs were designed to mimic the products of the
Dicer endonuclease cleavage; they were 19 nt-long duplexes with
3′-terminal 2 nt overhangs and contained natural, unmodified
ribose and bases. As reported by us [3, 4] and several other laboratories [5–7], these siRNAs proved effective both in cell culture and
in animals.

Mouldy Sioud (ed.), RNA Interference: Challenges and Therapeutic Opportunities, Methods in Molecular Biology,
vol. 1218, DOI 10.1007/978-1-4939-1538-5_14, © Springer Science+Business Media New York 2015

251

252

Sailen Barik and Patrick Lu

The advantages of siRNA-based therapy over traditional
organic small molecule drugs are as follows: (1) The siRNAs can be
rapidly synthesized and scaled up for production; (2) In the event
of viral resistance to the existing siRNA, one can shift to a different
target sequence; (3) All siRNAs need the same synthetic chemistry
and hence, can be manufactured in an established national facility;
(4) siRNAs are water-soluble; properly formulated lyophilized
preparations can have a long shelf life, and can be easily reconstituted with sterile water.
Of particular mention is the potent antiviral activity of siRNAs,
first documented against respiratory syncytial virus (RSV) as proofof-concept [3]. In this study, synthetic first-generation siRNAs,
designed against essential RSV genes, prevented RSV growth in
cultured lung epithelial cells [3]. To translate this success to an
animal model [4], we reasoned that the most logical route for
delivery of these siRNAs should be the nose (intranasal). First, it is
noninvasive. Second, it should involve relatively simple application
procedures, such as nasal drops or aerosol inhalation. Third, the
siRNA drug will follow the same route as the virus and reach
the same tissues, including the lungs. Lastly, our subsequent results
showed that the intranasally administered siRNA remains in the
lung and does not leach into blood or other tissues, minimizing
the risk of systemic side effects (data not shown). This is particularly important since, unlike cell-specific delivery reagents [5], the
reagents used here (TransIT-TKO or HKP) are universally applicable, and therefore, intranasal delivery serves to have the cargo
localized within the lung, providing specificity against respiratory
infections. In this chapter, we have, therefore, focused on the intranasal delivery of anti-respiratory viral siRNAs.
We first summarize the progress made in four major respiratory viruses: RSV, parainfluenza virus (PIV), influenza virus (Flu),
and severe acute respiratory syndrome (SARS) coronavirus (SARSCoV) [4, 6, 8–11]. The first three viruses are clinically the most
significant, claiming a large number of human lives each year
throughout the world. Annual flu epidemics alone affect 10–20 %
of the U.S. population, averaging about 114,000 hospitalizations.
Currently, two strategies, vaccines and small molecule therapeutics, are utilized to control the spread of flu. However, the high
mutation rate of RNA genomes in general and the reassortment of
flu virus genome segments in particular are major hurdles in flu
prevention and treatment. The rapid emergence of new flu strains
that are resistant against the M2 ion channel inhibitors (amantadine, rimantadine) as well as the viral neuraminidase (NA) inhibitors (zanamivir, oseltamivir) is a significant global concern [12].
RSV is the most significant cause of severe lower respiratory tract
infection in infants and an important cause of acute respiratory illness in the elderly as well [13, 14]. In pediatric infection, PIV is
second only to RSV [15]. Ribavirin and IFN, although partially
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effective in treating these infections, are both relatively nonspecific
and toxic [14]. Regarding the molecular features, RSV and PIV are
nonsegmented negative-strand RNA viruses, belonging to different
genera of the Paramyxoviridae family [6]. In contrast, flu is an
Orthomyxovirus and contains segmented negative-strand RNA
genome [9, 10]. Coronoviruses such as SARS-CoV contain
positive-strand RNA genomes [11]. A commonality among these
RNA viruses is that they encode genes for RNA-dependent RNA
polymerase (RdRP) to transcribe and replicate their own genomes,
because the host animal cells are devoid of such activity. Many of
the potent antiviral siRNAs have, therefore, targeted viral genes
coding for RdRP subunits or proteins that are related to RdRP
function [3, 4, 6, 9–11]. These early studies targeted: P
(Phosphoprotein), L (Large) (see Table 1), and N (Nucleocapsid)
genes of RSV; P and L genes of PIV; PA and NP genes of Flu; and
the replicase gene of SARS-CoV. In all cases, siRNAs were designed
against essential viral gene(s), optimized in cell culture and then
used intranasally in the appropriate animal model. Antiviral activity
was shown against RSV and parainfluenza virus (PIV) using the
BALB/c mouse model as well [4]. In those studies, optimal results
were obtained with siRNAs delivered in complex with either
Table 1
Examples of RSV L gene siRNA sequences and modification formats
siRNA sequence and modification
Target sequences
Example #1:

5′-AAGAGUCUAUUGAUGCAAAUAUU-3′ (−5.3 kcal)

Example #2

5′-AAGCCAUGGAUGCUGUUAAAGUU-3′ (−5.2 kcal)

siRNA (based on Example #1 above)
Sense

5′-GAGUCUAUUGAUGCAAAUAdTdT-3′

Antisense

3′-TdTdCUCAGAUAACUACGUUUAU-5′

Modification format #1
Sense

5′-GAGUCUAUUGAUGCAAAUAdTdT-3′

Antisense

3′-TdTdCUCAGAUAACUACGUUUAU-5′

Modification format #2
Sense

5′-GAGUCUAUUGAUGCAAAUAdTdT-3′

Antisense

3′-TdTdCUCAGAUAACUACGUUUAU-5′

Two target sequences in the RSV L gene mRNA (Long strain) with the AAN19TT motif (the N19 regions underlined)
are shown on top. The thermodynamic difference (∆∆G) of stability of the two termini is shown in parenthesis. Similar
but more detailed considerations went into designing siRNAs against flu M2 and NP genes (not shown). All subsequent
siRNAs were based on sequence #1 as shown. Bold = 2′-O-Me modifications; underlined = 2′-F modifications. We have
confirmed the antiviral efficacy of both of these modified sequences in cell culture as well as in mice (data not shown).
The dTdT part adds stability to the siRNA
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Oligofectamine (Invitrogen, Carlsbad, CA) or Mirus Transit TKO
reagent (see Subheading 2), although uncomplexed intranasal
siRNA also showed some efficacy [4]. Intranasal siRNA, complexed with oligofectamine or polyethyleneimine (PEI), was also
protective against highly pathogenic influenza A viruses of the H5
and H7 subtypes in mice [9, 10]. Notwithstanding their success,
the activity of these siRNAs was transient, lasting only a few days.
Therefore, enhancement of the intracellular and extracellular
stability of synthetic siRNAs while increasing (or without compromising) their RNAi activity is a continuing goal for therapeutic
translation of RNAi.
A variety of chemical modifications, including terminal and
internal ones, have been added to the first-generation siRNA
sequences to improve stability and delivery, leading to what we call
“second-generation” siRNAs. Advantage has been taken of the
free 2′-OH group of the ribose moiety of RNA (in contrast to
DNA that lacks this OH group), to which various substituents
were added. We have pursued two promising ones, namely
2′-O-methyl (2′-O-Me) and 2′-fluoride (2′-F). The latter modification is placed on pyrimidine nucleosides (C, U), leading to 2′-FC
and 2′-FU residues. In a number of previous studies [16–19],
these substitutions were introduced to various extents in the antisense strand (“guide” strand) or both strands of the siRNA and
were shown to enhance stability and potency, although intranasal
application was not tested. Additionally, they tend to reduce
siRNA-driven innate immune response [20, 21]. In systematic
studies in cell culture, the biochemical and functional activity of
the siRNA was vindicated but found to be affected by the position
of the modifications in the sequence [16–19]. Generally speaking,
those with the modified ribonucleotides at the 5′-end of the antisense strand were less active relative to the 3′-modified ones.
Internally, while 2′-F was generally well-tolerated on the antisense
strand, 2′-O-Me showed significant shift in activity depending on
the position. In contrast, incorporation of 2′-O-Me in the sense
strand of siRNA did not show a strong positional preference. In a
comprehensive study, however, internal 2′-O-Me modifications in
either or both strands actually made the siRNA less active [22]. In
an animal experiment [23], all the 2′-OH residues in siRNAs
against hepatitis B virus were substituted with 2′-F and 2′-O-Me.
When administered intravenously (i.v.) as lipid complexes, the
2′-O-Me, 2′-F siRNAs showed improved efficacy and longer halflife in plasma and liver. When these siRNAs were additionally Cy3labeled, it revealed their accumulation in the liver and spleen, but
not in the lung, explaining the success of the i.v. administration
against hepatitis while suggesting that it is an ineffective route
against lung infections.
Based on the absence of a uniform pattern in these studies,
we reasoned that siRNAs against respiratory viruses should be
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Fig. 1 Designing flu siRNA. siRNA was designed against sequences of M2 (left) or NP (right) genes, which are
conserved in a large number of flu virus isolates. The number of flu strains showing match with the siRNA is
shown on the Z-axis (vertical). The two horizontal axes represent 16 HA subtypes and 9 N subtypes. The N
subunits are color-coded (N1 = brown; N2 = green, etc.), and well-known subtypes are indicated on the top
(e.g., H1N1, H3N2, and H5N1). For example, the most broad-spectrum siRNAs against M2 can target 300 flu
strains, including H1N1

individually optimized through the following steps: (1) Design the
first-generation siRNA following the generally accepted sequence
rules or an algorithm of your choice. (2) Select the ones with lowest IC50 (preferably below ~20 nM) in a cell culture assay for virus
growth, (3) If desired, as we did for RSV (Table 1), add OMe and
F substitutions in various “format” (i.e., number and placement)
to generate modified, “second-generation” siRNAs. (4) Ensure
that the substitutions either improved or did not reduce knockdown efficiency by screening in cell culture, (5) Confirm efficacy
and lack of toxicity in animal model, and (6) test improved stability
in serum and blood in vitro. Finally, if deemed necessary and
resources permit, a low- or high-throughput assay for off-target
effects can be performed to further ensure target specificity.
Together, the small but representative datasets cover multiple
viruses, modified and unmodified siRNA. We present a consensus
procedure tested in our laboratory, but essentially the same protocol can be used to test other modifications or delivery reagents as
they become available. In flu, for example, we have found that the
HK polymer is in fact better than a number of other reagents tested
(Fig. 1).

2

Materials
The reagents described below have been used successfully by us
but various equivalents are available commercially that can be
optimized.
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2.1 siRNAs
and Their Use

1. Synthetic siRNA of the chosen sequence, lyophilized, purchased
without any modification, 2 nmol (Dharmacon, Lafayette, CO).
2. Selected, most effective siRNA(s) from above, purchased with
2′-O-Me, 2′-FC, 2′-FU modifications in various formats
(Dharmacon), in both sense and antisense strands.
3. RNase-free ART aerosol-resistant pipette tips (Molecular
BioProducts, San Diego, CA).
4. RNase-free microfuge tubes (Ambion, Austin, TX).
5. siRNA buffer: 20 mM KCl, 6 mM HEPES-KOH pH 7.5,
0.2 mM MgCl2. This is usually supplied by the siRNA manufacturer (Dharmacon) as 6× stock; dilute as and when
needed.

2.2 Cell Culture
and Virus Growth

We assume that the reader has access to an appropriate cell culture
facility, consisting of incubators and culture hoods, and there is
available expertise on virus growth and assay. In this chapter, we
will only cover specific issues related to the testing of antiviral
siRNA against RSV. Common respiratory viruses, such as RSV,
PIV, and seasonal human influenza are biosafety level 2 (BSL2)
pathogens. However, highly pathogenic influenza strains, such as
avian flu H5N1 or the swine flu H1N1 virus, may require BSL3 or
higher facilities. Obey all institutional regulations. The following
materials are needed:
1. Suitable cell line, e.g., A549 or HEp-2 cells for RSV; MDCK
for flu.
2. Standard cell culture media. RSV and the host cell lines grow
virtually in any cell culture media. Use D-MEM with glucose,
supplemented with glutamine and 10 % fetal bovine serum
(heat-inactivated) with or without penicillin/streptomycin.
3. Standard disposable sterile plastic ware for cell culture.

2.3 Animals
and Related

1. BALB/c mice, 8–10 weeks old, weighing 16–20 g (Charles
River Laboratories, Wilmington, MA).
2. 5 mg/ml sodium pentobarbital (Nembutal).
3. 25-G single-use hypodermic needles (VWR, West Chester, PA).
4. 1 cc single-use syringes with BD Luer-Lok tip (VWR).

2.4 siRNA
Transfection

1. TransIT-TKO siRNA transfection
Corporation, Madison, WI).

reagent

(Mirus

Bio

2. Opti-MEM I Reduced Serum Medium (Gibco, Invitrogen
Corporation, Carlsbad, CA).
3. RNase-free gel-loading microcapillary tips (VWR).
4. RNase-free microfuge tubes (Ambion).
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Methods

3.1 siRNA
Sequence Design

1. Use a free online siRNA design program for your target mRNA
sequence (see Note 1). We generally use the one available on
the Whitehead Institute (MIT) server at the following URL
(http://sirna.wi.mit.edu/); registration is required but free.
Copy and paste the target sequence in the box and initially
choose AAN19TT in the “recommended patterns.” Usually,
there is no need to change the “Filter criteria” below, i.e., leave
them as in the default. Click on the Search button. With RSV
L gene, we found many prospective ones (Table 1), but if no
siRNA is obtained with your gene sequence, repeat the procedure, this time choosing NAN21.
With flu, a proprietary algorithm was used and thus, the
siRNA sequences (Fig. 2) are also intellectual property. In general, for a wider coverage of multiple virus strains and to minimize resistance, choose viral sequences that are most conserved.
2. This will lead to a table of prospective siRNA sequences that
are ordered according to “Thermodynamic values” by the
default setting. The goal is to select sequences with high negative values, i.e., sequences closer to the top of the table. In
addition, visually examine the central N19 part (i.e., ignore the
first two and the last two nucleotides) and pick the ones that
are AT-rich at the 3′-end (right hand side) and GC-rich at the

Fig. 2 High efficiency of the HK polymer in siRNA transfection. A propreitary
siRNA against human cyclophilin B mRNA was tested for delivery into HEp-2 cells
using the following reagents: His-Lys polymer (HKP) with selected branching [27,
28]; the cationic lipid, 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP)
[29]; and 5 % glucose (dextrose) in water (D5W), a common physiological solution used in the clinic. Blank is siRNA administered with no transfection reagent.
Note the strong performance of HKP, especially discernible with 10 μg siRNA
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5′-end (left hand side). The number of sequences one can test
really depends on available resources, but order at least 3 for a
given target. Order the sense strand as N19dTdT and the antisense strand as (N′)19dTdT, such that the N′ part is complementary to the N19 sequence. Here, we provide an example of
tested functional siRNA sequences based on the L polymerase
gene of RSV (Table 1). Assume that you will receive the siRNA
roughly a week after ordering. Purchase the smallest amount
initially (to save money), generally 2 nmol of each.
3. After receiving the lyophilized RNA (2 nmol), briefly spin the
tubes to ensure that the RNA is at the bottom. Add 42 μl 1×
siRNA buffer to each RNA. Pipette the solution up and down
8–10 times, avoiding the introduction of bubbles.
4. Place the solution on an orbital mixer/shaker for 30 min at
room temperature for complete mixing. Briefly centrifuge the
tubes containing siRNA to ensure that the solution is collected
at the bottom of the tube.
5. Combine the volumes of the complementary strands of RNA
(42 + 42 = 84 μl), vortex for 10 s and centrifuge for 30 s. Add
16 μl of 6× siRNA buffer to make 100 μl, mix.
6. Heat the mixture at 60 °C for 45 min.
7. Remove from heat and centrifuge briefly, 5–10 s.
8. Allow solution to cool to room temperature over 30 min to
allow formation of the double-stranded siRNA, which is now
ready to use. The siRNA concentration of this stock solution is
20 μM (see Notes 2 and 3).
9. Aliquot the siRNA into small volumes and store at −20 to
−80 °C. For best results, do not freeze-thaw more than four
times.
3.2 Reiterated
Testing of Modified
and Unmodified siRNA

1. Trypsinize cells and seed ~5 × 104 cells in 500 μl complete
growth medium per well of a 24-well plate. Incubate for 24 h
to achieve a confluency of 60–70 %.
2. Immediately before transfection, add 50 μl of Opti-MEM I to
a sterile Eppendorf tube. To this, add 2.5 μl TransIT-TKO
reagent, mix thoroughly by vortexing, and incubate at room
temperature for 10–20 min.
3. Dilute the siRNA 20-fold by mixing 3.5 μl of the stock with
66.5 μl siRNA buffer. Test three concentrations of each siRNA,
and each concentration at least in duplicate, and if possible,
triplicate. The final concentrations and the corresponding
volumes are: 5 nM (1.5 μl), 10 nM (3 μl), and 50 nM (15 μl).
Add these volumes to the diluted transfection reagent made in
step 2 above and mix by gentle pipetting. Incubate at room
temperature for 10–20 min.
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4. Adjust the medium volume in each well of the 24-well cell
monolayer (step 1 above) to 250 μl by removing half of the
original volume (250 μl).
5. Add the transfection-ready siRNA mixture (from step 3) dropwise to the cells. Gently tilt and rock the plate to evenly distribute the complexes.
6. Incubate for 18 h in a cell culture incubator.
7. Add challenge virus to the cells. For RSV, add about 104 virions (1 μl of stock 107 pfu/ml) in each well. For each siRNA
concentration, keep an uninfected well as control (to check if
the siRNA itself will cause cellular death by off-target effects).
8. Incubate another 24 h if RSV growth is monitored by Western
blot or another 72 h if it is to be monitored by extracellular
titer. For the latter, replace old media with equal volume of
fresh prewarmed media (for better virus growth). For Western,
remove media, wash the monolayer with 0.5 ml PBS twice,
and add 20 μL of 2× SDS sample buffer. Scrap the monolayer,
mix well by pipetting, boil, analyze in SDS-PAGE and Western
with anti-RSV antibody. For titer, collect media from the wells.
Expect ~106 pfu/ml from uninhibited cells and 1–3 log10 lower
if the siRNA works well. Do serial dilutions of each sample
accordingly (in fresh complete medium), plate on either A549
or HEp-2 monolayers, incubate for 48 h, count plaques under
microscope (20× magnification). Take the average of triplicate
plaque assays for each sample.
9. Select the most effective siRNA sequences (strongest antiviral
effect) as candidates for 2′-O-Me and 2′-F modifications. For
reasons mentioned in the Introduction, there is no universal
consensus regarding the format. Thus, the guidelines offered
here should be considered suggestions only, although the
sequences shown have been tested to work (Table 1). The
reader is encouraged to conduct more exhaustive modifications and test other sequences if resources permit.
(a) Introduce 2′-O-Me modifications in all sites in the sense
strand initially, but then try less extensive modifications (at
various positions), which are sometimes more effective.
(b) Introduce alternate modifications in sense and antisense
strands. Start with 2′-F (in available C’s and U’s) followed
by 2′-O-Me in the sense strand, and reciprocate in the
antisense strand (Table 1). Order the modified siRNA
from commercial sources (e.g., Dharmacon) and then
process them as in steps 3–9 (Subheading 3.2).
3.3 siRNA Testing
in Mice

Prior to the intranasal administration of siRNA, the mouse (see
Note 2) must be anesthetized by using any standard procedure
available in the laboratory, e.g., by administering Nembutal via
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intraperitoneal (IP) injection. The recommended drug dosage for
mice is 50 mg/kg (see Note 3).
1. Gently lift the mouse by the tail and place it on a cage lid.
2. Grip the loose skin of the neck to immobilize the head of the
mouse. Extend the tail to draw the skin tight over the abdomen by gripping the tail with your little finger.
3. Hold mouse in a head-down position and disinfect injection
site (the lower right or left quadrant of the abdomen); use a
hypodermic needle to administer the anesthetic. The mouse is
ready for siRNA administration when no voluntary movement
is observed.
4. Place the anesthetized mouse on a lab towel facing up; with its
head immobilized, insert microcapillary tip containing siRNA/
transfection reagent complexes (see Note 4) into the nostril.
Use a range of 2–20 nmol siRNA per mouse (e.g., 2, 6,
10 nmol). Instill solution slowly over a 2–3 min period, allowing the animal to breathe the liquid in (see Note 5).
5. Return the mouse to the cage and monitor for at least 45 min
to avoid depression of cardiac and/or respiratory functions.
6. Test for the desired RNAi effect at appropriate intervals. For
antiviral studies, instill virus through the nostril as well. For
human RSV, which does not infect mice well, use 107–108
virus particles per animal, and measure standard lung titer assay
and/or clinical symptoms (such as body weight, respiration
rate, etc.) (see Note 6).

4

Notes
1. Recently, relatively large (26–28 nt) long double-stranded
RNAs that act as Dicer substrates (D-siRNA) have been shown
to be more potent than the regular 19 nt siRNAs used here
[24, 25]. We have also found them to be at least as potent as
the first and second generation 19-mer siRNA in terms of
intranasal anti-RSV activity without increased immune reactions. In preliminary experiments, they also lent well to 2′-OMe and 2′-F modifications for intranasal antiviral activity (data
not shown), but it is recommended that the exact format be
optimized for each sequence. Follow the published D-siRNA
design guidelines [24, 26].
2. Although we have described the laboratory mouse model here,
intranasal dosage and delivery can be easily scaled up or down
for other laboratory animals.
3. siRNA concentration: The pharmaceutical industry prefers
expressing drug concentrations in wt/vol or wt/body weight
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(e.g., mg/kg). For the researcher, however, it is easier and
more useful to express siRNA concentrations in molar units
(e.g., μM or nM), since this allows direct comparison between
the potency of different siRNAs even when they differ in base
composition or modifications (and hence formula weight).
4. Transfection reagent: siRNAs may respond differently to different reagents. Experiment with delivery reagent of your
choice (Fig. 2).
5. Avoid using excessive liquid because it may suffocate the animal and cause death. As a rule, keep the total instilled volume
under 45 μl for BALB/c mice, but higher volumes may be
tolerated by larger species.
6. The protocol described here may be modified for aerosolized
siRNA using an enclosure to house the anesthetized animal and
a handheld nebulizer (the common type used as an inhaler by
asthmatics). A larger amount of siRNA is needed because only
a fraction of the aerosol is actually inhaled by the animal. If used
routinely, consider optimizing a commercial motorized nebulizer. Check with the local pediatricians for the exact model,
vendor, and usage. Modify the system by removing the facial
mask at the delivery end and inserting the tube directly into the
enclosure. A snug fit of the mask should reduce siRNA waste.
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Chapter 15
Engineering Therapeutic Cancer Vaccines That Activate
Antitumor Immunity
Per Ole Iversen and Mouldy Sioud
Abstract
Vaccination represents one the most effective methods of preventing disease. Because dendritic cells (DCs)
are the most efficient antigen presenting cells, exploiting their plasticity is likely to yield improved therapeutic vaccines. Herein, we applied a novel DC-based vaccine (i.e., DC loaded with leukemia antigens that
have been transfected with an IL-10 siRNA capable of coordinately activating DCs via TLR7/8) in a rat
model of acute myeloid leukemia. Leukemic rats treated with this new vaccine had less leukemic cell mass
in their bone marrows and less extramedullar dissemination of the leukemic disease examined postmortem
compared with rats given the control vaccine. Collectively, the new strategy demonstrates the possible
usefulness of dual siRNAs as an immunomodulatory drug with antileukemic properties.
Key words Dendritic cells, siRNA, Leukemia, Immunotherapy

1

Introduction
Dendritic cells (DCs) are specialized antigen presenting cells
(APCs) found to be two orders of magnitude more potent than
other APCs in capturing and processing antigens to induce specific
T cell effector responses [1]. Over the last three decades, it has become
clear that DCs are essential mediators of immunity and tolerance.
In order to promote immunity rather than tolerance, DCs require
a robust maturation signal. Activation signals mediated by Toll-like
receptor (TLR) ligands are necessary for DC activation and antigen presentation [2]. Although TLR ligands elicit immune
responses, they also induce expression of DC-derived immunosuppressive cytokines such as interleukin (IL) 10, which can influence
T cell-mediated immunity [4]. In addition, IL-10 has been associated with the development of tolerogenic DCs [3, 4]. This inhibitory feedback mechanism is essential for the normal function of the
immune system, but it may hamper effective immunity against
tumors (see Chapter 16). Therefore, the development of agents
that stimulate DC maturation through TLRs and simultaneously
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inhibit immunosuppression may thus facilitate the design of effective
cancer vaccines in acute myeloid leukemia (AML).
Among the gene-silencing approaches, RNA interference
(RNAi) offers a novel opportunity for posttranscriptional inhibition
of immunosuppressive factor expression in vitro and in vivo [5].
Initially, the RNAi pathway was thought to be nonfunctional in
mammalian cells, where double-stranded RNAs longer than 30
nucleotides induce a nonspecific antiviral response known as the
interferon (IFN) pathway. It has been reported that small interference (si) RNAs, when introduced into mammalian cells, did not
trigger the IFN pathway but effectively silenced gene expression in a
sequence-dependent manner [6]. However, we have shown that
certain siRNA sequences can bind to TLRs and trigger the activation
of innate immunity [7, 8]. To explore this observation, we have
designed bifunctional siRNAs that cleave target messenger RNA and
induce TLR activation [9]. An anti-IL-10 siRNA efficiently inhibited IL-10 gene expression in cultured DCs and enhanced T cell
activation, thus suggesting its possible usefulness as an immunomodulatory drug. This new generation of bifunctional siRNAs can
be used to break self-tolerance to leukemic antigens [10].

2

Materials
1. Lyophilized synthetic siRNA.
2. Roswell Park Memorial Institute (RPMI) medium supplemented with 10 % fetal calf serum.
3. Sterile plastic tissue culture flasks.
4. Autoclaved 1× phosphate buffered saline.
5. Brown Norway rats.
6. Leukemic cells originating from Brown Norway rats.
7. Ficoll-Hypaque gradients.
8. Cationic liposomes N-[1-(2,3-dioleoyloxy)]-N,N,N-trimethylammonium propane methylsulfate (DOTAP).
9. Transfection buffer: 20 mM HEPES, 150 mM NaCl, pH 7.4.
10. Phosphate-buffered Saline (PBS).
11. Eppendorf tubes.
12. Polystyrene tubes.
13. Eppendorf centrifuge.
14. Fresco Centrifuge.
15. Tissue culture incubator.
16. 50 ml falcon tubes.
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Methods

3.1 Design of siRNA
Sequences

3.2 Preparation
of Leukemic Cell
Proteins

To activate TLRs, the anti-IL-10 siRNA was designed to contain a
significant number of uridines, found to activate human TLR7/8
[11]. A 2′-O-methyl uridine-modified siRNA targeting mouse
basigin was used as a control because this modification abolishes
siRNA sensing by TLRs [12]. The target site sequences of the
siRNAs are the following:
●

IL-10 site (active siRNA), 5′-ACGCUGUCAUCGAUUUC
UC-3′.

●

Basigin site (control), 5′-GAGGCAAUCACCAAUAGCA-3′.
1. Leukemic cells from the Brown Norwegian (BN) rat model of
human AML were suspended in PBS buffer at a density of
1 × 107 cells/ml, frozen at −80 °C, and disrupted by four
freeze–thaw cycles. The cell suspensions were then sonicated,
and centrifuged for 10 min at 12,000 × g.
2. Subsequent to centrifugation, supernatants (protein lysates)
were collected, passed through a 0.2-μm filter, and then
incubated at 95 °C for 10 min in order to inactivate
nucleases.
3. Protein concentrations were determined by the standard
Bradford method. Proteins were stored at −20 °C until use.

3.3 Generation of
DCs and Transfection

1. Blood cells from healthy BN rats were separated on FicollHypaque gradients and monocytes isolated by adherence to
plastic. To obtain immature DCs, monocytes were cultured in
complete RPMI medium supplemented with granulocytemacrophage colony-stimulating factor (50 ng/ml) and IL-4
(100 ng/ml). On day 5, immature DCs were transfected with
either IL-10 siRNA or control siRNA using cationic liposomes
DOTAP (see Note 1).
2. Mix 50 μg DOTAP and 100 μl of transfection buffer in a polystyrene tube.
3. Mix 20 μg siRNA in 50 μl transfection buffer in a 1.5 ml
microcentrifuge tube.
4. Transfer the siRNA solution to the polystyrene tube containing DOTAP, mix well, and incubate for 15 min at RT.
5. Add to the mixture 50–100 μg of protein lysates, mix, and
continue incubation for 30 min at RT.
6. Add the transfection-ready siRNA mixture dropwise to immature DCs, rock the flasks to evenly distribute the complexes,
and incubate for 18 h in a cell culture incubator.
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7. Similarly, transfect immature DCs with an inactive siRNA
(control).
8. Subsequent to incubation, cells were harvested, washed, and
then immediately used for vaccination (see Note 2).
3.4

Vaccination

We used the BN model of AML because it reliably mimics several
important features of human AML including development and progression of the disease as well as response to chemotherapy [13, 14].
1. Syngeneic BN rats (n = 10 per group) were randomly assigned
to be injected subcutaneously with DCs transfected with either
active or inactive siRNA, and loaded with the leukemic protein
lysates. Each rat received subcutaneously 1–2 × 106 cells/
vaccination.
2. After four vaccinations (one/week), leukemic cells (20 × 106
cells) were injected i.p and the rats were observed closely. We
also included ten untreated leukemic rats as controls.
3. The rats were killed with an intraperitoneal overdose of barbiturate when they developed obvious signs of disease.

3.5 Evaluation
of the Vaccine

To examine if DCs transfected with IL-10 active siRNA could
induce a T cell-specific response, rats were immunized with DCs
loaded with leukemic protein lysates and siRNA as described in
Subheading 3.4. T cell cytotoxicity against leukemic cells was
determined 4 weeks later. Figure 1a shows that T cells from rats
given DCs with active siRNA had a profound increase in cytolytic
capacity compared with T cells from rats given DCs with inactive
siRNA, demonstrating induction of T cell-specific antileukemic
activity. Cytotoxicity from T cells sampled from healthy rats was
similar to those from rats given DCs transfected with inactive
siRNA.
Given that self-tolerance can be broken by delivering a TLR
signal and blocking IL-10 expression in DCs, we next examined
whether IL-10-silenced DCs would induce antileukemic immunity
in vivo. Kaplan-Meier analysis revealed a survival advantage among
rats given DCs transfected with active siRNA compared with those
given DCs transfected with inactive siRNA (Fig. 1b; P < 0.035,
log-rank test). Moreover, in rats treated with DCs transfected with
active siRNA, median leukemic cell load constituted 55 % of bone
marrow cellular content, a marked reduction compared with the
85 % and 82 % in median leukemic cellularity in rats treated with
DC transfected with the inactive siRNA or in untreated leukemic
rats, respectively (Fig. 1c).
In conclusion, vaccination with DCs harboring this siRNA and
leukemic antigens activated T cell-mediated killing of leukemic
cells as well as enhanced survival and reduced the leukemic cell
burden and metastasis in a rat model of AML. Therefore, the use
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Fig. 1 (a) The active siRNA induced specific T cell cytotoxicity. Lysis of autologous leukemic cells was increased
at all effector-to-target cell ratios tested when spleenic T cells from leukemic rats treated with DCs transfected
with active siRNA (squares) were compared with those given inactive siRNA (triangles). The specific lysis of
autologous leukemic cells given anti-MCH class I antibodies (circles) was insignificant. *P < 0.05. Values are
mean and SEM, n = 10 per group. Activation of T cell-mediated cytotoxicity was assessed by determination of
51Cr release. (b) Increased survival on treatment with active siRNA. Leukemic rats treated with DCs transfected with active siRNA (thick filled line) lived longer compared with those given inactive siRNA (thin solid line)
or with untreated rats (dashed line). (c) The bone marrow leukemic cellularity was significantly lower among
rats treated with DCs transfected with the active siRNA (triangles) compared with those given inactive siRNA
(circles) or with untreated rats (squares). Bone marrow leukemic cellularity was assessed with antibody staining of a leukemic cell-specific antigen and flow cytometry [15]

of bifunctional siRNAs in vaccine settings can break tolerance and
stimulate specific T cell cytotoxicity, and thus open the door for
better vaccine design [10].

4

Notes
1. DCs can also be prepared from bone marrow cells and transfected as in Subheading 3.4.
2. Subsequent to transfection, DCs can be frozen in vaccine vials
until use.
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Chapter 16
Immunosuppressive Factor Blockade in Dendritic Cells
via siRNAs Results in Objective Clinical Responses
Mouldy Sioud, Anne Mobergslien, and Stein Sæbøe-Larssen
Abstract
Over the past decade, immunotherapy has emerged as a promising new form of cancer treatment with the
potential to eradicate tumor metastasis. However, its curative potential is in general limited by the existence
of negative feedback mechanisms that control dendritic cells (DCs) and T-cell activation. For clinically effective immunity, there is a need of inhibiting the expression of these immune suppressors. This could enhance
the activation of DCs, T cells, and natural killer cells, and might be beneficial for cancer immunotherapy.
Among the immune inhibitory molecules expressed by DCs is indoleamine 2,3-dioxygenase (IDO), an
enzyme that conveys immunosuppressive effects by degrading tryptophan, an essential amino acid required
for T-cell proliferation and survival. Depletion of tryptophan by IDO-positive DCs induces T-cell apoptosis
and the conversion of naïve CD4+ T cells into regulatory T cells that further suppress antitumor immunity.
Herein, we describe a protocol for in vitro synthesis of small interfering RNA against IDO and other immunosuppressive factors such as interleukin-10 and programmed cell death-1 ligands in order to reverse
immune suppression mediated by DCs. Vaccination with IDO-silenced DC vaccines enhanced immune
responses and antitumor immunity in cancer patients.
Key words siRNA, IDO, Immunosuppression, DC vaccine, Immunotherapy

1

Introduction
To induce effective immune responses against tumors, there is a
need of inhibiting the expression of factors that dampen immune
responses in patients. This could potentially lead to longer activation of DCs, T cells, and NK cells, and might be beneficial for
cancer immunotherapy ([1, 2], see Chapter 15). Among the
immune inhibitory molecules expressed by DCs is indoleamine
2,3-dioxygenase (IDO), an enzyme that conveys immunosuppressive
effects by degrading tryptophan, an essential amino acid required
for T-cell proliferation and survival [3–5]. Depletion of tryptophan by IDO in the local microenvironment induces T-cell apoptosis and impairs normal T-cell function [6]. IDO-expressing
DCs can also induce differentiation of naïve CD4+ T cells into
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regulatory T cells (T-regs) that further suppress antitumor immunity [7].
Moreover,
various
tryptophan
metabolites
such
as
N-formylkynurenine and quinolinate suppress T-cell activation [3,
4]. These findings indicate that the regulation of tryptophan
metabolism by IDO in DCs is a highly adaptable modulator of
immunity. Indeed, injection of IDO-positive DC into mice suppressed
the activation of antigen-specific T cells in the lymph nodes draining the injection site [3]. Effector T cells starved of tryptophan
were unable to proliferate and enter into G1 cell cycle arrest.
Based on these findings indicated above, a promising strategy
for enhancing immunity in patients with cancer would be the
blockade of IDO expression in DCs. To this end, we have developed several effective small interfering (si) RNAs targeting IDO
that exhibited silencing potency at nanomolar concentrations [8].
Importantly, IDO gene silencing enhanced the ability of DCs to
stimulate T cells in vitro. This chapter describes a facile protocol
for in vitro synthesis of siRNA using T7 RNA polymerase in accordance with the Good Manufacturing Practice (GMP). Incorporation
of IDO siRNA into DC cancer vaccines enhanced their therapeutic
potency in cancer patients [9].

2
2.1

Materials
Equipment

1. Fresco centrifuge.
2. Eppendorf centrifuge.
3. Clean LAF VFR 1206 BS.
4. Sterile bench.
5. Heating block.
6. Nanodrop apparatus.
7. Bioanalyzer.

2.2

Reagents

1. Ribomax large-scale RNA production system-T7 (Promega).
2. DNA oligonucleotides (Eurofins MWG).
3. TRIZOL-Reagent (Invitrogen).
4. Chloroform (Sigma).
5. Isoamyl alcohol (Sigma).
6. Isopropanol (Fluka).
7. 75 % ethanol, absolute standard diluted in DEPC-treated
sterile water.
8. Diethyl pyrocarbonate (DEPC), approx. 97 % NMR (Sigma).
9. DEPC-MQ (deionized and DEPC-treated sterile water).
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10. 1.5 ml sterile centrifugation tube (Axygene).
11. 15 ml centrifuge tube (Corning CentriStar).
12. Cryotube 1.0 ml SI (Nunc).

3

Methods

3.1 Template
Preparation

The siRNA sequences are transcribed from DNA oligonucleotides
containing the T7 promoter. With respect to IDO siRNA, the following set of DNA oligonucleotides (MWG, Ebersberg, Germany)
were used for in vitro transcription.
Sense strand:
Oligo 1: 5′-CGTTTAATACGACTCACTATAGGTCCGTGAGT
TTGTCCTTTCAA 3′
Oligo 2: 5′-TTGAAAGGACAAACTCACGGACTATAGTGAGTC
GTATTAAACG-3′
Antisense strand:
Oligo 1: 5′-CGTTTAATACGACTCACTATAGAAAGGACAAACT
CACGGACTG-3′
Oligo 2: 5′-CAGTCCGTGAGTTTGTCCTTTCTATAGTGAGT
CGTATTAAACG-3′

3.2 Oligonucleotide
Annealing

Prior to transcription, the DNA oligonucleotides must be annealed
to form double-stranded DNA. siRNA sense and antisense strands
are then transcribed from the double-stranded DNA template (see
Note 1). When designing primers containing the T7 promoter
sequence, it is recommended to add one G or two GG after the T7
promoter sequence. Transcription efficiency has been shown to be
reduced if the start site was not optimized (see Note 2).The
in vitro-transcribed RNA strands have the following sequence:
sense strand, 5′-GGUCCGUGAGUUUGUCCUUUCAA-3′, and
antisense strand 5′-GAAAGGACAAACUCACGGACUG-3′.

3.3 In Vitro
Transcription of siRNA

For short template like siRNA, we recommend to increase the polymerase concentration and reaction time, because transcription of
small RNAs is largely dependent on the number of initiation events.
For 1 ml RNA synthesis reaction, combine the following
components:
1. 1,000 μl mRNA synthesis
60 μl

rATP of 100–6 mM

60 μl

rCTP of 100–6 mM

60 μl

rUTP of 100–6 mM
(continued)
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60 μl

rGTP of 100–6 mM

200 μl

5× T7-transcription buffer

50 μg

Annealed DNA oligonucleotides
with T7 promoter

100 μl

T7 RNA polymerase-MIX

x

DEPC water

1,000 μl total

a

Sense strand

T7P

Anti-sense
strand

T7P
DNA templates

single- and doublestranded siRNAs

b

Annealed transcripts

DNA
template
Double-stranded
siRNA duplexes
1

2

3

4

Fig. 1 Characterization of IDO siRNA. (a) Schematic representation of in vitro
transcription of siRNAs from DNA templates. (b) Analysis of siRNA duplexes.
Subsequent to transcription and siRNA precipitation. IDO siRNA was analyzed by
a 15 % PAGE gel. Lanes 2, 3, and 4 contain various siRNA concentrations

Mix properly with a pipette and incubate at 37 ºC for 4–6 h.
In this protocol both sense and antisense siRNA strands are
transcribed in the same transcription reaction. After transcription they will anneal to form siRNA duplexes that are more
stable than single-stranded siRNAs (Fig. 1a).
2. To eliminate DNA template, add RQ1 RNase-Free DNase to
a concentration of 0.5 U/μg of template DNA. Incubate for
15 min at 37 ºC.
3.4 Purification
of Transcribed siRNAs

1. Subsequent to DNA treatment, transfer the transcription
reaction (1 ml) into 15 ml centrifuge tube and add 9 ml
TRIZOL. Shake the tube well for 15 s and incubate for 5 min
at room temperature.
2. Add 1.8 ml chloroform per ml TRIZOL. Shake the tube well
for 15 s and incubate for 5 min at RT.
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3. Centrifuge at 12,000 × g for 15 min at 4 °C.
4. Transfer aqueous phase (top layer) containing the RNA to a
new centrifuge tube. Be careful not to disrupt the interphase
pellet.
5. Add 1 volume isopropanol and mix well by inverting the tube
several times. Incubate for 20 min at RT.
6. Centrifuge at 12,000 × g for 30 min at 4 °C with the RNA
pellet facing outwards. Mark the tube orientation in order to
easily localize the RNA pellet.
7. Remove supernatant without disturbing the RNA pellet and
add 1 ml ice-cold RNase-free 75 % ethanol.
8. Centrifuge at 12,000 × g for 5 min at 4 °C. Gently remove the
supernatant with a pipette.
9. Centrifuge at 12,000 × g for 1 min at 4 °C and remove the
remaining supernatant with a pipette.
10. Dry the RNA pellet under a lamp, and then dissolve it in 100 μl
DEPC-MQ.
11. Transfer 2 μl of the RNA mixture to a new tube for quality
control and add 18 μl DEPC-MQ.
12. Store siRNA preparation at −70 °C until use.
13. Measure siRNA concentrations by Nanodrop (see Note 3).
Also, check the size by 15 % polyacrylamide gel electrophoresis
(Fig. 1b, see Note 4).
14. Dilute siRNA in DEPC-MQ to the desired concentration and
make aliquots Remove a sample (5 μl) from one aliquot for
contamination test.
15. Store siRNA at −70 °C.
3.5 Quality Control
of siRNA

1. Analyze the siRNA preparation by gel electrophoresis to verify
that DNA was removed and that the siRNA synthesis is of satisfactory quality (see Note 4).
2. Furthermore, you can use the Bioanalyzer from Agilent
Technologies to monitor siRNA quality.
3. The silencing potency of IDO siRNA is tested in DC cancer
vaccines subsequent to transfection via electroporation (see
Notes 5–7, and Chapter 6).
4. IDO-silenced DC cancer vaccines exhibited a significant antitumor activity when compared to standard vaccines. Figure 2
illustrates the gene silencing potency of IDO siRNA in 6 DC
cancer vaccine preparations. Figure 3 outlines the treatment
schedule of a patient with metastatic ovarian cancer who
received IDO-silenced DC cancer vaccine.
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a

Fast-DC generation and transfection
Day 0

Day 2

Day 3

Monocytes GM-CSF
GM-CSF
IL-4
IL-4
TNF-α
IL-1β
Prostaglandin E2

b1

2

3

1

2

Transfection with
hTERT mRNA
+ IDO siRNA
or
Survivin mRNA
+ IDO siRNA
3

1

Day 4 ......
Freezing

•4 Vaccinations
(one/week)
•Boosting each
4 weeks

2

3
IDO
β actin

CU-1

CU-2

CU-3

Fig. 2 (a) Schematic illustration of the vaccine design. (b) Gene silencing in fast
DC cancer vaccines. Fast DC vaccine preparations from three patients (CU-1,
CU-2, CU-3) were transfected with IDO siRNA electroporation as described in
chapter 6. After 24 h post-transfection time, IDO expression was investigated by
Western blots and the remaining cells were cryopreserved into vaccine doses.
Lanes 1, 2, and 3 correspond to mock DCs, DCs transfected with IDO siRNA and
mRNA encoding for hTERT (tumor antigen), and DCs transfected with IDO siRNA
and mRNA encoding for survivin (tumor antigen), respectively
Chemo. stopped Chemo.stopped
side effects
side effects
Surgery/
Rest tumor Chemo 1

SD
December January
2007
2008

Chemo 2

PD

February
2009

SD

Chemo 4
IDO-DC

Chemo 3 Chemo 4

PD

June November
2009 2009

SD/PD SD/PD
January November
2010
2010

March
2011

SD--------PR
April
2014

Fig. 3 A clinical example of metastatic ovarian patient. The figure illustrates the treatment schedule for the
patient with ovarian cancer (CU-3). After surgery, the patient has received four combinations of chemotherapy
prior to DC vaccine. Chemo 1: Carboplatin, Taxol, Avastin; Chemo 2: Carboplatin, Caleyx; Chemo 3: Taxol;
Chemo 4: Taxol, Avastin. In March 2011, the patient received IDO-silenced DC vaccine in combination with
either hTERT mRNA or survivin mRNA encoding tumor antigen. To date, the patient is alive and doing well. SD
stable disease, PD progressive disease, PR partial remission. Notably, during surgery the tumor was not totally
removed

4

Notes
1. To confer stoichiometric annealing of the sense and antisense
strands, test various DNA template concentrations. Notably,
some DNA sequences are transcribed efficiently than others.
Alternatively, antisense and sense strands can be transcribed
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separately. After transcription and RNA precipitation, measure
RNA concentrations and then anneal equal amount of each
strand in 0.5× transcription buffer. Heat the sample at 70 °C
for 5 min and then incubate at 37 °C for 1 h.
2. The T7 promoter has the requirement of a guanosine (G) in
the position +1 position. Therefore, in vitro-transcribed siRNA
must begin with a least one G. Based upon these roles, the
siRNA site requirement is G-N17C (site length is 19 nt).
Furthermore, the T7 RNA polymerase functions best if the
first three nucleotides of the RNA are G-purine-purine.
3. Around 2 mg of double-stranded siRNA can be generated
from ten reactions (10 ml) using the described in vitro transcription method.
4. Gel electrophoresis of the transcribed siRNA should confer
one single, sharp band. If not, RNA might be degraded. RNA
quantity is measured at 260 nm. The ratio of the readings at
260 and 280 nm provides an estimate of the purity of the
siRNA and should be between 1.9 and 2.1. If not, RNA might
be contaminated. After aliquoting and freezing, avoid multiple
freeze-thaw cycles of the siRNAs.
5. RNA electroporation is a rapid and highly efficient technique
for transfection of DCs without altering their immunophenotype, maturation potential, migration capacity, or T-cell
stimulatory potential. Furthermore, electroporated mature
DCs can be cryopreserved without loss of these characteristics. The technique has been validated by different groups
for loading DCs with antigen-encoding mRNAs and several
clinical studies using mRNA electroporated DCs have been
reported.
6. DCs for vaccination must be produced in a clean room in accordance with the Good Manufacturing Practice (GMP). The antigens used for vaccinations are hTERT and survivin, two universal
tumor antigens. DCs were generated from autologous blood
monocytes and then transfected with mRNA-encoding hTERT
or survivin proteins in combination with siRNA targeting IDO
as described by Sioud and colleagues [9].
7. The immunization with IDO-silenced DC vaccines was well tolerated and all patients developed delayed-type hypersensitivity
skin reaction and specific T-cell responses against the antigens
used for vaccination [9]. The immune responses seen in the
patients were related to objective clinical responses. Therefore,
immunization with IDO-silenced DC vaccines is safe and attractive for improving the potency of cancer vaccines.
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Chapter 17
Targeting bcr-abl Transcripts with siRNAs in an
Imatinib-Resistant Chronic Myeloid Leukemia
Patient: Challenges and Future Directions
Michael Koldehoff
Abstract
Within the recent years, RNA interference (RNAi) has become an almost standard method for in vitro
knockdown of any target gene of interest. Now, one major focus is to further explore its potential therapeutic use. From the mechanism, it becomes clear that small interfering RNAs (siRNAs) play a pivotal role
in triggering RNAi. This chapter describes the in vivo application of targeted non-virally delivered synthetic bcr-abl siRNA in a female patient with recurrent Philadelphia chromosome positive chronic myeloid
leukemia (CML) resistant to imatinib (Y253F mutation) and chemotherapy after allogeneic hematopoietic
stem cell transplantation. A remarkable inhibition of the overexpressed bcr-abl oncogene resulting in
increased apoptosis of CML cells was found. In vivo siRNA application was well tolerated without any
clinically adverse events. The current findings imply that the clinical application of synthetic siRNA is feasible and safe and has real potential for genetic-based therapies using synthetic non-viral carriers.
Key words bcr-abl, Small interfering RNA, CML, Oligonucleotherapy

1

Introduction
Chronic myeloid leukemia (CML) is a relatively well-differentiated
myeloproliferative disorder originating from transformed hematopoietic stem cells.
It follows a fairly benign course for several years (chronic phase,
CP) before transforming into the more aggressive accelerated
phase and life-threatening blast crisis (BC). CML is characterized
by the Philadelphia (Ph1) chromosome, which results in the
expression of the bcr-abl fusion gene, and is derived from the fusion
of the cellular breakpoint cluster region (bcr) gene and the Abelson
murine leukemia oncogene (abl). The expression of these consistent molecular changes has been shown to be necessary and sufficient for the transformed phenotype of CML cells [1, 2]. The
BCR-ABL protein activates multiple signaling pathways, including
the RAS/MEK/extracellular signal-regulated kinase 1 and 2/
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phosphatidylinositol 3-kinase/Akt, NF-κB, and signal transducer
and activator of transcription (STAT) protein pathways [3, 4].
BCR-ABL-mediated altered expression of these pathways leads to
CML progression. Strategies for targeting cellular structures of
neoplastic cells include the use of low-molecular-weight pharmacologically active compounds such as tyrosine kinase inhibitors
(TKIs), large molecules such as antibodies, and the application
of nucleic acid-based inhibitors of gene expression, i.e., antisense
oligonucleotides, ribozymes, DNAzymes, and RNA molecules
mediating RNA interference (RNAi) [5]. RNAi represents an
evolutionarily conserved cellular mechanism that mediates
sequence-specific posttranscriptional gene silencing initiated by
double-stranded RNA. Small interfering RNAs (siRNA) are the
mediators of mRNA degradation in the process of RNAi [6].
Different ways of producing these small interfering molecules,
including chemical synthesis, in vitro transcription, or vector-based
delivery into mammalian cell lines, have been successfully developed over the last few years [7–10]. Regardless of the transfection
method, the efficiency of the siRNAs is mostly dependent on the
successful rational design of the 21-mer sequences [11]. We demonstrated that combined transfection of CML cell lines and cells of
CML patients with Wilms tumor gene (WT1) siRNA and bcr-abl
siRNA leads to increased inhibition of proliferation and induced
apoptosis compared to transfection with bcr-abl siRNA or WT1
siRNA alone [12]. We also showed that silencing by bcr-abl siRNA
combined with TKIs such as imatinib or nilotinib may be associated with an additive activity against TKI-sensitive and -resistant
BCR-ABL + CML cells, and might represent an alternative
approach to overcome TKI resistance due to BCR-ABL mutations
[13]. Recently, our data suggest that silencing of both bcr-abl
siRNA and gfi1b siRNA is associated with an additive antileukemic
effect against K562 cells and primary advanced CML cells, further
validating these genes as attractive therapeutic targets [14].
Although allografting is still considered to be the only potentially curative approach in CML patients, transplantation numbers
have dropped significantly in the imatinib era due to transplantationassociated mortality and morbidity. Furthermore, as patients may
relapse after allogeneic transplantation or develop imatinib-resistant
disease, additional CML therapies are required [15, 16].
Limitations in the use of oligonucleotides as gene-expression
inhibitors include their poor stability in biological medium, their
weak intracellular penetration, and the poor cytoplasmic delivery
when they have to reach their complementary target. It is, however, possible to bypass this problem by using synthetic non-viral
carriers, such as cationic liposomes and polymers [17, 18]. RNAi
therapeutics represent a fundamentally new way to treat human
disease by addressing targets that are otherwise undruggable with
existing medicines. We demonstrated the application of targeted,
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non-viral delivery of bcr-abl siRNA as a therapeutic approach in
a female CML patient with imatinib-resistant medullar and extramedullar relapse after allogeneic hematopoietic stem cell transplantation (HSCT) and report here in vivo evidence of the effectiveness
of RNAi-based therapeutics efficacy in this CML disease [19].

2

Methods of Inducing RNAi
The discovery that siRNA is the effector mechanism of endogenous
RNAi prompted investigation into the utilization of exogenously
administered siRNA, or vectors inducing the expression of siRNA,
for gene-specific silencing. Genetic manipulation using such a
strategy raises several issues that need to be addressed: (1) stability
of siRNA; (2) ability to constitutively express the siRNA; (3) possibility of tissue-specific delivery; and (4) finding the best method
for identifying effective silencing sites on the mRNA transcript. In
order to answer these questions various versions of siRNA have
been developed [20, 21].

3

RNAi Delivery in Mammalian Cells
The three most important attributes to take into account when
designing and selecting siRNA are potency, specificity, and nuclease stability. As our understanding of the molecular and structural
mechanism of RNAi has grown, it is now possible to identify
potent, specific, and stable siRNA candidates targeting any gene of
interest. RNAi in mammalian cells can be triggered by direct introduction through injection, electroporation, lipid-mediated transfection, and nanoparticles. Alternatively, siRNAs or small hairpin
RNAs (shRNAs) can be delivered by vector-based intracellular
expression. siRNAs can be synthesized chemically, and generated
enzymatically through in vitro transcription by T7 phage polymerase or through endonuclease digestion by recombinant Dicer
of in vitro-transcribed long dsRNAs. In mammalian cells, direct
delivery of siRNAs can only induce transient silencing due to their
limited half-life and their dilution during cell division. Chemical
modifications are required to potentiate siRNA nuclease and thermodynamic stability in vivo without compromising their efficacy.
Recently, several groups reported different approaches for systemic
in vivo delivery of siRNAs. Soutschek et al. described the intravenous injection in mice of chemically modified naked siRNAs coupled to a cholesterol group chemically linked to the terminal
hydroxyl group of the sense strand to promote entry into the
cells [22]. In vivo delivery of chemically modified siRNAs encapsulated into liposome particles has been recently reported by
Morrisey et al. [23] and Song et al. [24].
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In Vivo siRNA Delivery Through Dispersion Lipid Solution (DLS) Complexation
Naked siRNAs are degraded in human plasma with a half-life of
minutes. To convert siRNAs into optimized drugs, the modification of chemically synthesized siRNAs needs to be protected from
nuclease digestion and lasts longer than naked siRNAs, especially
when it is exposed to nuclease-rich environments, such as blood to
target human leukemias [21, 25]. Our recently described method
for the efficient protection and delivery of siRNAs in vitro and
in vivo relies on anionic liposome complexation in leukemic malignancies [19]. In brief, the sequence of our siRNA targeted against
bcr-abl was AAGCAGAGTTCAAAAGCCCTT (from QiagenXeragon, Germany), as published previously by Scherr and
co-workers [26]. Chemically synthesized naked siRNA was resolved
in a suspension buffer (100 nM potassium acetate, 30 mM Hepes
KOH, 2 nm Mg-acetate, pH 7.4), heated at 90 °C for 1 min, and
then incubated for 1 h at 37 °C. Then the solution was diluted
1:10 in a 10 % lipid solution (Lipovenös™) purchased from
Fresenius Kabi (Bad Homburg, Germany) containing per liter
100 g soya bean oil, 25 g glycerol, and 6 g phospholipids from
egg. The solution was incubated for 15 min at room temperature
and mixed multiple times by passing it through a small lumen
syringe generating negative pressure using a three-way valve to
form the dispersion lipid solution (DLS) and reconstitute siRNA
chylomicrons in the lipid solution.

5

Efficiency of siRNA Transfection with DLS Ex Vivo
In vitro transfections with 0.8 μg siRNA were performed in 24-well
plates using TransMessenger™ transfection reagent (Qiagen,
Hilden, Germany) or DOTAP Liposomal® transfection reagent
(Roche Diagnostics, Mannheim, Germany) following the manufacturer’s protocol, or using DLS reagent following the abovedescribed delivery protocol. Using fluorescence-marked,
non-silencing siRNA (Qiagen) we evaluated the transfection rate
of DLS, TransMessenger™, or DOTAP Liposomal in K562 cells.
24 h after transfection the number of fluorescently marked cells
was evaluated using fluorescence microscopy. 500 cells were
counted per sample. With DLS we found a mean transfection rate
of 70 % (range 61–78 %), and with TransMessenger or DOTAP
Liposomal we found a mean transfection rate of 50 % (range
44–62 %) and 59 % (range 54–66 %), respectively.
Cell proliferation was determined by 5-bromo-2-deoxyuridine
(BrdU) incorporation assay and apoptotic cells were determined
using the in situ cell death detection kit, both following the manufacturer’s instructions from Roche Diagnostics (Mannheim,
Germany). 24 h after transfection with bcr-abl siRNA we observed
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Table 1
siRNA effects on apoptosis and proliferation
bcr-abl siRNA

Non-silencing siRNA

Control (spontaneous)

p-Value

Effects of bcr-abl siRNA on apoptosis
CML cells of the patient

16.1 ± 1.2

8.6 ± 2.2

8.1 ± 1.7

<0.05

K562 cells

18.5 ± 4.4

13.5 ± 2.7

13.0 ± 2.5

<0.01

Effects of bcr-abl siRNA on proliferation
CML cells of the patient

14.6 ± 2.1

34.8 ± 3.2

36.8 ± 4.6

<0.002

K562 cells

28.3 ± 4.9

50.6 ± 3.2

48.6 ± 4.2

<0.05

a moderate inhibition of proliferation in the CML cells of the
patient prior to siRNA therapy from either spontaneously
36.8 ± 4.6 % or non-silencing siRNA 34.8 ± 3.2 % to 14.6 ± 2.1 %
(reduction of 76 %, p < 0.002) and a strong induction of apoptosis
from spontaneously 8.1 ± 1.7 or non-silencing siRNA 8.6 ± 2.2 %
to 16.1 ± 1.2 (induction of 99 %, p < 0.05) as shown in Table 1.
Transfection with siRNA in K562 cells induced an increased rate of
apoptosis from spontaneously 13.0 ± 2.5 % or non-silencing siRNA
13.5 ± 2.7 % to 18.5 ± 4.4 % (induction of 42 %, p < 0.01) and an
inhibition of proliferation from 48.6 ± 4.2 or non-silencing siRNA
50.6 ± 3.2 % to 28.3 ± 4.9 % (reduction of 42 %, p < 0.05). The
effects on bcr-abl siRNA amounts were different between primary
CML cells and K562 cells in induction of apoptosis (p < 0.05) and
in inhibition of proliferation (p < 0.001) as shown in Table 1.
To further examine the role and the effects of lipid composition (DLS) on siRNA properties, we compared it to other transfection procedures in the leukemic cell line K562 by measuring bcr-abl
expression, which was quantified in relation to the housekeeping
gene gapdh by real-time PCR (ratio of bcr-abl/gapdh). Quantitative
analyses of bcr-abl mRNA levels from several experiments revealed
a significant reduction of bcr-abl mRNA levels to amounts between
54.5 and 68 % (mean) after siRNA transfection compared to
untreated or non-silencing siRNA (Fig. 1, Table 2). These findings
suggest that DLS was most effective in generating siRNA-mediated
silencing of the bcr-abl gene [19].

6

Pharmacokinetics and Theoretical Consideration for Therapeutic siRNA
Dosage
For effective drug therapy, it is necessary to deliver therapeutic
agents selectively to their target sites, since most drugs are
associated with both beneficial effects and unfavorable actions.
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Fig. 1 Relative bcr-abl/gapdh expression in K562 cells after anti-bcr-abl siRNA administration as determined
by real-time PCR
Table 2
Effects of different bcr-abl siRNA delivery systems on bcr-abl/gapdh
expression levels
bcr-abl/gapdh level

p-Value

Spontaneous (control)
without siRNA

147.1 ± 52.7

DMSO (10 %) plus siRNA

111.2 ± 22.3

n.s.

TransMessenger® plus siRNA

66.9 ± 12.6

0.006

DOTAP Liposomal plus siRNA

58.7 ± 6.1

0.002

DLS plus siRNA

47.0 ± 14.6

0.002

®

In general, the lack of selectivity of most conventional drugs is
closely related to their pharmacokinetic properties. The in vivo
fate of a drug given by a particular administration route is
determined by both the physicochemical properties of drug
and the anatomical and physiological characteristics of the
body; therefore, the biodistribution characteristics of systemically administered siRNAs have attracted much attention [25].
Modified siRNAs have an acceptable half-life in vitro and a predictable biodistribution profile similar to that of single-stranded
antisense oligonucleotides (ASO). They also have repeatedly
been more robust than ASO techniques in terms of consistency
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of transcript knockdown and threshold concentration. The data
from Sewell et al. [27] suggest a dosing of 2–4 mg/kg b.w. for
ASO. In a phase I and II multicenter study using the bcl-2 ASO
oblimersen sodium in patients with advanced chronic lymphocytic leukemia, the drug’s maximum-tolerated dose was established at 3 mg/kg b.w. [28]. Experimental evidence showed a
100- to 1,000-fold increase in the activity of siRNA versus ASO
[29]; we therefore estimated that the minimal effective siRNA
dose administered in vivo should be approximately 10 μg/kg
b.w. and we chose this dose for the first application of DLSformulated bcr-abl siRNA [19].

7

Patient’s Characteristics and Clinical Course Prior to siRNA Administration
A 47-year-old female patient was transplanted for Ph1(+) CML
(molecular configuration of the major bcr-abl mRNA transcript,
b3a2 translocation for a p210 oncoprotein, leukocytes of 8.4/nl
containing 10 % blasts in the bone marrow, a hemoglobin level of
11.7 g/dl, and platelets of 136/nl) in accelerated phase with blood
stem cells from an HLA partially matched unrelated male donor
(HLA-DRB1 allele mismatch) after receiving a myeloablative
conditioning therapy with fractionated total body irradiation
(10 Gray), cyclophosphamide (120 mg/kg b.w.), and anti-thymocyte
globulin (30 mg/kg b.w., Fresenius, Germany). Transplantassociated complications included renal insufficiency with creatinine serum levels of up to 2 mg/ml and acute graft-versus-host
disease (GVHD) grade II (skin stage 3, gut stage 1, histologically
confirmed), which developed into an extensive chronic GVHD
with mainly skin involvement. GVHD was initially treated with
cyclosporine A (CSA) (3 mg/kg b.w.) that was later changed to
tacrolimus (1 mg/day), prednisone (2 mg/kg b.w.), and transiently mycophenolate mofetil (MMF) (2 g/day). Prednisone was
continuously tapered to a minimum of 20 mg/day post-transplant.
Tacrolimus treatment was ceased subsequent to renal insufficiency
and MMF had to be stopped due to intolerance. At day +155 posttransplant the patient developed a molecular and cytogenetic
relapse with repeated positive major bcr-abl levels measured by
real-time polymerase chain reaction (real-time PCR). In a chromosome assay performed from a bone marrow aspirate at that time,
11 (55 %) Ph1(+) chromosomes of 20 analyzed metaphases were
detected.
The immunosuppressive therapy with prednisone was reduced
to 12.5 mg/day, which caused recurrence of skin GVHD with
generalized exanthema (chronic GVHD, extensive disease).
Complete blood counts and metabolic profiles defined a complete
hematological remission. Chromosomal analysis classified a major
cytogenetic response, but the patient remained PCR positive for
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the bcr-abl transcript (range: 0.01–0.3 bcr-abl/gapdh quotient).
At day +247 post-transplant the patient relapsed with leukocytes
of 5.8/nl containing 1 % blasts, a hemoglobin of 10.0 g/dl, and
platelets of 150/nl. The patient’s bcr-abl titer increased again to
4.3 % (bcr-abl/gapdh quotient) with one (20 %) Ph1(+) chromosome of 5 analyzed metaphases in cytogenetic and four Ph1(+)
chromosomes of 200 analyzed interphase nuclei in the fluorescence in situ hybridization (FISH) analysis. The donor cells showed
a 99.8 % chimerism by the XY-FISH analysis of sex chromosomes.
A therapy with imatinib mesylate 400 mg/day was initiated, which
had to be reduced to 300 mg/day due to leukocytopenia and
thrombocytopenia. The patient again required transient blood
(2 units/week) and platelet (1 unit/week) transfusions. The bcr-abl
level dropped down to 0.086 % at day +280 post-transplant due to
a complete hematological response.
At day +381 after transplant six subcutaneous nodes were
detected at the lower abdomen with a maximum diameter of
12 mm. The hematologic parameters are stable with leukocytes of
3.2/nl, a hemoglobin of 8.7 g/dl, and platelets of 36/nl, with
granulocytes of 33.5 %. One node was extirpated and histologically
examined revealing an extramedullar relapse of CML with a positive bcr-abl/gapdh titer of 17.3 % as determined by real-time
PCR. Moreover, at day +389 the patient developed bilateral pleural effusions. Diagnostic evaluation of pleural fluid showed CML
cells with a bcr-abl/gapdh quotient of 4.4 % in real-time PCR and
27 % Ph1(+) chromosomes in FISH analysis. The cytostatic treatment was extended to cytosine arabinoside (ARA-C) (20 mg)
administered subcutaneously every 5 days. At day +421 posttransplant the bcr-abl level in peripheral blood increased to 4.6 %
accompanied by growth of the extramedullar CML nodes in the
abdominal skin under a continued combination therapy with imatinib mesylate and ARA-C (40 mg every 5 days). This patient, who
initially had responded to imatinib, subsequently lost her response
in association with the emergence of an imatinib-resistant clone
due to both the overexpression and amplification of bcr-abl gene
locus or to the development of a bcr-abl gene mutation. Although
the patient still received immunosuppressive medication (prednisone 12.5 mg/day) at that time, skin GVHD was active with generalized exanthema (chronic GVHD, extensive disease). siRNA
treatment was started on day +426 after transplant without discontinuing imatinib mesylate, ARA-C treatment, or the immunosuppressive medication.

8

Clinical Performance After Therapeutic siRNA Administration
At day +426 post-transplant the patient received 10 μg/kg b.w.
bcr-abl siRNA intravenously in a DLS of 20 ml for the first time as
an accompanying therapy trial (Fig. 2). siRNA was administered

Management of bcr-abl siRNA in a Patient with Imatinib-Resistant CML

Imatinib 300 mg/day

285

Mitoxantrone 10 mg/m²

100

bcr-abl/gapdh quotient

siRNA
(10 µg/kg/bw)

10

1
siRNA
(30 µg/kg/bw)

siRNA
(10 µg/kg/bw)

0,1
ARA-C 40 mg

ARA-C 40 mg

0,01
395

421

427

433

437

448

450

454

455

459

462

Days post transplant

Fig. 2 Effect of siRNA application on bcr-abl expression measured by real-time RT PCR. Spotted arrows indicate the time points of siRNA administration with dose in μg per kg/body weight. Grey arrows indicate the time
points of cysteine-arabinoside administration (40 mg subcutaneously). Imatinib mesylate was given throughout with 300 mg/day. The block arrow indicates the time point of mitoxantrone application with 10 mg/m2.
After the first siRNA application, the bcr-abl titer fell about a log step. This effect could not be repeated after
the second siRNA application even though the siRNA dose was increased

over 1–2 min as a bolus injection. In addition, 300 μg siRNA in
2 ml DLS as injected directly into a subcutaneous CML node
which was marked as node A. No side effects were observed during
the first hours after administration. Two days after siRNA treatment the patient suffered from moderate dizziness (grade 0–1,
WHO classification), which resolved completely after 3 days.
Diuretic therapy with hydrochlorothiazide 25 mg/day had to be
intensified by adding furosemide 40 mg/day at day +428. Even
though capillary leakage could not be ruled out, we decided to
give a single application of prednisone (flat 60 mg, 1 mg prednisone/kg b.w.) on day +430 in addition to fluid restriction. After
the first siRNA administration we found a transient improvement
of peripheral blood leukocytes from 9/nl to a minimum of 2.2/nl,
with the disappearance of immature cells that defined a complete
hematological response, followed by an increase to 3.4/nl before
the second siRNA injection (Fig. 3). FISH analysis showed an
absence of the Ph1(+) chromosomes of 200 analyzed interphase
nuclei. The bcr-abl mRNA level decreased from 6.6 to 0.053 %
9 days after the first siRNA injection. Another 2 days later the bcrabl expression increased again and reached a bcr-abl/gapdh quotient of 16.1 % at day +448. Platelets decreased to a minimum of
28/nl on day +444 followed by an increase to a maximum to 62/
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Fig. 3 Leukocyte and platelet counts over the time period of siRNA treatment. No
considerable hematological toxicities grade >3–4 WHO classification were seen

nl on day +449. We repeated the intravenous application of siRNA
on day +447 (21 days later after initial siRNA treatment) with an
increased dose of 30 μg/kg b.w. in 60 ml DLS (injected over
15 min). After the second siRNA administration with an increased
siRNA dose no changes in leukocyte numbers and immature cells
were shown and have applied inducing a transient decrease of the
bcr-abl amount to 7.8 % 4 days later. After the second siRNA
administration platelets decreased again to 36/nl on day +454. At
the time of the third siRNA administration on day +454 with
another 10 μg/kg b.w. in 20 ml DLS (injected over 5 min), the
bcr-abl level had again increased to 50 % and dropped only slightly
thereafter as shown in Fig. 2. After the third siRNA administration
(same dose as the first application) by rapid injection, leukocyte
counts decreased for only 2 days to a minimum of 4.9/nl. The
platelets increased to a maximum of 64/nl on day +458 followed
by a continuous drop accompanying the progress of the leukemic
disease. No considerable hematological toxicities (grade ≥3–4
WHO classification) between counts before and after siRNA treatment were found. On day +455 70 % blasts were found in the
peripheral blood and a palliative chemotherapy with mitoxantrone
(flat 20 mg) was initiated according to the patient’s wish. The
patient died at day +473 post-transplant.

9

Course of Extramedullar CML Nodes in the Abdominal Skin and the Malignant
Pleural Effusion After siRNA Treatment
At the time of first siRNA administration five nodes were detectable in the abdominal skin. Two of them could be monitored by
ultrasound; three others were measurable with a size under 5 mm
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in diameter. Node A measured 17.8 × 12.2 mm and node B was
14.2 × 7.7 mm. Two ml DLS containing 300 μg siRNA was injected
into node A, whereas in node B no siRNA was applied. Both nodes
shrank after the first siRNA administration to 2.9 × 1.1 mm (node
A) and under 5 mm in diameters (node B).
A malignant pleural effusion was first diagnosed at day +389
after transplantation with an increasing volume reaching its maximum at day +430, 4 days after first siRNA administration.
Diagnostic evaluation of pleural fluid showed the detection of
CML cells with a bcr-abl/gapdh quotient of 4.4 % in real-time
PCR. The initial diuretic therapy with hydrochlorothiazide 25 mg/
day was intensified by adding furosemide 40 mg/day at day +428.
The pleural effusion decreased continuously after day +430 as
demonstrated by ultrasound (right pleura: from 71.6 to 4.7 mm
and left pleura: from 46.6 to 2.7 mm) and a chest X-ray [19].

10

Disease Progression and Resistance to Treatment
Several mechanisms have been proposed to underlie the development of imatinib resistance in CML, including bcr-abl gene mutations; overexpression and amplification of the bcr-abl gene locus;
activation of bcr-abl-independent pathway; and increased drug
efflux through the multidrug resistance gene [30]. To shed further
light on the progression before the siRNA treatment, we have analyzed the presence of ABL kinase domain mutations by direct
sequencing to assess the extent to which mutations account for
resistance. We identified a point mutation with a nucleotide change
that resulted in a Y253F mutation in the part of the ATP
(phosphate)-binding pocket or P-loop. The presence of bcr-ablpositive subclones with point mutations in the ABL kinase domain
correlated with acquired resistance to imatinib and especially
P-loop mutations are likely to be associated with progression to
advanced-phase disease [31, 32].

11

Data Analysis
The discovery that siRNA could be delivered effectively to mammalian cells indicates that it might be feasible to treat leukemia by
selective intervention in leukemic cell gene regulation [8, 19]. For
effective drug therapy, it is necessary to deliver therapeutic agents
selectively to their target sites, since most drugs (oligonucleotherapy, ASO) are associated with both beneficial effects and unfavorable actions [10, 29, 33]. There is an increasing number of in vitro
and in vivo reports on RNAi-mediated silencing of bcr-abl fusion
gene [19, 26, 34]. These constructs induce target-specific cleavage
of BCR-ABL mRNA without affecting the expression of c-BCR or

288

Michael Koldehoff

c-ABL mRNA [35]. Moreover, the first report on bcr-abl siRNA
by Wilda and co-workers showed that bcr-abl silencing was accompanied by strong induction of apoptotic cell death [36]. The rate
of induced apoptosis was even as high as that induced by 1 μM
imatinib. Other investigators have confirmed these effects of bcrabl siRNA on CML cells [13, 37]. Unfortunately, the use of oligonucleotides or siRNA requires a sustained delivery system to
provide transfection efficiency in mammalian cells. Guo et al.
reported efficient gene delivery using anionic liposome-complexed
polyplexes containing a constant lipid/oligonucleotide ratio and
an increased polycation/oligonucleotide ratio resulting in an
increased transfection activity. Anionic lipids such as oleic acid
showed significantly less cytotoxicity compared to the commonly
used cationic liposomes or polyethylenimine-mediated transfection
and several cell lines were transfected with high efficiency [38].
Patil and colleagues reported a novel anionic lipoplex DNA delivery system composed of a ternary complex of endogenously occurring nontoxic anionic lipids and physiological Ca2+ cations that was
characterized by high transfection efficiency and low toxicity [39].
Here we describe our experiences with bcr-abl siRNA administration to a patient with recurrent Ph1(+), imatinib-resistant CML
after allogeneic HSCT representing an in vivo application of targeted non-virally delivered synthetic bcr-abl siRNA by short volume in rapid injection. Our aim was to evaluate if targeted,
non-viral siRNA administration is safe and feasible. To facilitate
transfection, we dispensed our siRNA in a DLS with anionic lipoplexes. This anionic lipid delivery system allowed us to overcome
the poor stability of siRNA in biological medium resulting in high
transfection efficiency. The intravenously administered siRNA DLS
was well tolerated. No side effects, apart from mild dizziness
(WHO grade 1), were observed, in particular any severe hematotoxicity was absent. Although we used low siRNA doses with initially 10 μg/kg b.w. and 30 μg/kg b.w. at the second application,
we observed remarkable antileukemic effects. Assuming an equal
body distribution, which might be misleading, this siRNA application (10 μg/kg b.w.) resulted in a tissue concentration of
0.7 nM. Kretschmer-Kazemi Far and colleagues reported on the
activity of siRNA compared to antisense oligonucleotides (ASO) in
mammalian cells.
The biological activity of siRNA seems to be influenced by the
local characteristics of the target mRNA, including local mRNA
folding. The concentration dependency of siRNA-mediated suppression indicates a >1,000-fold difference between active siRNA
(IC50 ~ 0.2–0.5 nM) versus an inactive siRNA (IC50 ≥ 1 μM), which
is consistent with the activity pattern of ASO when relating target
suppression to predicted local target accessibility. It remains
unclear, however, as to whether such additional substances influence
the molecular mechanism of RNAi or whether they catalyse this
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reaction in an enzyme-like fashion in order to facilitate this process
and increase the kinetics without affecting the mechanism [29].
Our observations become even more astonishing, when taking into
consideration that previous studies on ASO were performed with
up to two to three log steps higher oligonucleotide doses than
were used by us [30, 39, 40]. The bcr-abl level measured from
peripheral blood already started to drop 1 day after siRNA treatment and decreased up to a log step within 7 days. The bcr-abl
level also decreased after the second siRNA injection, though to a
lesser extent. After the third siRNA administration no substantial
reduction of bcr-abl expression was seen suggesting the emergence
of siRNA resistance or transfection failure due to induction of serum
RNase. In vitro experiments using the peripheral leukemic cells of
our patient showed a reduced response rate to bcr-abl siRNA transfection in cells which were taken 7 days after the last siRNA injection
compared to cells taken prior to siRNA treatment [19]. A response
to siRNA therapy was also suggested by the subsequent regression
of cutaneous CML nodes. The malignant pleural effusion decreased
in association with siRNA therapy, but since the diuretic therapy
was intensified at the same time the contribution of siRNA treatment to this improvement remains unclear.
The clinical impact of bcr-abl siRNA may, however, very well
be based on it functioning as an enhancer of the response to cytostatic agents such as imatinib mesylate or ARA-C. This is supported
by recent in vitro experiments demonstrating that cells that became
resistant to imatinib mesylate can be resensitized by bcr-abl siRNA
[13, 36]. In addition, studies in our laboratory using K562 cells
showed that the bcr-abl titer 24 h after bcr-abl siRNA transfection
with TransMessenger™ decreases by only about 30 % (data not
shown) indicating that the decrease of bcr-abl is not sufficient to
explain the antileukemic effects seen in association with the clinical
use of bcr-abl siRNA. It is also of note that we found comparable
effects on the inhibition of proliferation in patient cells and in
K562 cells ranging from about 76 % in patient cells up to 42 % in
K562 cells. Apoptosis was induced in up to 99 % of patient cells
and was less apparent in K562 cells. We speculate that this might
indicate that the process of apoptosis is not uniform and shows
different patterns of response to chemotherapy. Recent findings
by Hornung et al. regarding the stimulation of interferon-α production by PDC after siRNA injection into mice have important
implications for the assessment of siRNA-mediated effects: immunostimulation by siRNA needs to be considered whenever PDC
or other toll-like receptor-7 (TLR-7)-expressing cells are present
(see Chapter 19). The administration of noncomplexed siRNA
in vivo is nonimmunostimulatory and siRNA modification with
other chemicals is a valuable tool to selectively modify the silencing
or the immunostimulatory properties of siRNA for the desired
type of application [41]. Strategies for the in vivo application of
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siRNA molecules that include local as well as systemic modes of
administration were recently reported [42, 43]. The authors
reported that in many studies the administration relies on the use
of a relatively high amount of siRNAs. Bearing in mind that intracellular immune responses have been shown to be concentration
dependent, this may increase the risk of nonspecific effects in addition to other side effects and cost considerations.

12

Conclusion and Outlook
RNAi has already proven to be a very efficient and specific method
for the knockdown of physiologically or pathologically relevant
genes of interest. Successful gene therapy by siRNAs depends on
the development of efficient delivery systems. Here, we have
described recent advances in the clinical application of three doses
of targeted, non-virally delivered siRNA, which provides us with
promising initial clinical data of this still experimental therapeutic
approach. siRNA administration did not cause adverse events and
had some therapeutic value, pursuing further studies and involving
additional patients in this treatment. In all probability, one major
advantage of formulated, modified, or unmodified siRNAs for
gene knockdown will be their “double specificity,” i.e., the combination of a high target gene specificity through optimal siRNA
sequences and an at least somewhat increased target organ specificity through sophisticated delivery vehicles.
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Chapter 18
A Facile Method for Interfering with Off-Target
Silencing Mediated by the Sense Strand
Anne Mobergslien and Mouldy Sioud
Abstract
Although siRNA duplexes are widely used for gene silencing, several unwanted effects such as activation of
innate immunity and off-target gene silencing can limit their therapeutic use. Off-targeting can be
identified for both the sense and antisense siRNA strands. Some avenues of obstructing the incorporation
of the sense strand into the RNA-induced silencing complex (RISC) are currently being pursued. Herein,
a biotin group at the 5′-end of the sense strand was used to inhibit its incorporation into the RISC complex. In contrast to chemical modifications, biotin is a naturally occurring compound and its presence in
siRNA sequences will not induce side effects.
Key words siRNA, Biotin, Off-target effects, Design tools, Antisense strand, Thermodynamics

1

Introduction
RNA interference (RNAi) is a naturally occurring mechanism of
gene silencing that is mediated by double-stranded RNA and has
been implicated in the control of endogenous and exogenous gene
expression [1]. Since its description by Tuschl and colleagues [2],
small interfering RNAs (siRNAs) are used as a basic technique for
knocking down gene expression in vitro and in vivo [3, 4].
Although the technique was initially believed to be highly specific,
several recent studies have shown that siRNAs can silence several
genes in addition to the gene intended [5, 6]. Because siRNAs can
function as miRNAs, it is more likely that certain non-target genes
will be inhibited by any given siRNA sequence. Off-target signatures can be identified for both the sense and the antisense siRNA
strands. In addition to gene silencing, several groups have shown
that siRNAs can activate Toll like receptors (TLRs) resulting in the
production of interferons and inflammatory cytokines [7, 8].
A number of strategies were proposed to control the activation
of innate immunity and off-target gene silencing. For example, the
incorporation of 2′-O-methyl group at position 1 and 2 of the
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Fig. 1 Schematic representation of gene silencing by siRNAs. siRNAs are directly
loaded into a multi-protein complex termed RNA-induced silencing complex
(RISC) where the sense strand with high 5′-end stability is cleaved by the nuclease Ago2 resulting in strand separation. Subsequently, the RISC containing the
antisense strand (guide strand) seeks out and binds to complementary mRNA
sequences. Bound mRNA molecules are then cleaved by Ago2 and cleaved
mRNA fragments are rapidly degraded by cellular nucleases. Following dissociation, the active RISC is able to recycle and cleave additional mRNA molecules

passenger strand was used to reduce its silencing activity [9–11].
Asymmetric siRNA design was also used to limit passenger strand
loading into RISC [10] (Fig. 1). Also, fragmented passenger strand
was used in order to reduce its incorporation into the RISC [11].
With respect to target specificity of the guide strand, incorporation
of a 2′-O-methyl group at position 2 in the seed region reduced
seed region-specific off-target silencing [9]. Similarly, the replacement of 2′-hydroxyl of uridine residues with either 2′-fluoro, or
2′-deoxy, or 2-O-methyl groups abrogated the activation of TLR7
and TLR8 by siRNAs [12]. Although some chemical modifications
enhanced siRNA-specificity, minimizing the degree of modifications needed to either separate gene silencing from immune activation or to control the loading of siRNA strands into the RISC may
be beneficial for therapeutic use. Here we used biotin (vitamin H),
a natural compound found in a wide range of food sources, to
modulate siRNA unwanted effects. We demonstrate its effectiveness
in inhibiting gene silencing.

2
2.1

Materials
Cell Lines

The breast SKBR3 and colon SW480 cancer cell line were purchased
from American Type Culture Collection (ATCC). The cells
were cultured in complete RPMI medium. Human peripheral
mononuclear cells (PBMCs) were prepared from buffy-coats
obtained from normal volunteers.
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2.2 siRNA
Sequences
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Unmodified siRNAs, 5′-biotin modified siRNAs were purchased
from Eurofins MWG (Ebersberg, Germany). The sequences of
siRNA target sequences are the following:
Survivin: 5′-GAGCCAAGAACAAAAUUGC-3′
Galectin-3: 5′-GUCUGGGCAUUCUGAUGUU-3′
HER-2: siRNA1: 5′-GGGCUGGCUCCGAUGUAUU-3′
siRNA2: 5′-GGGACGAAUUCUGCACAAU-3′

2.3 siRNA
Electroporation

1. Electroporation apparatus BTX ECM 830.
2. 4 mm gap cuvettes.
3. Chemically synthesized siRNAs.
4. Tissue culture flaks (25- and 75-cm2).
5. RPMI 1640 medium.
6. Complete RPMI medium: RPMI 1640 medium supplemented
with 10 % FCS and antibiotics.
7. Trypsin/EDA.
8. Breast cancer cell line SKBR3.
9. Ovarian cancer cell line SW480.
10. Human peripheral blood mononuclear cells.

2.4 Preparation
of Protein Extracts

1. Phosphate-buffered Saline (PBS): Dissolve 8 g NaCl, 1.16 g
Na2HPO4, 0.2 g KH2PO4, and 0.2 g KCl into 1 l distilled
water. Adjust the pH to 7.0.
2. Lysis buffer: 10 % NP40 in PBS supplemented with protease
inhibitors (aprotinin, pepstatin, and leupeptin, 10 μg/ml each).
3. Eppendorf centrifuge.
4. Protein assay kit (Bio-Rad laboratories).

3

Methods

3.1 Trypsinizing
and Culturing SKBR3
and SW40 Cancer
Cell Lines

As cells reach confluency, they must be subcultured. The first step
in subculturing adherent cells is to detach cells from the surface of
tissue culture flasks. We normally culture cell lines in 25- or 75-cm2
tissue culture flasks.
1. Examine the flask of cultured cells to check for cell density
(70–80 % confluent), and then remove all medium from primary culture with a sterile 10 ml pipette.
2. Wash the monolayer with PBS or serum free medium.
3. Remove the PBS and add enough prewarmed trypsin–EDTA
solution to cover adhering cell layer.
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4. Place the flask at 37 °C for 5 min, then check flask under
inverted microscope to make sure that the cells are rounded up
and detached from the surface.
5. When a single cell suspension has been obtained, add 10 ml
complete RPMI medium to 75-cm2 tissue culture flask to
inhibit further trypsin activity that might damage cells.
6. Transfer the cell suspension to a sterile 15 ml conical centrifuge tube.
7. Spin the cells down at 2,300 × g for 5 min in the table top
centrifuge.
8. Discard the supernatant carefully.
9. Resuspend the cells in 5 ml of fresh complete RPMI medium
and count cell number.
10. Once the cell number has been determined, seed cells into a
fresh 75-cm2 tissue culture flask to get a final concentration
around 2 × 105 cells/ml and incubate at 37 °C for 2–4 days and
continue to passage as necessary (see Note 1).
11. If the cells are to be transfected by electroporation, transfer the
desired number of cells to 50 ml falcon tube, add 10 ml complete medium and incubate at 37 °C for 1–2 h in order for the
cells to recover from trypsination.
3.2 Electroporation
of siRNAs into
Cell Lines

Here we describe a protocol for electroporating 3 × 106 cells by
square wave electroporation using the BTX apparatus (see Note 2).
Spin down the cells (Subheading 3.1, step 11), wash once with
serum free medium and then resuspend the cells in serum free
medium at 6 × 106 cells/ml.
1. Dispense complete RPMI medium into 25 cm2-tissue culture
flasks (5 ml/flask) and incubate at 37 °C.
2. Mix the cells (500 μl) with the desired siRNA concentration
(0.5–6 μg/transfection), transfer the mixtures into the electroporation cuvette, and then incubate in ice for 2–5 min.
3. During the incubation time, set up the electroporation
parameters:
●

Volt: 500.

●

Puls length: 2 ms.

●

Puls: 01.

●

Intervall: 01.0 s.

●

Polarity: Unipolar.

4. Subsequently, place the metal walls in the cuvette against the
metal walls in the electroporator, and then start pulsing.
5. Transfer the electroporated cells to 5 ml pre-warmed complete
RPMI medium and incubate at 37 °C prior analyzing siRNA
effects by Western and/or RT-PCR (see Note 3).
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1. Subsequent to transfection, scrape the cells and transfer cell
suspension into 10 ml conical centrifuge tube.
2. Centrifuge for 5 min at 13,000 × g.
3. Remove supernatant, add 1 ml PBS buffer and transfer cell
suspension into 1.5 ml centrifuge tube.
4. Centrifuge for 5 min at 2,300 × g, remove supernatant, add
1 ml PBS to the cell pellet and centrifuge for 5 min at 2,300 × g.
5. Add to cell pellet lysing buffer (50 μl), mix well and place cell
suspension in ice for 30 min. Vortex twice during the
incubation.
6. Centrifuge for 10 min at 12,000 × g.
7. Save the supernatant which contains the cytoplasmic proteins.
Measure protein concentration with Bio-Rad protein assay kit.
8. The effects of siRNA on gene expression can be analyzed by
standard techniques such as Western blots and RT-PCR.

3.4 Experimental
Evaluation
of the Method

To assess the effect of 5′-end modifications on siRNA gene silencing, we evaluated the effect of a biotin group at the 5′-end of the
passenger strand to suppress gene silencing. Notably, certain structural features of siRNA, including 5′ phosphate group, are critical
for loading into the RISC (Fig. 1). As shown in Fig. 2a–c, 5′-end
biotinylation of the antisense (guide) strand of three siRNA
sequences directed against survivin, galectin-3, and HER-2 suppressed gene silencing more likely by inhibiting the selection of the
guide-strand by Ago-2 protein [13]. These results are in agreement with early report suggesting the requirement of 5′-end phosphate for siRNA loading into the RISC complex [2]. Overall, the
data indicate that an siRNA duplex with biotin at 5′-end of
the antisense strand is not competent in RNAi. Therefore, the
same modification can be used to block the incorporation of the
sense strand into the RISC complex.
In the next experiments, we tested the effect of 5′-end biotinylation of the passenger strand on RNA gene silencing. As shown
in Fig. 3, inhibition of phosphorylation of the 5′-end of the siRNA
passenger strand through biotinylation did not inhibit gene silencing. Importantly, there is a clear enhancement of gene silencing by
5′-biotin modification of the passenger strand when compared
to unmodified siRNAs (compare lane 1 to 3). This enhancement
is more likely due to the more efficient loading of the guide strand
into the RISC, thus supporting the notion that interfering with
passenger strand loading into RISC may enhance RNAi. HER-2
siRNA is asymmetric siRNA [13], suggesting that 5′-end biotinylation of the passenger strand can facilitate the loading of the sense
strand into RISC, even in the context of a thermodynamically
asymmetric siRNAs (see Note 4)
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Fig. 2 Effect of 5′-end biotinylation of the guide strand on gene silencing. (a)
SW40 cells were transfected with either unmodified (lanes 1 and 2) or 5′-end
biotin modified (lanes 3 and 4) siRNA against survivin for 18 h. Subsequently,
protein extracts were prepared and the expression of survivin was determined by
Western blots. Actin was used as an internal control for protein loading. For each
siRNA, two concentrations (2 and 4 μg) were used. (b) SW40 cells were transfected with either unmodified (lanes 1 and 2) or 5′-end modified (lane 3) siRNA
against galectin-3 for 48 h. In lanes 1, 2, and 3, cells were transfected with 2, 4,
and 4 ug siRNA, respectively. As in (a), the gene silencing was determined by
Western blots. (c) SKBR3 cells were transfected with either unmodified (lane 1)
or 5′-end modified siRNA (4μg) against HER-2 for 48 h and then gene silencing
was analyzed by Western blots. In all panels, the biotin (B) was conjugated to the
5′-end of the antisense strand as illustrated on the top of panel a

4

Notes
1. A large number of cells (4 × 107/800 μl) can be transfected
in a single 4 mm gap disposable cuvette by square wave
electroporation.
2. All culture incubations should be performed in a humidified
37 °C, 5 % CO2 incubator.

Effects of 5’-end Biotinylation on siRNA Function
Sense

B

Anti-sense

Cont

1

2

299

Sense
Anti-sense

3

4

HER-2

β-actin

Fig. 3 Effect of 5′-end biotinylation of the sense strand on gene silencing. As in
Fig. 2c, SKBR3 cells were transfected for 48 h with either unmodified or 5′-end
modified siRNA against HER-2. Gene silencing was measured by Western blots.
Two siRNA concentrations were tested (1 and 2 μg/transfection)

3. Reynolds and colleagues [14] published a set rules based on a
systematic analysis of 180 siRNAs that underlined the importance of duplex thermodynamics, as determined by overall GC
duplex content, lower stability at 3′-end of the sense strand,
controlling for potential internal hairpins and presence of a
uridine at position 10 of the sense strand (see Chapter 1).
4. A thermodynamically asymmetric siRNAs should contain a strong
base pairing at the 5′-end of the sense strand (see Chapter 1).
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Chapter 19
Overcoming the Challenges of siRNA Activation of Innate
Immunity: Design Better Therapeutic siRNAs
Mouldy Sioud
Abstract
RNA interference (RNAi) is a conserved regulatory mechanism of posttranscriptional gene silencing
triggered by either endogenously (e.g. microRNAs) or exogenously double-stranded RNA as small interfering (si) RNAs. To date, the use of siRNA (21-nt) has become a standard laboratory tool to silence gene
expression in mammalian cells in-vitro and in-vivo. The methodology also holds promise for treating a
diversity of human diseases. However, one of the challenges of making siRNAs as therapeutic drugs
includes the activation of innate immunity and silencing of unwanted genes. Therefore, the use of siRNAs
in functional genomics and human therapies depends on the development of strategies to overcome siRNA
unwanted effects. This chapter highlights some efficient strategies aimed at separating gene silencing from
immunostimulation and improving siRNA gene silencing specificity.
Key words RNAi, siRNA, Innate immunity, Toll-like receptors, 2′-Ribose modifications, Off-target
effects, Dendritic cells, Cancer vaccines

1

Introduction
RNA interference (RNAi) is a recently described gene-silencing
pathway that is initiated or triggered by double-stranded (ds)RNA.
During this process the long dsRNA is processed into 21–23
nucleotide active intermediates, known as small interfering (si)
RNAs. Although gene silencing was first described by Fire and
colleagues in Caenorhabditis elegans [1], a similar phenomenon
termed posttranscriptional gene silencing (PTGS) had been
described years ago in plants, and now it is believed to function as
a surveillance system for blocking the function of harmful RNAs
such as viral RNAs [2].
RNAi was first used extensively in Caenorhabditis elegans,
Drosophila melanogaster, and plants as a gene knockdown technology. However, its use as a reverse genetic tool in mammalian cells
remained because vertebrates react to long dsRNA by activating the
interferon pathway [3–6]. Long dsRNAs are synthesized during
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the replication of many viruses and it is a potent activator of innate
immunity. However, Elbashir and colleagues demonstrated that, in
contrast to long dsRNA, the active intermediate siRNAs can be
used to inhibit gene expression in mammalian cells without triggering the IFN response [7]. Thereafter, the use of chemically synthesized siRNAs to study gene functions in mammalian systems became
a standard laboratory technique [8, 9]. Also, several studies have
demonstrated the efficacy of siRNAs in animal models of human
diseases upon local or systemic administration [8, 9]. Theoretically,
the mRNA encoding any protein that is associated with a disease
can be cleaved selectively by siRNAs.
Naturally occurring siRNAs are derived from the cleavage of
long dsRNA by the endonuclease Dicer. Like all RNase III enzymes,
Dicer leaves two nucleotide (nt) 3′overhangs and 5′ phosphate
groups. These siRNA duplexes are then incorporated into a multiprotein complex, the RNA-induced silencing complex (RISC).
In contrast to long dsRNA, synthetic siRNAs inter directly into the
RNAi pathway (Fig. 1). Subsequent to unwinding of the duplex,
the antisense strand (guide strand) guides the RISC to recognize

3’

TRBP
Ago2
High stability
(GC-rich)
5’p
3’

3’
5’p
Low stability
(AU-rich)

RISC Assembly

5’p
3’

5’

5’

Synthetic
siRNA duplexes

5’p
3’
3’
5’p

3’

?

5’
3’
5’p

Interferon
response
pathway

Degradation of
the sense strand

5’ p

3’

Anti-sense strand-mediated
mRNA recognition
mRNA
5’

3’

(A )n 3’

5’p
mRNA cleavage by Ago-2

5’

(A)n 3’

3’

RISC
recycling

5’p

Degradation by
cellular nucleases

Fig. 1 Schematic representation of gene silencing by siRNAs. In contrast to long double-stranded RNAs, siRNAs
are directly loaded into a multi-protein complex termed RNA-induced silencing complex (RISC) where the sense
strand with high 5′-end stability is cleaved by the nuclease Ago2 resulting in strand separation. Subsequently,
the RISC containing the antisense strand (guide strand) seeks out and binds to complementary mRNA sequences.
Bound mRNA molecules are then cleaved by Ago2 and cleaved mRNA fragments are rapidly degraded by cellular
nucleases. Following dissociation, the active RISC is able to recycle and cleave additional mRNA molecules
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and cleave target mRNA sequences [7]. The catalytic activity of
RISC is mediated by Argonaute 2 (AGO2) protein [10, 11], a
highly basic protein that contain two common domains, PAZ and
PIWI domains. The PIWI domain is essential for interaction with
Dicer and contains the nuclease activity that cleaves of target
mRNAs. AGO2 is also responsible for cleavage of the siRNA passenger strand, thus facilitating the formation of functional RISC
complexes ([12, 13], see Fig 1). Analysis of the crystal structures of
a siRNA guide strand associated with AGO2 PIWI domain identified a seed sequence (nucleotides 2–8) that directs target mRNA
recognition by RISC ([14], see Chapter 1).
Although the discovery of RNAi has provided a powerful tool
to investigate gene function and drug target validation (see Chapters
9-14), several recent studies underscore the off-target and activation of innate immunity by siRNAs [15–18]. Therefore, the development of strategies that block these unwanted effects is important
for siRNA therapeutic applications. However, if we view immune
activation as beneficial for certain diseases, immunostimulatory
siRNAs may contribute to the activation of innate and adaptive
immunity against cancer and viral infected cells (see Subheading 8).

2

Sensing of Pathogens by Toll-Like Receptors
The innate immune system has developed germ-line pattern recognition receptors (PPR) that promote rapid responses to microbial
pathogens during the invading phase. These receptors recognize
conserved pathogen-associated molecular patterns (PAMPs) which
are not present in host and are usually important for pathogenicity
and/or survival of the pathogens [19, 20]. PAMPs are unique to
microorganisms such as lipopolysaccharide, peptidoglycan, capsular structures, bacterial flagellin, bacterial DNA, bacterial lipids,
viral RNAs, and viral glycoproteins. Among the pattern-recognition
receptors (PRRs), Toll-like receptors (TLRs) are crucial for pathogenderived products and activation of innate and adaptive immunity.
And they are they are evolutionarily conserved between insects and
vertebrates [21, 22]. In drosophila, Toll was first identified as an
essential protein that controls the dorsal–ventral patterning of the
embryo and subsequently as a key protein for the antifungal immune
response in the adult [23, 24]. In vetebrates 13 members (TLR113) have been reported so far which are essential in sensing pathogens. In humans, ten functional TLRs (TLR-1-10) have been
identified and shown to detect pathogen-derived compounds [25].
TLRs are transmembrane proteins expressed either on the cell
surface or in intracellular endocytic vesicles or organelles. The
ectodomains are characterized by a number of leucine-rich repeat
repeats which can recognize a wide range of viral, bacterial, and
fungal structures, as well as interact with other TLRs (hetero- or
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homo-dimerization is essential for activity). All the intracellular
domains contain a Toll-interleukin receptor (TIR) domain which
links the recognition signal with intracellular signaling pathways.
Two major signaling pathways are activated on ligand-driven TLR
activation. One pathway requires the adaptor molecule MyD88
and results in the production of type I interferon or NF-κBdependent proinflammatory cytokines including TNF-α and interleukin 12. The second pathway requires the adaptor molecule
TRIF and primarily induces the production of type I IFN [25].
In immune cells, TLRs that recognize nucleic acids are expressed
exclusively in endosomes. These include TLR3, TLR7/8, and
TLR9, which sense double-stranded dsRNA, single-stranded (ss)
RNA, and ss DNA, respectively. Other TLRs, in contrast, reside
on the cell membrane. These include TLR2, TLR4, TLR5, and
TLR11, which recognize lipopeptides, lipopolysaccharide, flagellin, and propellin, respectively.

3

Recognition of Nucleic Acids by Cytosolic PKR and RIG-1 Receptors
As part of the innate defense mechanism against invading pathogens, the mammalian immune system is activated by microbial
RNA and DNA leading to the production of type I interferon and
pro-inflammatory cytokines. The first sensor of dsRNA identified
was the dsRNA-dependent protein kinase (PKR) that phosphorylates serine and threonine residues of target proteins [26]. Most
human cells constitutively express a low level of PKR that remain
inactive. However, upon binding to dsRNA, PKR forms a homodimer resulting in its autophosphorylation and activation. Activated
PKR phosphorylates a large number of substrates, particularly the
translation initiation factor elF-2α leading to translation arrest and
induction of apoptosis, an essential step in antiviral resistance [26].
PKR can also activate of the NF-κB signaling pathway via the
phosphorylation of IKKβ. It should be noted that recognition
of dsRNAs by PKR is sequence-independent and the presence of
interferon upregulates its expression.
A second protein that is stimulated by long dsRNA is 2′–5′
oligoadenylate synthetase (OAS), which is expressed constitutively
and also upregulated by IFN-α and β during antiviral responses
[27]. This interferon-induced enzyme catalyzes the formation
from ATP, of 2′- to 5′-linked oligoadenylates that activate a latent
ribonuclease, called RNase L that degrades both cellular and viral
RNAs. Although both OAS and PKR are implicated in antiviral
immunity, PKR and RNase L are mainly IFN effectors and not
absolutely required for the initial phase of IFN production. Indeed,
PKR gene targeting in mice showed that it is not essential for interferon responses to viral infection. Therefore, other cytoplasmic
receptors may be involved.
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More recently, two additional intracellular cytosolic DExD/H
box RNA-helicases retinoic-acid-inducible gene I (RIG-I) and
melanoma differentiation-associated gene 5 (MDA-5) have been
identified as main cytoplasmic sensors of viral RNA [28]. Mice
deficient for RIG-1 were found to be highly susceptible to viral
infection [29]. Both helicases are widely expressed in inactive form
and like other antiviral proteins; they are also upregulated by IFN
α/β. RIG-I encodes a caspase recruitment domain (CARD) at the
N terminus, in addition to an RNA helicase domain. The RNA
helicase domain requires ATPase activity and is responsible for viral
dsRNA recognition and induction of conformational changes leading to the interaction of the RIG-I CARD domain with another
CARD-containing adaptor protein, known as IPS-1, MAVS,
Cardif, or VISA [30]. IPS-1 is an outer mitochondrial membrane
binding protein. IPS-1 activates IRF3 and IFR-7 through TBK1/
IKKi, resulting in the production IFN-β production ([30], Fig. 2).
Mitochondrial retention of IPS-1 is essential for IRF3, IRF7, and
NF-κB activation by RIG-1 [30].

4

Recognition of Nucleic Acids by TLRs
Although RIG-I seems to be an important sensor of viral RNAs,
microbial nucleic acids are also recognized by TLRs, especially in
immune cells [22]. Whereas most TLRs are expressed in the plasma
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membrane for detecting bacterial components, TLR3, TLR7,
TLR8, and TLR9, are expressed in intracellular compartments and
can recognize nucleic acids [21]. The immune function of this cellular localization is more likely to sense viral RNAs during infection. TLR3 is also expressed on the cell surface and it is believed to
recognize extracellular viral dsRNAs [31]. TLR7 and TLR8 recognize viral ssRNA and small synthetic compounds including
imiquimod (R-837, S-26308) and resiquimod (R-848) that induce
type I interferon IFN and IL-12 production in immune cells [32].
TLR9 recognizes unmethylated CpG-DNA motifs that exist in
both viral and bacterial DNA, but suppressed or methylated in the
vertebrate genomes [33]. However, the structural differences of
eukaryotic versus prokaryotic DNA are presumably not the only
mechanism for distinguishing self from nonself nucleic acids
because under certain conditions TLRs can recognize self-nucleic
acids resulting in the induction of autoimmune diseases [34]. The
virus-detecting TLRs operate mainly in plasmacytoid dendritic
cells by responding to viral nucleic acids that enter the cell via
endocytosis. In these cells, the major immune response is the production of type 1 interferon [35].

5

Molecular Basis for Immune Sensing of Single- and Double-Stranded RNAs
Although the recognition of RNA by TLRs is well documented, it
remains unclear how these receptors discriminate viral from hot
nucleic acids. Because they all recognize their RNA in an endocytic
compartment, one hypothesis is that discrimination is achieved
through endosomal exclusion of self nucleic acids. The discovery
of RNAi in mammalian cells has excited the study of immune tolerance of siRNAs. Initially, siRNAs appeared evade immune recognition and the shutdown of cellular proteins expression that can
occur following the interaction of long double-stranded RNA (>30
nucleotides) with intracellular RNA receptors, particularly PKR [7].
However, we and others have shown that they can activate immune
responses in mammalian cells through TLR-dependent and TLRindependent mechanisms [36–38]. In immune cells, the response
is mainly mediated through TLR7 in mice and TLR7/8 in humans.
Indeed, TLR7 knockout mice did not mount immune activation in
response to siRNAs [37]. With the use of microarrays, we have
demonstrated that in peripheral blood mononuclear cells over 400
were affected by the activation of TLRs by either ds siRNAs or ss
siRNAs [41]. Genes encoding for proinflammatory cytokines,
interferons, and Mx proteins are among the genes that are significantly induced. Mx proteins are IFN-induced GTPases that form
complexes with dynamin disrupting trafficking or activity of viral
polymerases, thereby interfering with viral replication. Induction
of innate immune response by RNA can have significant unspecific
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effects, primary via the actions of IFNs and inflammatory cytokines.
Although there is a need for analyzing the immunostimulatory
potential of siRNAs prior to clinical applications, the adjuvant
effects of siRNA may enhance cellular immunity (see Chapter 19).
In addition to cellular compartmentalization, structural and
sequence modifications are thought to contribute to the recognition
of siRNAs by endosomal TLR7 and TLR8. Initial experiments
indicate that some types of secondary structures and/or specific
nucleotides are responsible for the activation of NF-κB signaling
pathway by siRNAs in human monocytes [15]. Monocytes are circulating peripheral blood cells that can be differentiated by cytokines into macrophages of different phenotypes as well as into
dendritic cells. Although a defined and universal sequence motif
recognized by TLR7 and/ TLR8 as described for TLR9 (the CpG
motif) has not been identified yet, two reports suggested that
specific nucleotides need to be present within the siRNA in order
to activate innate immunity. In the first report, the induction
of INFα was attributed to the activation of TLR-7 by a GU-based
“UGUGU”’ immunostimulatory sequence [39]. In the second
report, however, the stimulation was attributed to a RNA motif
(5′-GUCCUUCAA-3′) that is recognized by TLR7 in the context
of siRNA duplexes and the activity does not depend on GU
content [39]. Previously, we have shown that the induction of
pro-inflammatory cytokines double- and single-stranded siRNAs
cannot be easily suppressed by selecting siRNA sequences without
the GU dinucleotides. Indeed, several siRNA sequences without
GU bases induced TNF-α production in human blood cells.
Although the precise nature of the RNA motifs responsible of
innate immune activation is not known, we have shown that
TLR8/7 dependent cytokine production is triggered by the presence of uridine in RNA and that the potency of TLR7/8 agonists
correlates with the number of total uridine moieties [40]. Replacement of uridines with adenosines abrogated immune activation.

6

Overcoming siRNA Immune Activation
Much of the current interest in the mechanisms involved in RNA
sensing by the immune system was generated by the observation
that siRNA can activate innate immunity [15, 18]. Considering the
high frequency of uridines and/ or GU dinucleotides in messenger
RNAs it is more likely that a high proportion of self and nonself
chemically made siRNA sequences will activate innate immunity.
Therefore, it would be desirable to develop strategies that evade
immune activation. At least two distinct strategies to alleviate
immune activation by siRNAs can be applied: First, the use of
delivery agents that avoid the delivery of siRNAs into the endosomes; Second, the use of chemically modified siRNAs.
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A wide variety of chemical modifications that confer nuclease
resistance have been successfully used in RNA oligonucleotides
and ribozymes, many of these modifications can be imported
directly into siRNAs. Morrissey and colleagues showed that the
incorporation of various 2′-modified nucleotides that included
DNA bases, 2′-O-methyl purines, 2′F pyrimidines, terminal
inverted-dt bases, and PS linkage modification at selected positions
can abrogate siRNA immune activation [42]. However, the chemical modifications that block immune activation must be chosen
carefully so as not to inhibit siRNA silencing activity. Fortunately,
we have shown that replacement of only uridine bases with their
2′-fluoro, 2′-deoxy, or 2′-O-methyl modified counterparts can
block immune recognition of siRNAs by TLRs without reducing
siRNA silencing potency. ([40], Fig. 3a, b). Also, 2′-uridine modified ss RNAs did not activate innate immunity in human blood
cells (Fig. 3c, d). More recently, we have shown that the replacement of uridines with thymidines in the sense strand of a siRNA
targeting IDO inhibited the activation of innate immunity without
interfering with siRNA silencing activity [43]. Others studies also
showed that strategies incorporating 2′-O-methyl modified residues will generate non-immunostimulatory siRNA with sustained
cleavage activity [44].
Collectively, the current data offer the possibility of choosing
the appropriate modifications that evade immune activation without reducing siRNA-silencing potency. When designing chemically
modified siRNAs, it is important to consider some rules in order to
avoid the inhibition of siRNA cleavage activity. First, the 5′-end of
the sense strand must have a free hydroxyl or phosphate group.
Second, the 5′-end of the sense strand can be modified in order
block its incorporation into the RISC. Third, the 3′-ends of the
sense and antisense strands can be modified with any fluorochrome.
These 3′-end modifications are expected to facilitate the examination of siRNA uptake and imaging in vivo.
Collectively, the published data suggest that TLER7/8 interact with the hydroxyl groups, particularly those of uridines. This is
consistent with the fact that binding of double-stranded RNA
to TLR3 involves hydrogen bonding with the 2′-hydroxyl of the
ribose [45]. Also, the finding that 2′-modified RNAs can evade
immune activation suggests that naturally modified RNAs are not
recognized by TLR7/8. Support of this view has been provided by
Karikó and colleagues, who demonstrated that natural modifications that are frequently found in mammalian RNA (such as pseudouridine, 5′-methylcytidine, 2′-O-methyl) can interfere with the
capacity of RNA to activate TLR7 in DC cells [46]. Thus, unmodified RNA corresponding to mammalian sequences would be
expected to activate TLR7 or TLR8 more effectively than native
RNAs provided they are delivered to the endosomes [37].
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In light of the finding that internalization of siRNA and
endosomal maturation is a precondition for either double-stranded
or single-stranded siRNA-based activation of the immune system
[37], one could use inhibitors of endosome acidification to block
immune activation [37]. Because chloroquine and bafilomycin A1
blocked the immunological activity of siRNAs, we then investigated whether the RNAi pathway is active in chloroquine-treated
human cells. The data indicate that the silencing activity of siRNAs
was not inhibited, even enhanced, by chloroquine, which is known
to induce the neutralization and the swelling of endosome vesicles.
Similar results were obtained with bafilomycin A1.

7

Suppressive 2′-Ribose Modified RNAs
The finding that unmodified, but not 2′-modified RNA, are potent
triggers of innate immunity raised the question about the difference in their structures that might be relevant for binding to
TLR7/8. So, which step is affected by 2′-modifications, and why
2′ modified RNAs cannot trigger immune activation. One way to
address the first question is to assess whether 2′-modified RNA
could antagonize with immunostimulatory RNAs to trigger
TLR7/8 signaling. Studies of transfected human monocytes
showed that 2′-O-methyl modified RNAs can abrogate the activation of TLR7 by immunostimulatory RNAs [47]. Of considerable
interest, is that 2′-O-methyl modified RNAs suppressed immune
activation at very low concentrations ([48], Fig 4). In addition, we
have shown that they can effectively inhibit immune activation by
a variety of immunostimulatory sequences including bacterial and
mitochondrial RNAs [48]. Also, chemically modified RNA can
antagonize with immunostimulatory RNA to activate IDO, an
immunosuppressive enzyme [49]. In accordance with our data,
Robbins and colleagues have reported that 2′-modified immunostimulatory RNAs can function as TLR7/8 antagonist by inhibiting
TLR7 signaling induced by immunostimulatory RNAs or loxoribine in both murine and human cells [50]. Suppressive 2′-modified
RNAs should represent a new class of agents that may be useful in
the treatment of autoimmunity triggered by TLR7 and TLR8 signaling. Given that 2′-deoxy uridines or thymidine modified siRNAs
did not bind to TLRs, this modification should be used in order
to block immune activation and preserve the normal function of
TLRs (Fig. 5).

8

The Molecular Basis of RNA Sensing by RIG-I
As indicated above, gene silencing pathways are initiated by the
production of small RNAs (20–30 nucleotides) with sequences
that are complementary to parts of the transcripts that regulate.
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Fig. 4 2′-O-methyl modified RNAs alter TLR signaling. (a) Schematic representation of TLR7/8 recognition of
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There are three main classes of small regulatory RNA: small
interfering RNAs, miRNAs, and PIWI-interacting RNAs (piRNAs).
The production of siRNAs and miRNAs relies on the endonucleolytic processing of dsRNA precursors by Dicer, a nuclease belonging to the RNAase III family, yielding siRNA duplexes of 21–25
nucleotides with two 3′-overhangs. During our studies, we have
shown that cytoplasmic delivery of synthetic siRNAs by electroporation into peripheral blood mononuclear cells such as monocytes did not induce the production of inflammatory cytokines and
type I interferon, whereas the same sequences when delivered by
lipid did [37]. Thus, synthetic siRNAs are not detected RIG-1, a
new identified viral RNA sensors. However, our data do not explain
why ds siRNA are not sensed by RIG-I ([37], Fig 2). Recently
structural studies indicated that innate immunity can be triggered
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by synthetic siRNA duplexes harboring 2-base 3′ overhangs, but
not with siRNAs with blunt ends [51]. The authors showed that
RIG-I can bind siRNAs with or without 2-base 3′ overhangs, however, only those with blunt ends could trigger its ATPase activity.
This observation imply that endogenous shRNAs or miRNA
harboring the Dicer signature, 2-base 3′ overhang, are not ideal
stimulators of RIG-I. Thus, the structures of the 5′-ends between
shRNAs (substrate for Dicer) and nonself dsRNAs such as viral
RNAs are critical for self and nonself discrimination [52, 53].
The predominant form of naturally occurring dsRNAs in
mammalian cells is derived from endogenously expressed miRNAs
that constitute a large class of noncoding small RNAs involved in
gene regulation in a variety of organisms ranging from plants to
mammals ([54], see Chapters 20, 24–26). Presently, more than
1,000 potential human miRNAs have been identified and numerous have been experimentally validated. Usually miRNAs are transcribed from endogenous genes by RNA polymerase II as long
RNA precursor called a primary miRNA (pri-miRNA), containing
one or more distinct miRNAs. In the nucleus the RNA precursors
are processed by Drosha to 60–80 nt RNA hairpin intermediate,
bearing 2-base 3′ overhang, called a pre-miRNA. The Drosha
cleavage site was shown to be 11 bp from the stem single-stranded
RNA junction [55]. Processed pre-miRNAs are then transported
from the nucleus to the cytoplasm by exportin-5, where its 2-base
3′-overhang is recognized by Dicer leading to the generation of
mature miRNAs that can evade RIG-I activation (see Chapter 1).
During our studies, we have also found that innate immunity is not activated by synthetic single-stranded sequences
(21 nt) when delivered to the cytoplasm via electroporation [37].

Overcoming siRNA Unwanted Effects

313

These RNAs do not contain 2-base 3′ overhang because they are
single-stranded. To examine the contribution of RIG-I in sensing
exogenous RNAs, adherent PBMCs were transfected with either
T7-transcribed siRNAs or chemically synthesized siRNAs. The
inhibition of endosome maturation by chloroquine abrogated the
immunostimulatory activity of chemically made siRNAs, but not
the T-7 made siRNAs [56]. In addition, the immunostimulatory
effect of the T7-made siRNAs was not inhibited with 2-aminopurine,
a specific inhibitor of PKR. So, which are the cytoplasmic factors
that sense in vitro transcribed RNA but not in chemically made
siRNAs? Additional studies from other investigators showed that
RIG-I senses ss RNA-bearing 5′-triphosphate, a specific signature
of viral and in vitro transcribed RNAs [57]. Most recently, the recognition of triphosphorylated RNA has been found to be mediated
by the C-terminal regulatory domain of RIG-1 [58]. In mammals,
cellular RNAs undergo processing in order to mask or to remove
the 5′-triphosphate moiety. However, the data do not explain why
certain endogenous RNA with 5′-triphosphates escape RIG-I
recognition. Naturally occurring 2′-modifications might protect
cellular RNA-bearing 5′-triphosphate from being detected by
RIG-I. It should be noted MDA5, the most closely related protein
of RIG-I, is also an IFN-inducible protein. Interestingly, a recent
study indicates that MDA-5 is preferentially activated by dsRNA
larger than 2 kb, whereas RIG-1 is activated by dsRNA shorter
than 1 kb, and without a 5′-triphosphate end [59]. Thus, it seems
that RIG-1 and MDA-5 complement each other in preferentially
recognizing dsRNAs of different length. And the recognition of
dsRNA by RIG-1 does not depend on 5′-triphosphate ends.

9

Effect of Chemical Modifications on siRNA Off-Target Effects
In mammalians, miRNAs target transcripts through imperfect
base-pairing to multiple sites in 3′ untranslated regions (UTRs).
Watson–Crick base pairing to the 5′-end of miRNAs, especially
the so-called seed sequence that comprises nucleotides 2–8, is
crucial for targeting (see Chapter 1). In addition, recent data indicated that imperfect miRNA–mRNA hybrids with central bulges
(nucleotides 9–12) enable translational inhibition or exonucleolytic mRNA decay. Furthermore, miRNA can guide DNA methylation [60]. The diversity of mechanisms used by miRNAs to
silence gene expression highlights the need to revisit the specificity of siRNAs. Accordingly, microarray studies showed that siRNAs can have off-target effects that must be thoroughly
investigated prior to use [61]. The most commonly used strategy
to ensure siRNA target specificity is the basic local alignment
search tool BLAST. However, short sequence stretches may not
be detected by BLAST program. In addition, the identification of

314

Mouldy Sioud

such sequences does not necessarily indicate the occurrence of
off-target effects. Similarly, the absence of short homologies will
not rule out off-target effects. The best way to deal with this
problem is to analyze global gene expression, specifically when
siRNAs are going to be used in functional genomics or in therapies. Previously, we have found that 2′-uridine modifications of
siRNAs not only evade the activation of TLR7/8 but can block
most of TLR-independent effects including off-target effects
[41]. Although the evading mechanisms remain to be investigated, it is possible that the interaction of siRNA sequences with
unintended cellular mRNAs is affected by chemical modifications.
Modifications of RNA might particularly disruptive for siRNA
binding to mismatched sequences. In accordance with our data,
Jackson and colleagues found that 2′-O-methyl modification can
minimize siRNA off-target effects. Indeed, a single 2′-O-methyl
group at the second position of the guide strand inhibited offtarget gene silencing without affecting silencing of the intended
target gene [61]. Therefore, the data offer a simple strategy for
reducing siRNA off-target gene silencing.

10

Potential Beneficial Effects of Immunostimulatory siRNAs
Among the innate immune sensors that link innate and adaptive
immunity, dendritic cells (DCs) play an important role in immunity and are the only cell type capable of initiating adaptive immune
responses by activating naïve T cells [62, 63]. These cells are generated from either myeloid or lymphoid bone marrow progenitors
that home to sites of potential antigens entry, where they differentiate locally into immature DCs (Fig. 6).
Recent studies demonstrated that both immunity and tolerance
are controlled by DCs. In the absence of “danger signals” immature DCs mediate peripheral tolerance, leading to T cell anergy
and/or deletion due to the absence of appropriate costimulation by
CD80/CD86 molecules [61]. However, following antigen capture
in the presence of maturation signals DCs undergo a complex maturation that entails upregulation of major histocompatibility complex class I and class II molecules, costimulatory molecules such as
CD40, CD80, and CD86, and the production of IL-12. Among
the signaling pathways that activate DC maturation, TLR signaling
pathway is the most effective. Unlike infectious pathogens, tumors
do not induce an effective inflammatory response leading to DC
activation. In addition, tumor microenvironments can protect
tumor cells from immune destruction. In this respect, soluble
immunosuppressive factors, and membrane-bound molecules
including transforming growth factor β, interleukin IL10, prostaglandin E2, CTLA-4, PD1, and PD1 ligands represent a barrier for
antitumor immunity [64]. Interfering with the expression of these
factors might potentiate antitumor T cell effector function in vivo.
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Fig. 6 Activation of T cells by DCs. Under physiological conditions, DCs can capture antigens derived from self and nonself compounds with the same efficiency.
However, only antigens captured in the presence of “danger signals” such as
microbes and inflammatory cytokines can induce DC maturation resulting in the
expression of CD80/86 co-stimulatory molecules. The interaction between
these molecules expressed on DCs and CD28 expressed on T cells is crucial for
the activation of naïve T cells

Notably, pathogen-mediated maturation of DCs is mediated
mainly through the TLRs that are expressed on immature DCs.
Optimal DC maturation might therefore require a combination of
both cytokines and TLR ligands. Previously, we have shown that
stimulation of DCs with immunostimulatory siRNAs can induce
their maturation to secrete cytokines, including IL6 and IL12
[37]. While IL12 is required for Th-1 type response, IL6 may render CD4+ effector T cells refractory to T reg cell-mediated suppression. To extend these findings, we have tested the possibility of
designing bifunctional siRNAs capable of inducing TLR signaling
and simultaneously blocking the expression of immunosuppressive
factors [56]. The inappropriate expression of immunosuppressive
cytokines and other negative regulators is expected to hamper
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immunity against tumors and virus-infected cells [65]. Therefore,
the development of agents that stimulate DCs and subsequently
suppress the expression of negative regulators, such as IL-10,
TGF-β, SOCS proteins, and PD-1 ligands would facilitate the
development of effective cancer vaccines. In a recent study, we
have assessed the possibility of combining gene-silencing and
immunostimulation in one siRNA molecule. Immature monocytederived dendritic cells incubated with anti-IL10 siRNAs produced
cytokines (e.g., IL-6, TNF-α, IL-12), upregulated the expression
of the costimulatory molecules (e.g., CD80, CD86), MHC class II
molecules, and the chemokine receptors CCR-7. Also, IL-10 siRNAs enhanced the ability of DCs to activate T cells in MLR assays
[56]. Thus, the possibility of triggering endogenous IL-12 and
IL-6 production through deliberate activation of TLR7 or TLR8
pathway via IL-10 siRNAs is of considerable interest. In addition
to IL-10, bifunctional siRNAs against other key factors involved in
immune suppression were developed. These include SOCS-1,
STAT-3, and TGF-β, and PD-1, PD1 ligands, and indoleamine
2,3-dioxygenase (IDO), a rate limiting enzyme in tryptophan
catabolism that is known to be involved in fetus tolerance during
pregnancy [66]. The SOCS proteins have been identified as inhibitors of cytokines signaling and shown to function in a classical
feedback loop [67]. They regulate signaling via the Jak/Stat pathway and modulate DC function by switching off interferon γ and/
or IL-12 signaling during immune responses. By targeting SOCS-1
with conventional siRNAs in DCs, recently Chen and colleagues
demonstrated that antigen-specific antitumor immunity can be
enhanced [68].
With respect to IDO, we have previously shown that monocytes expressing IDO acquire an immunosuppressive phenotype
capable of suppressing T-cell proliferation [49]. More recently, we
designed hyperactive anti-IDO siRNAs and shown that can effectively block IDO gene expression in human primary cells such as
monocytes and DCs [43]. Depending on the design and chemical
modifications, we also showed that it is possible to design either
monofunctional siRNA devoid of immunostimulation or bifunctional siRNA with gene silencing and immunostimulatory activities. Interestingly, immature monocytes-derived DCs that had
been transfected with siRNA-bearing 5′-triphosphate activated
T cells, indicating that, even in the absence of added external stimuli such TNF-α, those DCs were sufficiently mature to initiate
T-cell activation. Collectively, the data indicate that it is possible to
modulate T-cell maturation and function with RNAi technology.
In this respect, cancer patients vaccinated with IDO-silenced DC
vaccines showed objective clinical responses ([69], see Chapter 16).
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Chapter 20
Gene Silencing In Vitro and In Vivo
Using Intronic MicroRNAs
Jia Han Deng, Peter Deng, Shi-Lung Lin, and Shao-Yao Ying
Abstract
MicroRNAs (miRNAs) are small, single-stranded noncoding RNAs important in many biological processes
through posttranscriptional modification of complementary intracellular messenger RNAs (mRNAs).
MiRNAs have been reported to induce RNA interference (RNAi), by utilizing the miRNA-induced silencing complex (miRISC) to target mRNAs. They were first discovered in Caenorhabditis elegans as native
RNA fragments that modulate a wide range of genetic regulatory pathways during embryonic development, and are now recognized as small gene silencers transcribed from the noncoding regions of a genome.
In humans, nearly 97 % of the genome is noncoding DNA and changes in these sequences are frequently
noted to manifest in clinical and circumstantial malfunction; for example, type 2 myotonic dystrophy and
fragile X syndrome were found to be associated with miRNAs derived from introns. Intronic miRNA
(mirtrons) is a class of miRNAs derived from the processing of non-protein-coding regions of gene transcripts. The intronic miRNAs differ uniquely from previously described intergenic miRNAs in the requirement of RNA polymerase (Pol)-II and spliceosomal components for its biogenesis. Several kinds of intronic
miRNAs have been identified in C. elegans, mouse, and human cells; however, their functions and applications have not been reported. It is notable that there are different, but still highly conserved, mirtrons in
mammalian than in invertebrates, and could be an indication that mirtrons are an evolutionary precursor
to existing miRNA biogenesis pathways. Here, we show that intron-derived miRNA is not only able to
induce RNAi in mammalian cells but also in fish, chicken embryos, and adult mice cells, demonstrating the
evolutionary preservation of this gene regulation system in vivo. These miRNA-mediated animal models
provide artificial means to reproduce the mechanisms of miRNA-induced disease in vivo and will shed
further light on miRNA-related therapies.
Key words MicroRNA (miRNA), RNA interference (RNAi), RNA polymerase type II (Pol II), RNA
splicing, Intron, Intronic miRNA (mirtrons), RNA-induced gene-silencing complex (RISC), Gene
silencing in vivo

1

Introduction
Noncoding DNA varies greatly from one species to another; in
humans, it consists of almost 97 % of the genome. Changes in these
sequences are frequently noted to manifest in clinical and circumstantial malfunction (see Chapters 22–24). Numerous non-protein-coding
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genes are recently found to encode miRNAs, which are responsible
for RNA-mediated gene silencing through RNA intereference-like
pathways [1–3]. RNAi is a posttranscriptional gene-silencing mechanism that can be triggered by small regulatory RNA molecules, such
as miRNA and small interfering RNA (siRNA). MiRNAs can interfere with partially complementary intracellular mRNAs; a trait useful
for the design of new therapies against cancer polymorphism and viral
mutation [4, 5]. A much more rigid complementarity is required for
double stranded siRNA-induced RNAi gene silencing.
MiRNAs were first discovered in C. elegans as native RNA fragments that modulate a wide range of genetic regulatory pathways
during embryonic development [6]. Varieties of natural miRNAs
have been found to be derived from hairpin-like RNA precursors in
almost all eukaryotes, including yeast (Schizosaccharomyces pombe),
plants (Arabidopsis spp.), nematodes (C. elegans), flies (Drosophila
melanogaster), fishes, mice, and humans; they have been found to
be instrumental in providing intracellular defense against viral
infections and regulating certain gene expressions during development [7–17]. In contrast, natural siRNAs were abundantly discovered in plants and low-level animals (worms and flies), but rarely in
mammals [18, 19]. The intronic miRNA is a new class of miRNAs
derived from the processing of introns. As shown in Fig. 1, the
intronic miRNAs differ uniquely from previously described intergenic miRNAs in the requirement of Pol II and spliceosomal components for their biogenesis [20, 21]. We have shown, for the first
time, that these intron-derived miRNAs are able to induce RNA
interference in not only human and mouse cells, but also in zebrafish, chicken embryos, and adult mice, demonstrating the evolutionary preservation of the intron-mediated gene regulation
through miRNA-associated mechanisms in vertebrates in vitro and
in vivo. These findings suggest the existence of an intracellular
miRNA-mediated gene regulatory system for fine-tuning the degradation of protein-coding mRNAs [22].
Introns occupy the largest proportion of noncoding sequences
in the protein-coding DNA of a genome. Approximately 10–30 %
of some spliced introns are found in the cytoplasm, with moderate
half-lives. The transcription of the genomic protein-coding DNA
generates precursor (pre)-mRNA with four major parts: a 5′-untranslated
region (UTR), a protein-coding exon, a noncoding intron, and a
3′-UTR [23]. In broad definition, both 5′- and 3′-UTRs can be
seen as a kind of intron extension; however, their processing during
mRNA translation is different from the in-frame introns located
between two protein-coding exons. The in-frame intron can be up
to tens of thousands nucleotides long and was thought to be a waste
of gene transcripts. Recently, this misunderstanding was disproved
with the discovery of intronic miRNAs [24, 25].
The biogenic process of intronic miRNA presumably involves
five steps (Fig. 1), beginning with miRNA generation as a long
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Fig. 1 Comparison of biogenesis and RNA interference (RNAi) mechanisms among small interfering RNA
(siRNA); intergenic (exonic) microRNA (miRNA), and intronic miRNA. siRNA is likely formed by two perfectly
complementary RNAs transcribed from two different promoters (remains to be determined) and further processing into 19- to 22-bp duplexes by the ribonuclease (RNase) III familial endonuclease, Dicer. The biogenesis
of intergenic miRNAs, e.g., lin-4 and let-7, involves a long transcript primary precursor (pri-miRNA), which is
probably generated by RNA polymerase (Pol) II or III RNA promoters, whereas intronic miRNAs are transcribed
by the Pol II promoters of its encoded genes and coexpressed in the intronic regions of the gene transcripts
(pre-messenger RNA [mRNA]). After RNA splicing and further processing, the spliced intron may function as a
pri-miRNA for intronic miRNA generation. In the nucleus, the pri-miRNA is excised by Drosha RNase to form a
hairpin-like pre-miRNA template and then exported to the cytoplasm for further processing by Dicer* to form
mature miRNAs. siRNA and miRNA pathways are processed by different Dicers. All three small regulatory RNAs
are finally incorporated into a RNA-induced-silencing complex, which contains either a strand of siRNA or a
single-strand of miRNA. The effect of miRNA is considered more specific with fewer adverse consequences
than that of siRNA because only one strand is involved. However, siRNAs primarily trigger mRNA degradation,
whereas miRNAs can induce either mRNA degradation or suppression of protein synthesis depending on the
sequence complementarity to the target gene transcripts

primary precursor miRNA (pri-miRNA) encoded within a gene
transcript (pre-mRNA) by Pol II [20, 26]. Next, the pre-mRNA is
excised by spliceosomal components and/or Drosha-like ribonuclease (RNase) III endonucleases to release hairpin-like intronic
structures and form pre-miRNA [20, 27]. Shortly after, the premiRNA is exported out of the nucleus, probably by Ran–guanosine
triphosphate and a receptor Exportin-5 [28, 29]. In the cytoplasm,
Dicer-like nucleases cleave the pre-miRNA to form mature miRNA.
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Lastly, the mature miRNA is incorporated into a ribonuclear
particle (RNP), which becomes the RNA-induced gene-silencing
complex (RISC), capable of executing RNAi associated genesilencing effects [30, 31]. This process can bypass Drosha cleavage
of pri-miRNA into pre-miRNA and is instead processed by Dicer
in the cytoplasm [32]. Although the in vitro model of siRNAassociated RISC assembly has been studied, the link between the
final miRNA maturation processes and RISC assembly remains to
be determined.
The characteristics of Dicer and RISC have been reported to
be distinct between the siRNA and miRNA mechanisms [33, 34].
In zebrafish, we have recently observed that the stem-loop structure of pre-miRNAs is involved in the strand selection for mature
miRNA during RISC assembly [21]. These findings suggest that
the duplex structure of siRNA may be not essential for the assembly of miRNA-associated RISC. Conceivably, a method to distinguish the individual properties of and differences between miRNA
and siRNA biogenesis would facilitate our understanding of the
evolutional and functional relationship between these two RNAmediated gene-silencing pathways. In addition, the differences
may provide an explanation for the prevalence of native siRNAs in
invertebrates and their rarity in mammals.
Intronic miRNA are categorized by two conditions: they must
share the same promoter with their encoded genes and they are
spliced out of the transcript of their encoded genes and further
processed into mature miRNAs. Some currently identified miRNAs are encoded in the intronic region of a gene but in the opposite orientation to the gene transcript, such as let-7c, those miRNAs
are not intronic miRNAs because they neither share the same
promoter with the gene nor need to be released from the gene
transcript by RNA splicing. The promoters of those miRNAs
are located in the antisense direction to the gene, likely using the
gene transcript as a potential target for the antisense miRNAs.
More than 90 intronic miRNAs have been identified with
bioinformatics [35, 36], but the function of the majority of these
mirtrons remain undetermined. Same mirtrons (mir-977, mir-1224,
and mir-1225) have been found in humans, chimpanzees, and rats,
indicative of persistence of mirtrons across time in mammals, and
their evolutionary conservation. Mammals and invertebrates do
not share common mirtrons, but both possess mirtrons that are
highly conserved [37]. According to the strictly expressive correlation of intronic miRNAs to their encoded genes, one may speculate that the levels of condition-specific, time-specific, and
individual-specific gene expressions are determined by interactions
of different miRNAs on single or multiple genes. This interpretation accounts for a more precise genetic expression of various traits,
and deregulation of the interactions will result in genetic diseases.
For instance, monozygotic twins frequently demonstrate slightly
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distinguishing disease susceptibility and physiological behaviors;
a long CCTG expansion in intron 1 of the zinc finger protein-9 gene
has been correlated to type 2 myotonic dystrophy in one twin with
a higher susceptibility [38]. Although the expansion motif confers
high affinity to certain RNA-binding proteins, the interfering role of
intron-derived expansion fragments remains to be elucidated.
Another more-established example of intronic expansion fragments’ effect in pathogenesis is fragile X syndrome, the genetic
syndrome causing autism and intellectual disabilities presenting
approx 30 % of human inherited mental retardation. What causes
mutations in 99 % of individuals with fragile X syndrome is an
intronic CGG repeat (rCGG) expansion in the 5′-UTR of the
FMR1 gene [39]. FMR1 encodes an RNA-binding protein, fragile
X mental retardation protein, which is associated with polyribosome assembly in an RNP-dependent manner, and is capable of
suppressing translation through an RNAi-like pathway. Fragile X
mental retardation protein also contains a nuclear localization signal and a nuclear export signal for shuttling certain mRNAs
between the nucleus and cytoplasm [40]. Jin et al. proposed an
RNAi-mediated methylation model in the CpG region of the
FMR1 rCGG expansion, which is targeted by a hairpin RNA
derived from the 3′-UTR of the FMR1 expanded allele transcript
[39]. The Dicer-processed hairpin RNA triggers the formation
of RNA-induced initiator of transcriptional gene silencing on the
homologous rCGG sequences and leads to heterochromatin
repression of the FMR1 locus. These examples suggest that natural
evolution gives rise to more complex and varied introns in higher
animals and plants for coordinating their vast gene expression volumes and interactions; therefore, any deregulation of miRNAs
derived from introns may lead to genetic diseases involving intronic
expansion or deletion, such as myotonic dystrophy and fragile X
mental retardation.
To understand diseases caused by the deregulation of intronic
miRNAs, an artificial expression system is needed to recreate the
function and mechanism of the miRNA in vitro and in vivo. The
same approach may be used to design and develop therapies for various intronic miRNA related diseases. Using artificial introns carrying hairpin-like pre-miRNA, we successfully generated mature
miRNA molecules with the capacity to trigger RNAi-like gene
silencing in human prostate cancer (LNCaP), human cervical cancer
(HeLa), and rat neuronal stem cells (HCN-A94-2) [20, 41].
The artificial intron of Fig. 2a was spliced with a mutated
HcRed1 red fluorescent membrane protein (rGFP) gene to form a
recombined SpRNAi–rGFP gene, in which the functional fluorescent structure was disrupted by the splicing-competent RNA
intron (SpRNAi) insertion. There is no homology or complementarity between the SpRNAi–rGFP gene and its expression vectors.
We were able to determine the occurrence of intron splicing and
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Fig. 2 Structural preference of miRNA–miRNA* asymmetry in miRNA-induced gene silencing complex (RISC)
in vivo. Different preferences of RISC assembly were observed by transfection of 5′-miRNA*-stemloop-miRNA3′ (⊇) and 5′-miRNA-stemloop-miRNA*-3′ (⊄) pre-miRNA constructs in zebrafish, respectively. (a) Based on
the RISC assembly rule of siRNA, the processing of both ⊇ and ⊄ should result in the same siRNA duplex for
RISC assembly; however, the experiments demonstrate that only the ⊄ construct was used in RISC assembly
for silencing target EGFR. Due to the fact that miRNA is predicted to be complementary to its target messenger
RNA, the “antisense” (black bar) refers to the miRNA and the “sense” (white bar) refers to its complementarity,
miRNA*. One mature miRNA, namely, miR-Aequorea victoria green fluorescent protein (eGFP)-(280/302), was
detected in the ⊄-transfected zebrafishes, whereas the ⊇ transfection produced different miRNA: miR*EGFR(301-281), which was partially complementary to the miR-eGFP(280/320). (b) In vivo gene silencing
efficacy was only observed in the transfection of the ⊄ pre-miRNA construct, but not the ⊇ construct. Because
the color combination of EGFP and RGFP displayed more red than green (as shown in deep orange), the
expression level of target EGFP (green) was significantly reduced in ⊄, while miRNA indicator RGFP (red) was
evenly present in all vector transfections. (c) Western blot analysis of the EGFP protein levels confirmed the
specific silencing result of (b). No detectable gene silencing was observed in fishes without (Ctl) and with liposome only (Lipo) treatments. The transfection of either a U6-driven siRNA vector (siR) or an empty vector (Vctr)
without the designed pre-miRNA insert resulted in no gene silencing significance
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rGFP–mRNA maturation through the appearance of red fluorescent
emission on the membranes of transfected cells. After transfection
of SpRNAi–rGFP genes containing synthetic inserts homologous
to a targeted gene exon, we found that a hairpin insert comprising
both sense and antisense exon strands resulted in optimal effects of
gene silencing.
As shown in Fig. 2, the transfection of various SpRNAi–rGFP
genes targeting the nucleotides 279–303 open-reading frame
region of the enhanced Aequorea victoria green fluorescent protein
(eGFP) was found to be highly significant (n = 4; p < 0.01) in silencing eGFP protein expression. The use of eGFP-positive HCNA94-2 rat neuronal stem cells offered an excellent visual aid to
observe the decreased green fluorescent emission of eGFP in the
red fluorescent rGFP reporter gene-expressing cells. Silencing of
eGFP was detected 42–48 h after transfection, indicating a potential requirement for precise timing of the production of sufficient
small interfering intron inserts from the SpRNAi–rGFP gene.
Quantitative knockdown levels of eGFP protein were significantly altered (Fig. 2b), and there were modest reduction rates of
56 ± 6 % for the transfection of inserts homologous to the sense
strand of the eGFP target, of 50 ± 4 % for the antisense strand of
the GFP target, and a significant rate of 81 ± 2 % for the hairpin
inserts containing both strands of the eGFP target. No knockdown
specificity to eGFP was detected by the transfection of intron-free
rGFP gene, or for the SpRNAi–rGFP gene containing hairpin
inserts homologous to either integrin-β1 exon 1 or to the human
immunodeficiency virus (HIV)-1 gag-p24 gene. The Western blot
results shown in Fig. 2c confirmed the knockdown regulation
observed and demonstrated that such a gene-silencing effect is
determined by the hairpin structures of the pre-miRNA inserts.
The intron-derived miRNA system is able to be activated in a
specific cell type under the control of a Pol II-directed transcriptional machinery. Our research group was the first to discover the
biogenesis of miRNA-like precursors from the 5′-proximal intron
regions of gene transcripts (pre-mRNAs) produced by the mammalian Pol II. Depending on the promoter of the miRNA-encoded
gene transcript, intronic miRNA is coexpressed with its encoding
gene in the specific cell population, which activates the promoter
and expresses the gene. This type of miRNA generation relies on
the coupled interaction of nascent Pol II-mediated pre-mRNA
transcription and intron excision, occurring within certain nuclear
regions proximal to genomic perichromatin fibrils [4, 20, 42, 43].
After Pol II RNA processing and splicing excision, some of the
intron-derived miRNA fragments can form mature miRNAs and
effectively silence the target genes through the RNAi mechanism,
whereas the exons of pre-mRNA are ligated together to form a mature
mRNA for protein synthesis [4, 20]. Because miRNAs are singlestranded molecules insensitive to double-stranded RNA-dependent
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protein kinase R (PKR) and 2′,5′-oligoadenylate synthetase (2-5A)induced interferon systems, the use of this Pol II-mediated miRNA
generation can be safe in vitro and in vivo, preventing the cytotoxic
effects of double-stranded RNAs (dsRNAs) and siRNAs. Interferoninduced protein kinase PKR can trigger cell apoptosis, whereas activation of the interferon-induced 2-5A system leads to extensive cleavage
of single-stranded RNAs (i.e., mRNAs) [44, 45]. Although both the
PKR and the 2-5A systems contain dsRNA-binding motifs that are
highly conserved for binding to dsRNAs, these motifs do not bind to
either single-stranded RNAs or RNA–DNA hybrids. These findings
indicate a new function for mammalian introns in intracellular miRNA
generation and gene regulation, which can be used as a tool for analysis of gene functions, improvement of current RNAi technology, and
development of gene-specific therapeutics against cancers and viral
infections.
The components of the Pol II-mediated SpRNAi system
include several consensual nucleotide elements: a 5′-splice site, a
branch-point domain, a poly-pyrimidine tract, and a 3′-splice site
(Fig. 2a). Additionally, a pre-miRNA insert-sequence is placed
within the artificial intron between the 5′-splice site and the
branch-point domain. This portion of the intron would normally
form a lariat structure during RNA splicing and processing.
We currently know that spliceosomal U2 and U6 small nuclear
RNPs, both helicases, may be involved in the unwinding and excision of the lariat RNA fragment into pre-miRNA; however, the
detailed processing remains to be elucidated. Further, the SpRNAi
contains translation stop codon domains in its 3′-proximal region
to facilitate the accuracy of RNA splicing, which, if present in a
cytoplasmic mRNA, would signal the diversion of a splicingdefective pre-mRNA to the nonsense-mediated decay pathway and,
thus, cause the elimination of any unspliced pre-mRNA in the cell.
For intracellular expression of the SpRNAi, we need to insert
the SpRNAi construct into the DraII cleavage site of a rGFP gene
from mutated chromoproteins of coral reef Heteractis crispa. The
cleavage of rGFP at its 208th nucleotide site by the restriction
enzyme, DraII, generates an AG–GN nucleotide break, with three
recessing nucleotides in each end, which forms 5′ and 3′ splice
sites, respectively, after the SpRNAi insertion. Because this intronic
insertion disrupts the expression of functional rGFP, it becomes
possible to determine the occurrence of intron splicing and rGFP–
mRNA maturation via the appearance of red fluorescent emission
around the membrane surface of the transfected cells. The rGFP
also provides multiple exonic splicing enhancers to increase RNAsplicing efficiency.
To test the requirement of a siRNA-like duplex construct in
miRNA-associated RISC (miRISC) assembly, the pre-miRNAs
were designed to contain perfectly matched stem arm domains.
Although most of the native pre-miRNAs contain a mismatched
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area in their stem arms, it is not necessary for us to construct an
imperfectly paired stem arm to trigger RNAi-related gene silencing. Previous studies have demonstrated that a mature miRNA can
be generated by placing a perfectly matched siRNA duplex in the
miR-30 pre-miRNA structure [27, 46]. Further, there are many
genes not subjected to the regulation of native miRNAs, in particular, eGFP, which can be otherwise silenced by intracellular
transfection of a pre-miRNA containing a perfectly matched stem
arm construct. Therefore, we define a mature miRNA based on its
biogenetic function and mechanism, rather than the structural
complementarity to its precursor. By this definition, any small hairpin RNA can be a pre-miRNA if it can be successfully processed
into mature miRNA and further assembled into miRISC for targeted gene silencing.
This designed miRNA system has been tested in zebrafish,
proving that intronic miRNAs can be effective in silencing specific
target genes in vivo. Initially, we tried to identify the structural
design of pre-miRNA inserts for the best gene-silencing effect and
found that a strong structural bias exists in the selection of a mature
miRNA strand during assembly of the RNAi effector, RISC. RISC
is a protein–RNA complex that directs either target gene transcript
degradation or translational repression through the RNAi mechanism. Formation of siRNA duplexes has been reported to play a
key role in assembly of the siRNA-associated RISC. The two
strands of the siRNA duplex are functionally asymmetric, but
assembly into the RISC complex is preferential for only one strand.
Such preference is determined by the thermodynamic stability of
each 5′-end base pairing in the strand.
Based on this siRNA model, the formation of miRNA and its
complementary miRNA duplexes (miRNA*) was thought to be
an essential step for the assembly of miRISC. If this were true, no
functional bias would be observed in the stem-loop of a premiRNA. Nevertheless, we observed that the stem-loop of the intronic
pre-miRNA was involved in the strand selection of mature miRNA for
RISC assembly in zebrafish. In these experiments, we constructed
miRNA-expressing SpRNAi–rGFP vectors, as previously described [4,
20]; and two symmetric pre-miRNAs, miRNA–stem-loop–miRNA*
(0) and miRNA*–stem-loop–miRNA [8], were synthesized and
inserted into the vectors, respectively. Both pre-miRNAs contained
the same double-stranded stem arm region, which was directed against
the eGFP nucleotide 280–302 sequence. Because the intronic insert
region of the SpRNAi–rGFP recombined gene is flanked with a PvuI
and an MluI restriction site at the 5′- and 3′-ends, respectively,
the primary insert can be easily removed and replaced by various
gene-specific inserts (e.g., anti-eGFP) possessing cohesive ends. By
changing the pre-miRNA inserts directed against different gene transcripts, this intronic miRNA generation system provides a valuable
tool for genetic and miRNA associated research in vivo.

Fig. 3 Strategy for analysis of intronic microRNA (miRNA) mechanisms using artificial SpRNAi–rGFP gene vectors. (a) The SpRNAi–rGFP gene consists of a 5′-RNA promoter (P), an artificial intron (SpRNAi) flanked with two
red fluorescent proteins (rGFP) exon fragments, and a 3′-proximity of transcription and translation termination
codons (Ts). The construction of SpRNAi includes a 5′-splice donor site (DS), a 3′-splice acceptor site (AS), a
poly-pyrimidine tract (PPT), a branch-point domain (BrP), and an inserted pre-miRNA oligonucleotide (insert) in
the 5′-proximity of SpRNAi between the DS and BrP sites. During messenger RNA (mRNA) maturation, the
SpRNAi is spliced out of the SpRNAi–rGFP pre-mRNA and further processed into miRNAs for gene silencing,
whereas the mature rGFP mRNA is translated into rGFP for the target identification. (b) Simultaneous expression of rGFP and silencing of Aequorea victoria green fluorescent protein (eGFP) by various SpRNAi–rGFP
transfections. At 24 h after transfection, approximate total cell numbers and eGFP-positive cell populations
were observed with very few apoptotic or differentiated cells, whereas no detectable silencing of eGFP
occurred. The RNA interference (RNAi) effect was detected 42 h after transfection, showing that the gene
knockdown potency of the SpRNAi–rGFP genes containing inserts homologous to hairpin-eGFP were much
greater than the sense-eGFP, which was approximately equal to the antisense-eGFP, which was much greater
than the hairpin-human immunodeficiency virus (HIV) p24 (negative controls). (c) Western blot analyses confirmed the knockdown potency of (b). The lanes from left to right indicate the SpRNAi–rGFP transfection with
genes containing various inserts homologous to the open-reading frame of eGFP, namely, 1, rGFP(−) (blank
controls); 2, hairpin-integrin-β1 exon 1 (negative controls); 3, hairpin-HIV gag-p24; 4, sense-eGFP; 5,
antisense-eGFP; 6, hairpin-eGFP; and 7, rGFPΔ (DS-defective controls)
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To determine the structural preference of the designed
pre-miRNAs, we isolated the zebrafish small RNAs by mirVana®
miRNA isolation columns (Ambion, Austin, TX) and precipitated
all potential miRNAs complementary to the target eGFP region by
latex beads containing the target RNA sequence. One effective
miRNA identity, miR-eGFP (280/302), was verified in the transfections of the 5′-miRNA–stem-loop–miRNA*-3′ construct, as
shown in Fig. 3a (gray-shading sequences). Because the effective
mature miRNA was detected only in the zebrafish when transfected
by the 5′-miRNA–stem-loop–miRNA*-3′ construct, the miRISC
seems to prefer interacting with the 8 construct rather than the 0
pre-miRNA. The eGFP expression was constitutively driven by the
β-actin promoter located in almost all zebrafish cells, whereas
Fig. 3b shows that transfection of the SpRNAi–rGFP vector into
the transgenic (UAS:gfp) zebrafish coexpressed rGFP, serving as a
positive indicator for the miRNA generation in the transfected
cells. This approach has been successfully used in several mouse and
human cell lines to demonstrate RNAi effects [20, 41].
We applied the liposome-capsulated vector (total 60 μg) to the
fish and found that the vector easily penetrated almost all tissues of
the 2-week-old zebrafish larvae within 24 h, achieving fully systemic
delivery of the miRNA effect. The indicator rGFP was detected in all
of the fishes transfected by either 5′-miRNA*–stem-loop–miRNA-3′
or 5′-miRNA–stem-loop–miRNA*-3′ premiRNA, whereas the
silencing of target eGFP expression (green) was observed only in the
fishes transfected by the 5′-miRNA–stem-loop–miRNA*-3′ premiRNA (Fig. 3b, c).
The suppression level of eGFP in the gastrointestinal tract was
found to be less effective, probably due to the high RNase activity
in this region. Switching the stem-loop position changed the thermostability of the 5′-end of the siRNA-like stem arm, resulting in
different miRNA maturation patterns; thus, it is possible that the
stem-loop of a premiRNA may be involved in Dicer recognition
and strand selection of a mature miRNA for effective RISC assembly and the resultant gene silencing. Given that the cleavage site of
Dicer in the stem arm determines the strand selection of mature
miRNA [27], the stem-loop may function as a determinant for the
recognition of specific cleavage sites. Therefore, different from the
dual open-ends of siRNA, a hairpin-like pre-miRNA has the advantage of using its stemloop structure to control the asymmetry of
miRNA maturation for more efficient RISC assembly.
Consistent evidence of miRNA-induced gene-silencing effects
in mammalian cell lines and zebrafish demonstrates the preservation
of an ancient intron-mediated gene regulation system in eukaryotes. In these in vitro and in vivo models, the intron-derived miRNAs determine the activation of RNAi-associated gene-silencing
pathways. We herein provide the first evidence for the biogenesis
and function of intronic miRNAs, both in vitro and in vivo.
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Evolution gives rise to more complex and varied introns in higher
animal and plant species for coordinating their vast gene expression
volumes and interactions; it suggests that miRNA genes may have
arose independently in higher life forms via their respective RNAi
pathways. The prevalence of mirtrons suggests that they may have
been an evolutionary precursor to RNA regulation and interference
[37]. Deregulation of these mirtrons due to intronic expansion or
deletion could be the likely cause of various genetic diseases, such as
myotonic dystrophy and fragile X mental retardation. Gene expression produces not only a gene transcript for its own protein synthesis but also for intronic miRNAs, capable of interfering with the
expression of other genes. Thus, the expression of a particular gene
may result in the gain of function of that particular gene but the
consequent loss of function of other genes that are complementary
to the mature intronic miRNAs. In volatile environments, an array
of genes can swiftly and accurately coordinate their expression patterns with each other through the mediation of their intronic miRNAs, bypassing time-consuming translation processes.
Conceivably, intron-mediated gene regulation may be as important as the mechanisms by which transcription factors regulate the
gene expression. It is likely that intronic miRNA is able
to trigger cell transitions quickly in response to external stimuli
without tedious protein synthesis. Undesired gene products are
reduced by both transcriptional inhibition and/or translational suppression via miRNA regulation. This could enable a rapid switch to
a new gene expression pattern without the need to produce various
transcription factors. This regulatory property of miRNAs may
serve as one of the most ancient gene modulation systems before
the emergence of proteins. With the vast variety of miRNAs and the
complexity of genomic introns, a thorough investigation of miRNA
variants in the human genome will markedly improve the understanding of genetic diseases and improve the design of miRNAbased drugs. Learning how to exploit such a novel gene regulation
system for future therapies will be a forthcoming challenge.

2

Materials

2.1 Synthetic
Oligonucleotides
Used for SpRNAi–rGFP
Gene Construction

1. Sense SpRNAi sequence: 5′-dephosphorylated GTAAGTGGTC
CGATCGTCGC GACG CGTCAT TACTAACACTATCAT
ACTTATC CTGTCCCTTT TTTTTCCACA GCTAGGAC
CT TCGTGCA-3′ (100 pmol/μL in autoclaved ddH2O).
2. Antisense SpRNAi sequence: 5′-phosphorylated TGCACG
AAGG TCCTAGCTGT GGA AAAAAAA GGGACAGGAT
AAGTATGATA GTTAGTAATG ACGCGTCGCG ACGA
TCGGAC CACTTAC-3′ (100 pmol/μL in autoclaved ddH2O).
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3. 2× Hybridization buffer: 200 mM KOAc, 60 mM HEPESKOH, 4 mM MgOAc, pH 7.4 at 25 °C.
4. 0.5 μg/μL pHcRed1-N1/1 plasmid vector (BD Biosciences,
Palo Alto, CA).
5. Incubation chambers at 94, 65, and 4 °C.
2.2 Restriction
Enzyme Digestion
and Sequential
Ligation with
Cohesive Ends

1. 10× L buffer: 100 mM Tris–HCl, pH 7.5 at 37 °C; 100 mM
MgCl2; and 10 mM dithiothreitol (DTT).
2. Restriction enzymes, including DraII, BfrI, NheI, and BsmI.
3. DraII digestion reaction mix: 14 μL autoclaved ddH2O, 4 μL
of 10× L buffer, and 2 μL DraII; prepare the reaction mix just
before use.
4. DraII/BfrI digestion reaction mix: 2 μL autoclaved ddH2O,
4 μL of 10× L buffer, 2 μL DraII, and 2 μL BfrI; prepare the
reaction mix just before use.
5. 10× Ligation buffer: 660 mM Tris–HCl, pH 7.5 at 20 °C;
50 mM MgCl2; 50 mM DTT; and 10 mM adenosine triphosphate (ATP).
6. 5 U/μL T4 DNA ligase.
7. Ligation reaction mix: 4 μL autoclaved ddH2O, 4 μL of 10×
ligation buffer, and 2 μL T4 ligase; prepare the reaction mix
just before use.
8. 10× M buffer: 100 mM Tris–HCl, pH 7.5 at 37 °C; 500 mM
NaCl; 100 mM MgCl2; and 10 mM DTT.
9. NheI digestion reaxtion mix: 4 μL autoclaved ddH2O, 4 μL of
10× M buffer, and 2 μL NheI; prepare the reaction mix just
before use.
10. 10× H buffer: 500 mM Tris–HCl, pH 7.5 at 37 °C; 1 M NaCl;
100 mM MgCl2; and 10 mM DTT.
11. BsmI digestion reaction mix: 4 μL autoclaved ddH2O, 4 μL of
10× H buffer and 2 μL BsmI; prepare the reaction mix just
before use.
12. 10 U/μL T4 polynucleotide kinase.
13. Ligation/phosphorylation reaction mix: 2 μL autoclaved
ddH2O, 4 μL of 10× ligation buffer, 2 μL T4 ligase, and 2 μL T4
polynucleotide kinase; prepare the reaction mix just before use.
14. Incubation chambers at 65, 37, 16, and 4 °C.
15. 1 % agarose gel electrophoresis.
16. Gel extraction kit (Qiagen, Valencia, CA).
17. Microcentrifuge: 17,900 × g.
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2.3 Cloning
of the SpRNAi–rGFP
Gene Construct

1. 10× H buffer: 500 mM Tris–HCl, pH 7.5 at 37 °C; 1 M NaCl;
100 mM MgCl2; and 10 mM DTT.
2. Restriction enzymes, including XhoI and XbaI.
3. XhoI/XbaI digestion reaction mix: 2 μL autoclaved ddH2O,
4 μL of 10× H buffer, 2 μL XhoI, and 2 μL XbaI; prepare the
reaction mix just before use.
4. 10× Ligation buffer: 660 mM Tris–HCl, pH 7.5 at 20 °C;
50 mM MgCl2; 50 mM DTT; and 10 mM ATP.
5. 5 U/μL T4 DNA ligase.
6. Ligation reaction mix: 4 μL autoclaved ddH2O, 4 μL of 10×
ligation buffer, and 2 μL T4 ligase; prepare the reaction mix
just before use.
7. Low salt Luria–Bertani culture broth.
8. Expand cloning kit (Roche Diagnostics, Indianapolis, IN).
9. DH5α transformation-competent E. coli cells (Roche).
10. 10× MgSO4 solution: 1 M MgSO4.
11. 1× CaCl2 solution: 0.1 M CaCl2.
12. 10× Glucose solution: 1 M glucose.
13. Incubation shaker: 37 °C; 285 rpm vortex.
14. Incubation chambers: 37, 16, and 4 °C.
15. Luria–Bertani agar plate containing 50 mg/mL kanamycin.
16. Spin Miniprep kit (Qiagen).
17. Microcentrifuge 17,900 × g.

2.4 Insertion
of Pre-miRNA
into the SpRNAi–rGFP
Gene Construct

1. Sense pre-miRNA sequence: 5′-GTCCGATCGTCAAGAA
GATG GTGCGCTCCT GGA TCAAGAG ATTCCAGGAG
CGCACCATCT TCTTCGACGC GTCAT-3′ (100 pmol/μL
in autoclaved ddH2O).
2. Antisense pre-miRNA sequence: 5′-ATGACGCGTCGAAG
AAGATG GTGCGCTCCT GGAATCTCTT GATCCAGGAG
CGCACCATCT TCTTGACGAT CGGAC-3′ (100 pmol/μL
in autoclaved ddH2O).
3. 2× Hybridization buffer: 200 mM KOAc, 60 mM HEPESKOH, and 4 mM MgOAc, pH 7.4 at 25 °C.
4. 10× H buffer: 500 mM Tris–HCl, pH 7.5 at 37 °C; 1 M NaCl;
100 mM MgCl2; and 10 mM DTT.
5. Restriction enzymes, including PuvI and MluI.
6. PuvI/MluI digestion reaction mix: 2 μL autoclaved ddH2O,
4 μL of 10× H buffer, 2 μL PuvI, and 2 μL MluI; prepare the
reaction mix just before use.
7. 10× Ligation buffer: 660 mM Tris-HCl, pH 7.5 at 20 °C;
50 mM MgCl2; 50 mM DTT; and 10 mM ATP.
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8. 5 U/μL T4 DNA ligase.
9. Ligation reaction mix: 4 μL autoclaved ddH2O, 4 μL of 10×
ligation buffer, and 2 μL T4 ligase; prepare the reaction mix
just before use.
10. Incubation chambers: 65, 37, and 16 °C.
11. 1 % agarose gel electrophoresis.
12. Gel extraction kit (Qiagen).
13. Microcentrifuge: 17,900 × g.
2.5 Liposomal
Transfection
of the SpRNAi–rGFP
Gene Construct

3

1. RPMI-1640 cell culture medium, serum-free.
2. FuGENE transfection reagent (Roche).
3. Cell culture incubator.

Methods

3.1 Synthetic
Oligonucleotides Used
for SpRNAi–rGFP Gene
Construction

The SpRNAi artificial intron is formed by hybridization of the
sense and antisense SpRNAi sequences, which are synthesized to
be perfectly complementary to each other. Both of the SpRNAi
sequences must be purified by polyacrylamide gel electrophoresis
(PAGE) before use and stored at −20 °C.
1. Hybridization: mix the sense and antisense SpRNAi sequences
(5 μL for each sequence) in 10 μL of 2× hybridization buffer,
heat to 94 °C for 3 min, and cool to 65 °C for 10 min. Stop
the reaction on ice.

3.2 Restriction
Enzyme Digestion
and Sequential
Ligation with
Cohesive Ends

Two rGFP exons are provided by DraII cleavage of the pHcRed1N1/1 plasmid vector between the 881st and 882nd nucleotide
site, forming an AG–GN nucleotide break with 5′-G(T/A)C protruding nucleotides in the cleaved ends. The 5′-GTC protruding
nucleotides need to be removed from the end of the first exon for
blunt-end ligation, whereas the 5′-GAC protruding end of the
second exon is used to ligate with the 3′-DraII-restricted end of
the SpRNAi intron. After the ligation of the SpRNAi intron and
the second rGFP exon, add the first rGFP exon to the 5′ end of the
ligated sequence by blunt-end ligation, so as to form a complete
SpRNAi–rGFP gene cassette (see Note 1).
1. DraII cleavage: add the DraII digestion reaction mix to the
SpRNAi hybrid. Add the DraII/ BfrI digestion reaction mix to
30 μL of the pHcRed1-N1/1 plasmid vector. Incubate both of
the reactions at 37 °C for 4 h and stop the reaction on ice.
2. Purification of the DraII- and DraII/BfrI-digested sequences:
load and run the above reactions from step 1 in 1 % agarose
gel electrophoresis and cut out of the DraII-digested SpRNAi
hybrid sequence and two other oligonucleotide fragments
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(one 1,760 bp and another 715 bp), which are derived from
the DraII/BfrI-cleaved pHcRed1-N1/1 plasmid vector. Separately recover these three oligonucleotide sequences into
different tubes in 30 μL autoclaved ddH2O, using the gel
extraction columns and following the manufacturer’s suggestions. Store the 1,760-bp pHcRed1-N1/1 fragment at 4 °C
for 2 weeks before use (see Note 2).
3. Ligation: mix 15 μL of the DraII-digested SpRNAi hybrid
sequence with 15 μL of the 715 bp pHcRed1-N1/1 fragment
and add the ligation reaction mix. Incubate the reaction at
16 °C for 16 h and stop the reaction on ice.
4. Purification of the ligation product: load and run the ligation in
1 % agarose gel electrophoresis and cut out the ligated sequence
(~800 bp) using a clean surgical blade. Recover the sequence in
one tube of 30 μL autoclaved ddH2O, using the gel extraction
column and following the manufacturer’s suggestions.
5. Cleavage by NheI and BsmI: add the BsmI digestion reaction
mix to the ligation product. Add the NheI digestion reaction
mix to the 1,760-bp pHcRed1-N1/1 fragment. Incubate both
of the reactions at 37 °C for 4 h and stop the reaction on ice.
6. Purification of the NheI and BsmI-digested sequences: load and
run the reactions in 1 % agarose gel electrophoresis and cut out
the NheI- and BsmI-digested sequences, respectively, using a
clean surgical blade. Recover the two oligonucleotide sequences
in one tube of 30 μL autoclaved ddH2O, using the gel extraction columns and following manufacturer’s suggestions.
7. Ligation: add the ligation/phosphorylation reaction mix to
the extraction. Incubate the reaction at 16 °C for 16 h and
stop the reaction on ice.
8. Purification of the ligation product: load and run the ligation
in 1 % agarose gel electrophoresis and cut out the ligated
sequences using a clean surgical blade. Recover the sequence in
one tube of 30 μL autoclaved ddH2O, using the gel extraction
column and following the manufacturer’s suggestions. The
final ligation product forms the SpRNAi–rGFP gene cassette
(see Note 1).
3.3 Cloning
of the SpRNAi–rGFP
Gene Construct

To express the SpRNAi–rGFP gene in transfected cells, clone the
SpRNAi–rGFP gene cassette into the pHcRed1-N1/1 plasmid
vector, replacing the original HcRed protein sequence. Because
the functional fluorescent structure of HcRed is disrupted by the
SpRNAi intron insertion, one can determine the occurrence of
intron splicing and miRNA maturation through the appearance
of red fluorescent emission on the cell membranes. The red rGFP
serves as a visual indicator for the generation of intronic miRNAs.
This intron-derived miRNA system is activated under the control
of cytomegalovirus-IE promoter.
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1. Cleavage by XhoI and XbaI: add the XhoI/XbaI digestion
reaction mix to the SpRNAi–rGFP gene cassette and the
pHcRed1-N1/1 plasmid vector, respectively. Incubate both of
the reactions at 37 °C for 4 h and stop the reactions on ice.
2. Purification of the XhoI/XbaI-digested sequences: load and
run the reactions in 1 % agarose gel electrophoresis and cut out
the XhoI/XbaI-digested SpRNAi–rGFP sequence and the
4,000-bp pHcRed1-N1/1 fragment, respectively, using a clean
surgical blade. Recover the two oligonucleotide sequences
in one tube of 30 μL autoclaved ddH2O, using the gel extraction column and following the manufacturer’s suggestions.
3. Ligation: add the ligation reaction mix to the extraction.
Incubate the reaction at 16 °C for 16 h and stop the reaction
on ice.
4. Plasmid amplification: transfect the ligation product into
the DH5α transformation-competent E. coli cells using the
expand cloning kit and following the manufacturer’s
suggestions.
5. Plasmid recovery: isolate and collect the amplified SpRNAi–
rGFP plasmid in one tube of 30 μL autoclaved ddH2O, using
a spin Miniprep filter and following the manufacturer’s
suggestions.
3.4 Insertion
of Pre-miRNA
into the SpRNAi–rGFP
Gene Construct

The SpRNAi–rGFP vector does not contain any intronic pre-miRNA
structure. Because the intronic insert region of the SpRNAi–rGFP
vector is flanked with a PvuI and an MluI restriction site at the 5′
and 3′ ends, respectively, the primary insert can be easily removed
and replaced by various gene-specific inserts (e.g., anti-eGFP) possessing cohesive ends (see Note 3).
1. Hybridization: mix the sense and antisense pre-miRNA
sequences (5 μL for each sequence) in 10 μL of 2× hybridization buffer, heat to 94 °C for 3 min, and cool to 65 °C for
10 min. Stop the reaction on ice.
2. Cleavage by MluI and PvuI: add the MluI/PvuI digestion
reaction mix to the SpRNAi–rGFP vector and the pre-miRNA
hybrid construct, respectively. Incubate the reaction at 37 °C
for 4 h and stop the reaction on ice.
3. Purification of the MluI/PvuI-digested sequences: load and run
the reactions in 1 % agarose gel electrophoresis and cut out
the MluI/PvuI-digested SpRNAi–rGFP sequence and the premiRNA fragment, respectively, using a clean surgical blade.
Recover the two oligonucleotide sequences in one tube of 30 μL
autoclaved ddH2O, using the gel extraction column and following the manufacturer’s suggestions.

338

Jia Han Deng et al.

4. Ligation: add the ligation reaction mix to the extraction.
Incubate the reaction at 16 °C for 16 h and stop the reaction
on ice.
5. Plasmid amplification: transfect the ligation product into the
DH5α transformation-competent E. coli cells using the expand
cloning kit and following the manufacturer’s suggestions.
6. Plasmid recovery: isolate and collect the amplified SpRNAi–
rGFP plasmid in one tube of 30 μL autoclaved ddH2O, using
a spin Miniprep filter and following the manufacturer’s suggestions (see Note 4).
3.5 Liposomal
Transfection
of the SpRNAi–rGFP
Gene Construct

To increase transfection efficiency, we use liposomal reagents to
facilitate the delivery of the SpRNAi–rGFP vector into target cells.
1. Preparation of FuGENE: add 6 μL of the FuGENE reagent
into 100 μL of RPMI-1640 medium in a clean tube and gently
mix the solution, following the manufacturer’s suggestions.
Add 20 μg (in less than 50 μL) of the SpRNAi–rGFP vector
into the liposomal dilution from Subheading 3.4, step 6, and
gently mix the solution following the manufacturer’s suggestions. Store the mixture at 4 °C for 30 min.
2. Transfection: add the mixture into the center of the cell culture
and gently mix the cell culture medium.
3. Cell culture: culture the treated cells in a cell culture incubator
under the condition essential for the cell type.

4

Notes
1. Because of the low efficiency of blunt-end ligation and
5′-nucleotide hydrolysis of the first rGFP exon, the chance to
obtain a correct SpRNAi–rGFP gene sequence is approx. 1 in
50 (2 %). The final SpRNAi–rGFP gene sequence must be
confirmed by DNA sequencing.
2. Because there is no enzymatic method to remove the 5′protruding trinucleotide of the first rGFP exon, we need to use
hydrolysis, which takes approx. 2–3 weeks to remove three
nucleotides from the end of an oligonucleotide sequence.
3. The synthetic pre-miRNA sequences that we present here
are directed against the 279–303-nt region of enhanced eGFP.
The principle for designing an intronic pre-miRNA insert is to
synthesize two mutually complementary oligonucleotides,
including one 5′-GTCCG ATCGTC, 19- to 27-nt antisense
target gene sequence—TCAAGAGAT (stem-loop)—19- to
27-nt sense target gene sequence, CGACGCGTCAT-3′; and
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another 5′-ATGACGGTCG, 19- to 27-nt antisense target
gene sequence—ATCTCTTGA (stem-loop)—19- to 27-nt
sense target gene sequence, GACGATCGGAC-3′. The hybridization of these two oligonucleotide sequences forms the
intronic pre-miRNA insert, which contains a 5′-PuvI and a
3′Mlu1 restriction site for further ligation into the intron
region of an SpRNAi–rGFP gene cassette. All synthetic oligonucleotides must be purified by PAGE to ensure their highest
purity and integrity.
4. The sequence of the final SpRNAi–rGFP gene cassette and its
pre-miRNA insert must be confirmed by DNA sequencing.
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Chapter 21
In Silico Identification of Novel Endo-siRNAs
Andrew Schuster, Grant W. Hennig, Nicole Ortogero,
Dickson Luong, and Wei Yan
Abstract
Many classes of small noncoding RNAs (sncRNAs), such as microRNAs (miRNAs) and endogenous small
interfering RNAs (endo-siRNAs), have been identified as important regulators of gene expression. EndosiRNAs represent an integral part of the endogenous RNAi pathway and have been identified in multiple
organisms and cell types. Wide adoption of the next-generation deep sequencing (NGS)-based sncRNA
profiling has made the identification of novel sncRNA species more accessible. However, it remains a challenge to identify novel endo-siRNAs that are not collected in the current endo-siRNA databases. We have
developed an in silico method for identification of novel endo-siRNAs using small RNA NGS data. Here, we
describe our protocol in detail.
Key words Noncoding RNA, Endogenous small interference RNA, Next-generation sequencing,
RNA-Seq, Annotation

1

Introduction
Since the discovery of microRNAs (miRNAs) in 2001 [1, 2],
many more sncRNA species, e.g., PIWI-interacting RNAs (piRNAs) [3], endogenous small interference RNAs (endo-siRNAs)
[4, 5], piRNA-like RNAs (pilRNAs) [6], and mitochondrial small
RNAs (mitosRNAs) [7, 8], have been identified and characterized. Endo-siRNAs appear to function in the endogenous RNA
interference (RNAi) pathway found in numerous organisms (e.g.,
C. elegans, plants, D. melanogaster, mice, and humans) [4, 9–12].
Endo-siRNAs are ~21 nucleotides (nt) in length and are derived
from much longer, naturally occurring double-stranded RNAs
(dsRNAs) [13]. Precursors for endo-siRNA production are
derived either from double-stranded RNAs consisting two complementary single-stranded RNAs (ssRNAs) or from the stem
regions of single hairpin transcripts. The ssRNAs can be transcripts
from the same genomic loci (cis) or loci on different chromosomes (trans) [13–15]. Single-stranded mature endo-siRNAs are
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generated from these dsRNA precursors through a DICERdependent, DROSHA-independent mechanism [13]. Mature
endo-siRNAs are then loaded onto the RNA-induced silencing
complex (RISC) containing Argonaute proteins, whereby endosiRNAs “guide” the RISC to a transcript containing a sequence
completely complementary to the sequence of the endo-siRNA,
leading to target transcript degradation and thus posttranscriptional silencing [14, 16].
Although numerous endo-siRNAs were initially identified in
both male and female germ cells [13, 17, 18] and embryonic stem
cells [17], they appear to be expressed in other cell types and
organisms [19, 20]. Next-generation sequencing (NGS) is becoming a routine in biomedical research. In particular, sncRNA deep
sequencing (sncRNA-Seq) has been widely used to profile sncRNA
levels in specific cell types or organs. sncRNA-Seq data usually contain millions of sequence reads, which cover literally all small RNA
species, including endo-siRNAs. However, identification of endosiRNAs using sncRNA NGS data remains challenging because it
requires a bioinformatic pipeline using computer programs to
accomplish sequence matching at both genomic and transcriptomic levels. We have developed such a pipeline through which
endo-siRNAs can be distinguished from other known and similar
sncRNA species based on their structural features (e.g., length)
and sources of their precursors [13]. The length of endo-siRNAs
(~21 nt) differentiates them from piwi-interacting RNA (piRNA)
and small nucleolar RNA, which range from 28 to 32 and 60 to
220 nt in length, respectively [21, 22]. However, some sncRNAs,
such as miRNAs, are roughly the same length (~22 nt) as endosiRNAs [23]. Therefore, to distinguish between miRNAs and
endo-siRNAs, other differences must be taken into consideration.
Unlike endo-siRNAs, miRNAs do not typically possess complete
sequence complementarity to their target transcripts [24]. Also,
miRNAs are derived from short hairpin precursors, instead of from
long dsRNA precursors like endo-siRNAs (refs. 23, 25, see Chapters
1, 20, and 23). By exploiting the differences between endo-siRNAs
and other sncRNAs at the genomic level, it is possible to identify
novel endo-siRNAs in silico. In this chapter, we describe a
computer-assisted method for the identification of potential novel
endo-siRNAs using small RNA NGS data. A flowchart describing
our method is provided in Fig. 1. The key to this method is a computer software called Sequery (version 1.0), which was developed
in our lab at the University of Nevada, Reno, and is publically available at no cost [26]. Sequery (version 1.0) is a custom program
written in OpenGL and C with a graphical user interface that recognizes input sequences as 1-byte character strings. Sequery can be
used to compare NGS reads to sets of DNA (e.g., genomic
sequences) and RNA sequences (e.g., transcriptomes) by either
complete or partial matching [26].
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Fig. 1 Flowchart outlining our novel endo-siRNA identification method

2

Materials
Sequery v1.0 is a free program and available online for download
at http://www.medicine.nevada.edu/yan/sequery.html (left click
“Download Sequery”). Sequery is currently only available for Mac
OS X. Instructions on how to install Sequery are provided within
the Sequery Manual, which is available for download on the same
Web page as Sequery v1.0 (left click “Download Sequery Manual”).
Files that are loaded onto Sequery must be in FASTA format
(Sequery is also compatible with some tab-delimited files; however,
FASTA should be used if possible). Details on accepted file types
are available in the Sequery manual.
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Methods

3.1 Filter Out
Known sncRNAs

3.2 Identify Potential
Endo-siRNAs

Initially, all known sncRNAs and all novel miRNAs should be
filtered out of your dataset. This helps to prevent misclassification
and, subsequently, reduces the computational demands of the analyses by limiting the search to only unclassified sncRNAs. Instructions
on how to remove (and annotate) known sncRNAs, and how to
identify novel miRNAs, are provided in Chapter 22 by Ortogero
et al. Only sncRNAs that are between 19 and 23 nt in length should
be considered for further endo-siRNA identification analysis.
1. After a set of unclassified sncRNAs is obtained, the next step is
to match each sncRNA to the transcriptome of its organism of
origin. First, the reverse complementary sequences of each
sncRNA must be generated. Load the file containing the
sncRNA sequences being analyzed into Sequery by navigating
to the correct directory in the FileMenu window and selecting
the correct file. Detailed instructions on how to open files are
available under “Opening a file” in the Sequery manual.
2. Once your file has been loaded into the Sequery v1.0 window,
right click within the window to display the functions menu.
3. Right click on “Search&Gen” and left click “Generate Rev.
Complementary.” After you click “Generate Rev.Complementary,”
Sequery should display the sense and antisense sequences of each
sncRNA in the associated Terminal window.
4. Go back to the Sequery v1.0 window and again bring up the
“Search&Gen” menu option, and left click “Swap Sense ↔ RC
or C.” Then, right click to bring up the functions menu, and
right click on “Load&Save.” Left click on “Save as FASTA.”
This should bring up the FileMenu, where you can name the
new file in the upper left corner (directly above the Folder column). After naming the file, press Enter or Return to save.
Close Sequery.
5. The next step in identifying endo-siRNAs is to match the RC
sncRNA sequences to the appropriate transcriptome (i.e., the
complete transcriptome for the organism from which you
obtained the sncRNAs). Start a new session in Sequery. Load
the RC sncRNA sequence file into the Sequery v1.0 window,
then, right click on “Load&Save” and right click on “Load
File.” This will bring up the “FileMenu” again, where you can
select the transcriptome file. Both files should be in the same
format (i.e., FASTA). Within the Sequery v1.0 window, on the
right of both file names are a set of boxes with the letters T, X,
and C in each box (left to right). Left click on the “T” box
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Fig. 2 Sequery v1.0 window example

next to the transcriptome file, changing it to an “R”—this sets
the transcriptome file as the reference file and the sncRNA file
as the test file.
6. An example of what the Sequery v1.0 window should look like
is provided in Fig. 2. Within the Sequery v1.0 window, right
click to open the functions menu, then right click “Compare.”
Left click on “3M T-R All Exact=” to match the two files (this
may take some time, depending on your computer and the size
of the two files). After matching has completed (the terminal
window should display “Comp ok”), right click to open the
functions menu, then right click on “Output” and left click on
“3M Tests in Ref + U.” Enter the name of the output file in the
FileMenu and hit “Enter” or “Return” to save the file. The RC
sncRNAs that matched to at least one transcript should be considered as putative endo-siRNA; the RC sncRNA that did not
match to the transcriptome should be removed from any further endo-siRNA analysis. The exact RC sncRNA—transcript
matches are also the putative targets for each endo-siRNA.
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3.3 Predict
the dsRNA Precursors
of Putative
Endo-siRNAs

This method outlines an in silico method for predicting the class
(i.e., hairpin, trans, cis) and identity of the dsRNA precursors for
each putative endo-siRNA (see Notes 1 and 2).
1. First, the original sncRNA sequences (forward sequences)
must be matched to the same transcriptome from the previous
section. The matching procedure for the forward sncRNA
and transcriptome sequences is identical to the one described
in the previous section (for matching the RC sncRNA to the
transcriptome). Next, the RC sncRNA sequences must be
compared to the transcriptome again, but with mismatches
allowed. The procedure is identical to the protocol described
in Subheading 3.2, but instead of selecting “3M T-R All
Exact=,” left click “3M T-R All Sub1+=,” which allows for a
certain number of mismatches between the sncRNA and transcript, depending on the number after the “=” (we have had
success allowing up to two mismatches). The ssRNAs that
comprise the dsRNA precursor do not have to be perfectly
complementary; therefore, the search for matches between
the RC sncRNA sequence and transcript needs to allow for
mismatches [13].
2. After the lists of transcript matches for both the RC (with mismatches allowed) and forward putative endo-siRNA sequences
have been generated via Sequery, the genomic origins of the
transcripts must be compared.
3. When the RC and forward endo-siRNA sequences match to transcripts originating from the same locus, but on opposing sides of
the genome, that pair of ssRNA is considered as nat-cis-dsRNA
(“nat” refers to the fact that the ssRNA are naturally occurring)
precursors.
4. When the RC and forward endo-siRNA sequences match to
transcripts from different loci, that pair of ssRNA is considered
a nat-trans-dsRNA precursor.
5. Hairpin precursors occur when the RC and forward endosiRNA match to the same transcript (assuming that transcript
possesses a hairpin secondary structure).
6. A graphical example of all three precursor types is provided in
Fig. 3. Unfortunately, categorization of each endo-siRNA
cannot currently be performed in Sequery. One straightforward, albeit labor-intensive approach is to manually compare
the two lists for each endo-siRNA. Another option is to
write a custom script that compares the two lists of transcript matches—we have prepared and uploaded such a script
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Fig. 3 Graphical examples of dsRNA precursors for endo-siRNA. (a) Putative nat-cis-dsRNA precursor for endosiRNA-T32. (b) Putative nat-trans-dsRNA precursor for endo-siRNA-T19. (c) Putative hairpin precursor for
endo-siRNA-T18, and corresponding mFold predicted hairpin structure

(only for use in mice and with ENSEMBL databases) onto the
same page as the Sequery materials (http://www.medicine.
nevada.edu/yan/sequery.html).
To resolve precursor structure manually, compare the
sequences of the transcript matches for the RC (mismatches
allowed) and forward endo-siRNA sequences one by one in
BLAST (http://blast.ncbi.nlm.nih.gov/) using the “Align two
or more sequences” option [27]. The dsRNA from the proper
transcript matches typically range from 100 to 1,400 bp in
length, with 80–100 % complementarity [13]. The structures
of suspected hairpin precursors can be confirmed using mFold
(http://mfold.rna.albany.edu/?q=mfold/) or another folding
program [28]. Examples of this manual approach for identifying nat-cis-dsRNA, nat-trans-dsRNA, and hairpin precursors
are provided in Figs. 4, 5, and 6 respectively.
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Fig. 4 Example of putative nat-cis-dsRNA precursor for endo-siRNA-T32 (described in Fig. 3a). The transcripts
composing the dsRNA are highlighted in both the forward endo-siRNA—transcript match output file (top) and
(mismatch allowed) RC endo-siRNA—transcript match file (middle). The endo-siRNA sequence is highlighted
in the BLAST results (bottom); complete BLAST results are not shown due to space constraints

4

Notes
1. It is important to treat the endo-siRNAs identified in your
analysis as putative before their expression is confirmed. This
dramatically reduces the risk of misclassifying unknown
sncRNAs as endo-siRNAs, a common issue with in silico identification analyses.
2. Confirmatory assays are beyond the scope of this chapter, however, Ro and Yan and several others have published detailed
methods on the subject [29].

Fig. 5 Example of putative nat-trans-dsRNA precursor for endo-siRNA-T19 (described in Fig. 3b). The transcripts composing the dsRNA are highlighted in both the forward endo-siRNA—transcript match output file
(top) and (mismatch allowed) RC endo-siRNA—transcript match file (middle). The endo-siRNA sequence is
highlighted in the BLAST results (bottom)

Fig. 6 Example of putative hairpin precursor for endo-siRNA-T18 (described in Fig. 3c). The transcript forming
the hairpin precursor is highlighted in the both the forward endo-siRNA—transcript match output file (top) and
(mismatch allowed) RC endo-siRNA—transcript match file (bottom). The mFold secondary structure prediction
is shown in Fig. 3c
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Chapter 22
Computer-Assisted Annotation of Small
RNA Transcriptomes
Nicole Ortogero, Grant W. Hennig, Dickson Luong, and Wei Yan
Abstract
Small noncoding RNAs (sncRNAs) are widely expressed in the cell of almost all known species. Most
sncRNAs appear to have regulatory roles, ranging from facilitating RNA production and modifications
(e.g., snoRNAs) to control of mRNA stability and translational efficiency (e.g., miRNAs and endo-siRNA)
and to transposon silencing (e.g., piRNAs). The affordability and efficiency of next-generation RNA deep
sequencing (RNA-Seq) technologies have made sncRNA deep sequencing (sncRNA-Seq) analyses a routine
in biomedical research. SncRNA-Seq analyses generate millions of reads and gigabytes of data; annotation
of sncRNA-Seq data remains challenging due to a lack of comprehensive sncRNA annotation pipelines.
To solve this problem, we have developed a computer-assisted sncRNA annotation pipeline, which uses
open-source software and allows for not only proper classification of known sncRNAs, but also discovery
of novel sncRNA species. In this chapter, we describe our sncRNA annotation protocol in detail.
Key words Noncoding RNAs, Next-generation sequencing, High throughput, Deep sequencing,
Software

1

Introduction
Advancement in cloning and sequencing technologies over the
past decade has led to the discovery of numerous small noncoding
RNAs (sncRNAs) in the cell of almost all known species from
plants to mammals. SncRNA production appears to be an evolutionarily conserved cellular function because even the most basic
viral genomes are capable of producing small RNAs by exploiting
the hosts’ small RNA biogenetic machineries [1]. Several sncRNA
species have been identified, including microRNAs (miRNAs),
small nucleolar RNAs (snoRNAs), piwi-interacting RNAs (piRNAs), endogenous small interference RNAs (endo-siRNAs, see
Chapter 21), and mitochondrial small RNAs (mitosRNAs) [2–8].
Novel sncRNA species continue to be discovered, suggesting that
the capacity of our genome to encode sncRNAs is much greater
than previously thought.

Mouldy Sioud (ed.), RNA Interference: Challenges and Therapeutic Opportunities, Methods in Molecular Biology,
vol. 1218, DOI 10.1007/978-1-4939-1538-5_22, © Springer Science+Business Media New York 2015

353

354

Nicole Ortogero et al.

Regulatory roles have been defined in some of the sncRNA
species identified so far. SnoRNAs predominantly have two classifications, H/ACA box and C/D box, which are based on sequence
signatures (boxes) and their ability to form H/ACA and C/D secondary RNA structures [9]. SnoRNAs have many functions, but
their best defined role is to guide modifications, e.g., methylation
and pseudouridylation, of ribosomal RNA [10]. Posttranscriptional
regulation of protein-coding genes is another function of small
RNAs. SncRNAs control mRNA stability and translational efficiency
so that proper spatiotemporal expression of functional proteins can
be achieved. MiRNAs represent one of the best studied sncRNAs
that play such a role. MiRNA genes are first transcribed into larger
hairpin primary transcripts, which are eventually cleaved into
22-nucleotide (nt) mature miRNAs (11, see Chapter 1). To be functional, miRNAs need to be recruited into the miRNA-induced
silencing complex (miRISC), which recognizes their target mRNAs
through partial miRNA annealing to the 3′ untranslated regions
(3′ UTRs) [12]. For more information regarding microRNA function and involvement in disease see Chapters 24–26.
Given the important regulatory roles of sncRNAs and the
increasing affordability of next-generation sequencing (NGS) technologies, transcriptome-wide analyses of sncRNA expression is
becoming a routine in biomedical research. NGS technologies
allow for exhaustive sequencing of all sncRNAs expressed in the
cell types or organs of interests [13]. However, NGS data usually
contain millions of sequence reads resolved in gigabytes of data,
presenting a great challenge to researchers as classification and
annotation analyses require computer-based bioinformatic analyses. In many cases researchers choose to analyze only one particular
type of small RNA, usually miRNAs, because of their limited number (~1,000) and most miRNAs have been identified and collected
in databases (e.g., miRBase) [14, 15]. We have developed a pipeline that utilizes bioinformatic software publically available and
allows for not only identification of known sncRNA species, but
also discovery of novel sncRNAs [16]. Here, we describe our
sncRNA annotation pipeline in detail, hoping to provide the biomedical research community with a useful tool kit, which can help
researchers maximize the returns from sncRNA-Seq studies.

2

Materials
This protocol does not demand expertise in bioinformatics, but
novice informatics skills are required for the installation and use of
listed software. Please ensure that all input files are UNIX encoded
to avoid endline incompatibility issues.
1. Small RNA sequencing data in FASTQ format.
2. Mac OS X running system with Xcode and command-line tools
installed. Please see https://developer.apple.com/xcode/ for
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download and installation. The following procedure has been
running on an iMac 21.5-in., Mid 2010 model.
3. Cutadapt v1.3, a free open-source software (OSS) package
available for download online https://code.google.com/p/
cutadapt/ [17]. Please refer to the “README” section of cutadapt for installation and running.
4. Python 2.7 or later versions of 2.x can be acquired from
http://www.python.org/getit/. This annotation pipeline has
not been validated with python 3 or later.
5. The FASTX Toolkit version 0.0.13.2 has many operations and
is available at http://hannonlab.cshl.edu/fastx_toolkit/. Refer
to the “Command-line Usage” tab for installation and use.
6. Python scripts have been generated to help users use this pipeline as efficiently as possible. Please download these scripts at
http://www.medicine.nevada.edu/yan/sequery.html. To view
usage, supply each script with the -h argument.
7. Sequery v1.0 is a free graphic user interface (GUI) program
designed specifically for small RNA annotation and can be downloaded from http://www.medicine.nevada.edu/yan/sequery.
html [16]. Please follow the supplied manual for installation.
8. Species genome: The best location to gather genomes from is
the iGenome page http://support.illumina.com/sequencing/
sequencing_software/igenome.ilmn.
9. Bowtie version 1.0.0 is an aligner designed for short read
mapping. It is preferred over Bowtie2 for small RNA. Please see
http://bowtie-bio.sourceforge.net/manual.shtml for installation and use [18].
10. MIREAP version 0.2 is an open-source miRNA discovery program designed to detect miRNAs in deep sequencing data
available through http://sourceforge.net/projects/MIREAP
[19]. Please refer to the README file for installation and use.
11. tRNAscan-SE version 1.3.1 is an open-source software available
for download http://lowelab.ucsc.edu/tRNAscan-SE/ [20].
Please see the INSTALL and MANUAL files for installation
instructions.
12. snoREPORT v1.0 is an open-source command-line interface
program available online at http://www.bioinf.uni-leipzig.
de/Software/snoReport [21]. Refer to the README file for
installation and use.

3

Methods
The general workflow is illustrated in Fig. 1. For ease of reading,
example sequences, directories, and files are used to show terminal
commands. Please replace these with the appropriate information
for your data when running your analyses.

356

Nicole Ortogero et al.

Fig. 1 Overview of the small RNA sequencing annotation protocol. Reads are initially trimmed and sorted. Next,
reads are aligned to known small RNA sequences. Reads that do not align to known small RNA sequences are
aligned to the genome. Reads aligned to the genome are checked for variations of known small RNA loci.
Reads that do not align to known small RNA sequences and loci, but that align to the genome, are further
analyzed for novel small RNA properties. Smaller (15–32 nt) reads are checked for miRNA and endo-siRNA
potentiality and larger reads (65–200 nt) are checked for tRNA and snoRNA structures
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1. Remove sequencing adapters with cutadapt v1.3:
$ cutadapt -a GTTCAGAGTTCTACAGTCCGACGATC
--minimum -length 15 -e 0.1 \

\

Seq.fastq > Seqcut.fastq
2. Create a file called MyBarcodeFile.txt that lists barcode
identifiers followed by a tab and then the barcode sequence.
Contents should look similar to this:
Barc1

AATC

Barc2

CGTA

Barc3

TGAT

3. Sort libraries by barcode if multiplexed data generated:
$ cat Seqcut.fastq |\
perl fastx_barcode_splitter.pl --bcfile \
MyBarcodeFile.txt --prefix\
/desktop/MySeq Directory/ --suffix \
“.fastq” --exact --bol
3.2 Align Small RNA
Reads to Known Small
RNA Sequences

For this step we recommend using Sequery as it was built for small
RNA alignment and therefore takes into consideration length of reads.
4. Convert FASTQ to FASTA using FASTX Toolkit. Depending
on your sequencing platform you may need to change the
quality offset from the default of -Q 64 (Illumina) to -Q 33
(Sanger and Ion Torrent):
$ fastq_to_fasta -i Seqcut_Barc1.fastq \
-o Seqcut_ Barc1.fa
5. Gather small RNA reference FASTA files from online databases
such as miRBase [15] and the Genomic tRNA database [22].
6. Concatenate reference FASTA files:
$ cat miRNA_ref.fa endosiRNA_ref.fa \
snoRNA_ref.fa > master_ref.fa
7. Open a new session in Sequery v1.0.
8. Load master reference (master_ref.fa) and sequencing data
FASTA files (Seqcut_Barc1.fa) into Sequery. If files exceed
Sequery’s sequence limit, please split .fa files into smaller files
using the UNIX split command and run multiple matches.
Outputs will be recombined in step 17.
9. Designate the reference file. At the top of the Sequery screen
next to each filename are three boxes with letters in them.
In the first box next to the reference filename change the “T”
to “R” by left-clicking the box.
10. Bring up the command menu by right-clicking the screen
below the filenames.
11. Right-click the option “Compare” to open the compare
submenu.
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12. Left-click the second option “3MT-R 1st Sub1+= 2” to compare
the test file (sequencing data) to the reference file allowing for
1–2 mismatches with no gaps allowed. Sequery is done aligning
when the menu disappears or if you have the terminal view open,
when “Comp ok” is displayed in the terminal.
13. When alignment is complete, reopen the command menu by
right-clicking the screen below the filenames.
14. Right-click “Output” to open the output menu.
15. Select the first option “3M Tests in Ref+U” by left-clicking
this option. The FileMenu screen will pop up and a cursor will
be displayed in a text filename.
16. Rename the output file appropriately (e.g., Seqcut_Barc1_
Sequery.txt) and press enter.
17. Resolve alignments to “best” alignments using python script
resolvebest.py. If multiple matches were performed, they can
be recombined at this step by listing all input files after the -i
option separated by a space:
$ python resolvebest.py \
-i Seqcut_Barc1_Sequery.txt \
Seqcut_Barc1_Sequery2.txt \
-o Seqcut_Barc1_SequeryBest.txt
3.3 Map Unknown
Sequences
to the Genome
with Bowtie
(Not Bowtie2)

18. Retrieve unaligned reads and their corresponding quality scores
using python script retrieveunaligned.py. If multiple Sequery
alignments were performed, listing all input files after the -i option
separated by a space will recombine all unaligned sequences:
$ python retrieveunaligned.py \
-i Seqcut_Barc1_ Sequery.txt \
Seqcut_Barc1_Sequery2.txt \
-f Seqcut_Barc1.fastq \
-o Seqcut_Barc1_SequeryUnalign.fastq
19. Build Bowtie genome index for the species of origination:
$ bowtie- build hg19.fa hg19
20. Align reads unaligned to known sncRNA to the genome with
Bowtie:
$ bowtie -n 0 -a --best --strata hg19 \
-S --al -q \
Seqcut_Barc1_SequeryUnaln.fastq\
> Barc1_GenomeAln.sam

3.4 Check If Mapped
Sequences Are
Variations of Known
Sequences

Current small RNA sequence databases, such as miRBase, report
consensus sequences instead of all variations of an RNA molecule
(Fig. 2) [15]. It is suggested that a last alignment be performed to
account for 5′ and 3′ boundary variations in the mature sequenced

Small RNA Annotation

359

Fig. 2 Example of small RNA boundary variations. Snapshot of miRBase mmu-miR-136-5p showing the different variations of the mature miRNA sequenced. At the bottom of the figure is the consensus sequence reported
in the database. As can be gathered from this image, many reads may be missed in the initial known small
RNA alignment due to 5′ and 3′ termini variations

read versus the consensus sequence reported. If this step is not performed known small RNAs may be misclassified as novel sncRNA.
21. Gather known small RNA genomic coordinates in Gene
Feature Format (GFF) from sncRNA databases. Reference
GFF files must have the same ID tags as FASTA files gathered
in Subheading 3.2 in order to be consolidated in
Subheading 3.5. In addition, genome coordinates must be
from the same genome build as used in Subheading 3.3 to
assess overlap with reads (e.g., hg19). If collected references
cannot be found for the same genome build, use UCSC
LiftOver to generate coordinates for the correct build (http://
genome.ucsc.edu/cgi-bin/hgLiftOver).
22. Iteratively align Bowtie SAM output file to reference GFFs
to categorize previously missed known small RNAs with the
python script alignsam.py. Do alignments starting from small-
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est (e.g., miRNA) and proceeding to largest (snoRNA)
sncRNA references. In this example an offset of 5 nt on either
3′ or 5′ termini is allowed (second argument):
$ python alignsam.py Barc1_GenomeAln.sam \
5 miRNA_ref.gff \
Barc1_GenomeAln_UnAlnmiR.sam \
Barc1_GenomeAln_miR.txt
$ python alignsam.py \
Barc1_GenomeAln_UnAlnmiR.sam 5 \
tRNA_ref.gff \
Barc1_GenomeAln_UnAlntmiR.sam \
Barc1_GenomeAln_tmiR.txt
$ python alignsam.py \
Barc1_GenomeAln_UnAlntmiR.sam 5 \
snoRNA_ref.gff \
Barc1_GenomeAln_UnAlnsnotmiR.sam \
Barc1_GenomeAln_snotmiR.txt
3.5 Combine All
Known Alignments

23. Combine all known sncRNA alignments from Subheadings 3.2
and 3.4 using python script aligncombine.py. Fig. 3 shows an
example of the final known alignments’ combined output. It is

Fig. 3 Example of known alignments’ combined output. After all alignments to
known sncRNA are performed, aligned reads are combined into a single table
to easily define the known sncRNA transcriptome of your cell or organ of interest.
This tab-delimited file non-redundantly lists each small RNA alignment with the
corresponding number of combined aligned reads shown next to each small RNA
name
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an easy-to-read tab-delimited file that non-redundantly lists
each small RNA alignment followed by the number of combined read counts found in both alignment steps:
$ python aligncombine.py -i1 \
Seqcut_Barc1_SequeryBest.txt \
-i2 Barc1_GenomeAln_miR.txt \
Barc1_GenomeAln_tmiR.txt \
Barc1_GenomeAln_snotmiR.txt \
-o Barc1_Known.txt
3.6 MIREAP Novel
miRNA Analysis

Begin novel sncRNA annotation by testing all genome-aligned
sequences 15–32 nt long for miRNA hairpin structure and potential mature sequence matches.
24. Using the last SAM file generated in Subheading 3.4, run
mireapfiles.py script to generate files for MIREAP:
$ python mireapfiles.py \
Barc1_GenomeAln_UnAlnsnotmiR.sam Barc1
25. Set the environment variable PERL5LIB:
$ export PERL5LIB=/desktop/mireap_0.2/lib
26. Run MIREAP. The genome provided should be the same
genome provided to bowtie for genome alignment in
Subheading 3.3:
$ perl mireap.pl -i Barc1_in.fa \
-m Barc1_map.txt -r genome.fa \
-o Barc1_MIREAP -a 15 -A 15 -b 32 -B 32

3.7 Novel EndosiRNA Analysis
with Sequery

Sequences 19–23 nt that aligned to the genome, but not classified as
novel miRNAs, should be analyzed for endo-siRNA activity. A detailed
protocol for identifying endo-siRNAs is provided in Chapter 21.

3.8 Novel piRNA/
piRNA-Like (pilRNA)
Annotation

Sequences not identified as novel miRNAs or endo-siRNAs that
aligned to the genome can be classified as potential piRNA (germ
cell) and pilRNA (somatic) molecules. This can be done merely by
separating out sequences ~30 nt long, but only sequences found
bound to PIWI proteins in germ cells can truly be classified as
piRNAs. No pilRNA-associated proteins have been identified to
date, rendering pilRNA sequences unconfirmed for the time being.
Please refer to Ortogero et al. publication for further details [16].

3.9 Novel tRNA
Annotation
with tRNAscan-SE

Sequences aligned to the genome 70–100 nt in length are tested
for tRNA secondary structure using tRNAscan-SE.
27. Using the last SAM file generated in Subheading 3.4, run sam2fasta.py script to generate files for tRNAscan-SE:
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$ python sam2fasta.py \
Barc1_GenomeAln_UnAlnsnotmiR.sam \
Barc1_tscan.fa -l 70 100
28. Run tRNAscan-SE:
$ tRNAscan-SE -G Barc1_tscan.fa
3.10 Novel snoRNA
Annotation
with snoREPORT

Sequences aligned to the genome 65–200 nt in length that were
not classified as tRNAs are tested for snoRNA secondary structures
(C/D and H/ACA) using snoREPORT1.0.
29. Using the last SAM file generated in Subheading 3.4, run sam2fasta.py script to generate files for snoREPORT:
$ python sam2fasta.py \
Barc1_GenomeAln_UnAlnsnotmiR.sam \
Barc1_snoREPORT.fa -1 65 200
30. Add path to environment variable SNOREPORT:
$ export \
SNOREPORT=/desktop/SnoReport1.0/models
31. Run snoREPORT:
$ ./snoreport< Barc1_snoREPORT.fa

4

Notes
1. Next-generation sequencing capabilities have exponentially
increased and with these have come an array of tools used for
NGS data analysis. This method proposes the use of some of
these tools. This protocol is meant to serve as a backbone for
sncRNA annotation pipeline and should be updated with time
to accommodate for newer and faster tools. Not all tools will
be acceptable for use with small RNA sequencing data. Small
RNA length and multi-mapping should always be taken into
consideration when choosing analysis tools.
2. Three alignments are executed in this method. Initial alignment to known sequences is performed as many small RNAs
map to multiple loci on the genome. Mapping first to known
small RNA species bypasses this issue. The second alignment
to the genome is required for novel small RNA annotation.
The third alignment, again to known small RNA sequences, is
implemented to account for boundary variations in small RNA
sequences (Fig. 2). This last step improves novel annotation by
decreasing the chance of identifying a false novel transcript.
This alignment differs from the first alignment in two ways:
(1) alignment is done based on genomic coordinates and
(2) alignment is done with discrepancy allowance in the bound-
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aries and not the sequence itself. We find this last alignment a
necessity to avoid novel misclassifications.
3. Alignments are only as good as the references being aligned
to. Precaution should be taken when aligning data to references as deposited sequences are constantly being updated and
reclassified. Always try to use up-to-date as well as validated
sequences.
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Chapter 23
miR-CATCH: MicroRNA Capture Affinity Technology
Sebastian Vencken, Tidi Hassan, Noel G. McElvaney,
Stephen G.J. Smith, and Catherine M. Greene
Abstract
Several experimental methods exist to explore the microRNA (miRNA) regulome. These methods almost
exclusively focus on multiple targets bound to a single, or perhaps a few miRNAs of interest. Here, we
describe a microRNA capture affinity technology (miR-CATCH) which uses an affinity capture oligonucleotide to co-purify a single target messenger RNA (mRNA) together with all its endogenously bound
miRNAs. This bench-top method is similar to RNA immunoprecipitation (RIP) and provides an experimental alternative to computational miRNA target prediction.
Key words MicroRNA, Affinity capture, MicroRNA target analysis, Oligonucleotide hybridization,
miR-CATCH

1

Introduction
Various computational and experimental methods exist to explore
the microRNA (miRNA) regulome. Among the latter, a number of
exploratory experiments exist based on first principles to determine
miRNA targets in vivo. Several RNA immunoprecipitation (RIP)based methods allow for the isolation of “miRNA-target” hybrids
with the use of antibodies specific to the Ago proteins, the principal
miRNA-carrying RNA-binding proteins (RBPs) of the RNA-induced
silencing complex (miRISC). Among these methods are tandem affinity purification of miRNA:mRNA (TAP-Tar) [1], high-throughput
sequencing of RNA isolated by cross-linking immunoprecipitation
(HITS-CLIP) [2], and photoactivatable-ribonucleoside-enhanced
cross-linking and immunoprecipitation (PAR-CLIP) [3].
Besides immunopurification, a number of nucleic acid-based
affinity capture methods exist. MiRNA target RNA affinity purification (miR-TRAP) reversibly cross-links a transfected biotinylated
miRNA to its targets which are subsequently captured by streptavidincoated beads [4]. Aptamer-linked mRNA isolation, which involves
the introduction of a vector containing an aptamer sequence and an
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RNA sequence of interest, can “fish” for miRNAs and RBPs which
bind to this RNA sequence [5]. These can subsequently be co-purified
with aptamer-binding proteins.
Almost all of these methods take an approach that centers on
an miRNA of interest, rather than using an mRNA target-focused
approach. The exception is aptamer-linked mRNA, which still
requires exogenous manipulation of live samples.
To provide an in situ benchtop method to study all miRNAs
endogenously bound to an mRNA target of interest and to overcome the limitations of current target-focused methods, we developed an oligonucleotide affinity purification-based technique, we
call miR-CATCH, to capture a target mRNA with all its attached
miRNAs [6]. Similar to RIP, miRISCs are reversibly cross-linked
to their targets. Instead of immunopurification, biotinylated oligonucleotides complementary to predicted single-strand regions of
the target mRNA capture that target with all its endogenously
bound miRNAs through the use of streptavidin-coated magnetic
beads. The reversal of the cross-links releases all individual components of the complex for further expression analysis (Fig. 1).
This method yields an RNA sample enriched with the miRNAs
bound to a desired target mRNA and is of a quality and purity
comparable to RIP-based methods. Subsequent analyses can be
performed such as mRNA quantification, miRNA expression analysis, and high-throughput profiling.

2

Materials
RNase-free conditions are critical. All consumables should be RNase
free and filter pipette tips should be used. Prepare all salt solutions
with analytical grade chemicals and treat with diethylpyrocarbonate
(DEPC) prior to the addition of Tris-EDTA (TE) buffer. RNasefree TE buffer should be prepared from a 100× stock solution.
All buffers should be stored at 4 °C and brought to room temperature
prior to use. The protocol can be adapted to alternative equipment
of similar purpose, although optimization is recommended.

2.1

Buffers

1. FA lysis buffer: 140 mM NaCl, 50 mM HEPES (adjust to
pH 7.5 with KOH), 1 mM EDTA, 1 % v/v Triton-X 100,
0.1 % w/v sodium deoxycholate. Always add PMSF, protease
inhibitor cocktail, and RNasin fresh before use.
2. 2× B&W buffer: 1× TE buffer (pH 7.5), 2 M NaCl.
3. 1× B&W buffer: 2× B&W buffer, 50 % v/v RNase-free water.
4. Solution A: 0.1 M NaOH, 0.05 M NaCl.
5. Solution B: 0.1 M NaCl.
6. Hybridization buffer: 2× TE buffer (pH 7.5), 1 M LiCl.

A MicroRNA Capture Assay

367

G
C
G

O

A

HN

U

NH

A
U

A

HO

U

U
A

U
G

G

O

O

A G
U C

U

O

U

A

U

A T

T

A

C G

a

C

S

G
C

A

A

H
N

O

O

A
T
U
U
A
G
A
U
C G U
C
A
G C A
U

G

b

A

A
C

A

A

A T

A
T
G
T
G

HO

A

G

O

A

HN

NH

O

O

O

O

H
N

S

O

c

d

e

f
Fig. 1 The miR-CATCH workflow. (a) Oligonucleotide synthesis: A biotin-TEG-modified oligonucleotide is
designed and synthesized for a predicted single-stranded region of the target RNA. (b) Formaldehyde crosslinking: miRISCs are cross-linked to their targets. (c) Oligonucleotide immobilization: Capture oligonucleotides
are immobilized to magnetic streptavidin-coated beads. (d) Cell lysis: Cells are lysed and precipitates removed.
(e) Target capture and purification: The oligonucleotide-bead complexes capture the target of interest, while
background is washed away. (f) Cross-link reversal: The formaldehyde cross-links are reversed by heat,
releasing the target of interest and its associated miRNAs
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7. Wash buffer A: 1× TE buffer (pH 7.5), 0.15 M LiCl, 0.5 %
sodium dodecyl sulfate (SDS).
8. Wash buffer B: 1× TE buffer (pH 7.5), 0.15 M LiCl.
2.2

Reagents

1. 0.5 mm RNase-free glass beads (SS Scientific, Eastbourne, UK).
2. Dynabeads MyOne Streptavidin C1 (Life Technologies, Grand
Island, USA).
3. Paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA).
4. RiboSafe RNase Inhibitor (Promega, Madison, WI, USA).
5. Complete Mini Protease Inhibitor Cocktail Tablets (Roche
Applied Science, Penzberg, Germany).
6. Phenylmethylsulfonyl fluoride (PMSF) (Sigma-Aldrich, St. Louis,
MO, USA).
7. Deoxyribonuclease I (DNase I) (Sigma-Aldrich, St. Louis,
MO, USA).
8. 100× Tris-EDTA buffer solution (Sigma-Aldrich, St. Louis,
MO, USA).
9. Biotin-triethylene glycol (TEG) 5′-modified single-stranded
DNA oligonucleotides (Eurofins MWG Operon, Ebersberg,
Germany).
10. Dulbecco’s Phosphate-buffered saline (DPBS) (Lonza Group
Ltd., Basel, Switzerland).

2.3

Equipment

1. DynaMag-2 (Life Technologies).
2. FastPrep-24 (MP Biomedicals).
3. Shake “n” Stack hybridization oven (Hybaid).

3

Method

3.1 Antisense
Oligonucleotide
Design

DNA oligonucleotide design is based on similar principles used for
FISH probes, PCR primers, and oligonucleotide affinity purification protocols. Besides single-stranded DNA oligonucleotides,
locked nucleic acid (LNA) or morpholino probes could be used for
improved specificity and hybridization.
Oligonucleotide hybridization to any specific target mRNA is
performed in high-salt conditions at 37 °C. Under these conditions, the secondary structures of both the oligonucleotides and
the target can significantly impede efficient hybridization, as the
self-hybridized double-stranded regions of the two sequences will
inhibit oligonucleotide binding. Oligonucleotide capture efficiency
can be tested prior to the miR-CATCH protocol (see Note 1).
An optimal capture oligonucleotide will have little ability to
form harpins due to low self-complementarity and a high hybrid
melting temperature and will hybridize with a single-stranded region
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of its target with high specificity (see Notes 2 and 3). An oligonucleotide design strategy should use the following criteria:
1. The oligonucleotide must be modified at the 3′ terminal residue with biotin connected to a TEG spacer.
2. Oligonucleotides should be 18–25 residues in length.
3. The oligonucleotide-target hybrid should have a melting
temperature >50 °C in 500 mM monovalent salt conditions.
4. The selected target should be single stranded at 37 °C in
500 mM monovalent salt conditions as defined by RNA/DNA
secondary structure prediction software. We used the mfold
software [7].
5. The target region overlaps with no established or highly predicted binding regions for miRNAs or RBPs.
6. The oligonucleotide should have a melting temperature
<37 °C in 500 mM monovalent salt conditions as defined by
RNA/DNA secondary structure prediction software.
7. The oligonucleotide should not contain stretches of more than
three consecutive G or C residues.
8. The hybridization energy of oligonucleotide dimers should be
<15 % of that of the hybrid.
9. Oligonucleotide complementarity with nonspecific endogenous RNA sequences should be <15 bases.
10. For long RNA targets, multiple oligonucleotides to distant
regions can improve yield and target enrichment.
Perform the method at room temperature unless otherwise stated.
3.2 Sample
Preparation
and Cross-Linking

This protocol is designed for a cell pellet of approximately 100 mg
or about 107 cells. Adjustment of the volumes used is recommended for a different cell quantity. Cross-linking conditions can
be optimized (see Note 4).
1. From paraformaldehyde, prepare a fresh 10 ml stock of
methanol-free 2 % paraformaldehyde in DPBS at room
temperature.
2. Harvest and wash 107 cells in a 50 ml tube, and resuspend in
10 ml normal growth medium at room temperature.
3. Add 10 ml 2 % formaldehyde to the cells and mix on a plate
rocker for 10 min at average speed.
4. Quench the formaldehyde cross-linking reaction by adding
1.33 ml 3 M glycine (~0.2 M final concentration) and mix on
the plate rocker for 5 min.
5. Centrifuge at 2,000 × g for 5 min at 4 °C.
6. Discard all supernatant, resuspend in 50 ml ice-cold PBS, and
centrifuge at 2,000 × g for 5 min at 4 °C.
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7. Repeat step 6 once.
8. Resuspend the pellet in 0.6 ml ice-cold PBS. Transfer the cell suspension to a 1.5 ml screw-cap microtube and transfer any remaining cells in the 50 ml tube with another 0.6 ml ice-cold PBS.
9. Centrifuge the cells at 2,000 × g for 5 min at 4 °C and discard
the supernatant. With a 20 μl pipette, remove the last drop of
supernatant.
10. Flash-freeze the cell pellet in liquid nitrogen.
11. Stopping point: Flash-frozen cell pellet can be stored at −80 °C
until use.
3.3

Cell Lysis

The lysing protocol has been designed for the FastPrep-24 cell
homogenizer. Alternative lysing methods can be optimized for this
protocol (see Note 5).
1. Prepare 1.4 ml FA lysis buffer with 1× protease inhibitor cocktail, 6 μl PMSF, and 120U RNasin.
2. On ice, thaw the pellet in 0.4 ml prepared FA lysis buffer.
3. Add 0.4 ml glass beads and homogenize the cells on the
FastPrep 24 homogenizer four times for 30 s at speed 5.5.
Ensure that the lysate remains on ice during the 5-min
cooldown periods.
4. Separate the lysate from the glass beads by puncturing a hole in
the bottom of the screw-cap microtube and centrifuging it into
another microcentrifuge tube at 3,500 × g for 5 min at 4 °C.
5. Wash the beads by adding 0.4 ml FA lysis buffer and repeat the
centrifugation as per Subheading 3.3, step 4.
6. Add 0.6 ml FA lysis buffer to the lysate, resuspend the pellet,
and add 120U RNasin.
7. Optional: Perform DNase treatment by adding to the lysate
25 mM MgCl2, 5 mM CaCl2, and 120 μg DNase I. Incubate
the lysate at 37 °C for 15 min.
8. Add 0.5 M EDTA to the lysate to a final concentration of
20 mM and briefly mix.
9. Centrifuge at 18,000 × g for 5 min at 4 °C, transfer the supernatant to a new microtube, and keep on ice until use (see Note 6).

3.4 Magnetic Bead
Preparation
and Oligonucleotide
Immobilization

Washing of MyOne Streptavidin C1 magnetic beads and immobilization of the biotin-TEG-modified oligonucleotide proceed as
per the manufacturer’s protocol with slight modifications.
1. Resuspend the magnetic beads in the vial by vortexing for >30 s.
2. For one capture, transfer 200 μl magnetic beads to a 1.5 ml
microtube and add 1 ml 1× B&W buffer at room temperature.
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For multiple captures, up to 400 μl magnetic beads can be
added per 1.5 ml microtube.
3. Place the microtube on the magnetic stand for 2 min and aspirate off the supernatant.
4. Remove the microtube from the magnet and resuspend the
beads in 1 ml 1× B&W buffer.
5. Repeat steps 3–4 twice, for a total of three washes.
6. Wash the beads twice in 1 ml solution A for 2 min and capture
with a DynaMag-2 (or similar apparatus) for 2 min after each
wash.
7. Wash the beads once in solution B and magnetically capture
for 2 min before aspirating off the supernatant.
8. Resuspend the magnetic beads in 400 μl 2× B&W buffer per
200 μl original volume of beads.
9. To 400 μl beads, add 400 μl 2 μM oligonucleotides in 1× TE
buffer and tumble the microtubes for 15 min to facilitate
oligonucleotide immobilization to the beads.
10. Briefly wash the beads twice in 1 ml hybridization buffer.
11. Per capture, in a microtube, resuspend the beads in 0.7 ml
hybridization buffer and 0.5 ml 1× TE buffer, both prewarmed
to 37 °C.
12. To this add 0.2 ml previously prepared lysate and agitate for
90 min at 37 °C (see Note 7).
13. While kept at 37 °C, capture the beads with a magnet, discard
the supernatant, and resuspend in 1 ml wash buffer A prewarmed
to 37 °C.
14. Agitate the beads for 5 min at 37 °C and capture the beads at
37 °C for 2 min with a magnet. Discard the supernatant.
15. Repeat steps 13–14 twice with wash buffer A for a total of three
washes, and perform twice with prewarmed wash buffer B.
3.5 Elution
and Cross-Link
Reversal

1. To elute the target mRNA, vigorously resuspend the bead
pellet in 30 μl 0.1× TE buffer (pH ≥7.5) preheated to 60 °C.
2. Incubate the bead mix at 60 °C for 5 min and pellet the beads
on the magnetic stand for 10–15 s. Transfer the supernatant to
a new, labelled tube ensuring that no beads are transferred.
Also incubate a volume (>200 μl) of original lysate for use as a
reference sample.
3. To reverse the formaldehyde cross-links, incubate the eluent
at 70 °C for 45 min. Also incubate the volume of lysate from
step 2 (see Note 8).
A typical target enrichment is presented in Fig. 2.
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4

Notes
1. To test the capture efficiency of the oligonucleotides, we strongly
recommend performing a capture with samples which have not
undergone formaldehyde cross-linking. This can be performed
by excluding Subheading 3.2, steps 1, 3–4, and 6–7.
2. To establish the enrichment of the target gene of interest,
qRT-PCR should be performed and should include at least
one or multiple nonspecific genes to measure the enrichment
of the target gene over the background. The lysate can be used
as a reference sample, which should undergo total RNA
purification.
3. To assess specificity of the oligonucleotide, we recommend
performing a capture with nontargeting oligonucleotides
with mismatch or scrambled sequences. To test selectivity,
we recommend analyzing the expression of nontargeted genes
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with the highest degree of complementarity besides the
intended target.
4. Careful preparation and timing of the cross-linking step are
crucial as overtreatment will result in increased nonspecific
capture, while undertreatment will result in low miRNA copurification. Depending on the sample, both formaldehyde
concentration and incubation time can be optimized.
5. Formaldehyde cross-linking makes cells more resistant to lysis.
Mechanical disruption with the aid of FA lysis buffer is advised,
but not limited to the method used in this protocol. Care must
be taken to preserve RNA integrity. Sonication is not recommended as this frequently results in RNA fragmentation.
6. Multiple simultaneous captures can be performed from the
same lysate. Freezing and thawing lysate reduce capture
efficiency.
7. For efficient capture with minimal RNA degradation, the
hybridization incubation time (Subheading 3.4, step 12) can
be optimized (30 min–4 h).
8. The eluent should be pure enough for further downstream
analyses. Further RNA purification could result in the loss of
low-expressed miRNAs. However the lysate should always
undergo RNA purification for further analysis.
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Chapter 24
Roles of MicroRNAs in Cancers and Development
Shigeru Takasaki
Abstract
MicroRNAs (miRNAs) are small noncoding RNA molecules thought to play an important role in regulating
gene expression. Although knowledge of the biological functions of most miRNAs is still limited, miRNAs
are thought to regulate the gene expression in various diseases and embryo development. In this chapter, the
roles of miRNAs in human cancers are first examined from the viewpoint of up- and downregulation.
Oncogenic miRNAs are involved in the overexpression/upregulation of cancers, whereas suppressive miRNAs are involved in the underexpression/downregulation of cancers. Statistical analysis of the positional
nucleotide occurrence features of miRNAs revealed differences between the positional nucleotide occurrences of oncogenic and suppressive miRNAs. A miRNA gene-silencing score was then defined on the basis
of the higher and lower levels of the statistical significances of positional nucleotides. Since the miRNA scores
were closely related to miRNA frequencies, a method using the scores and nucleotide frequencies to distinguish whether a new miRNA is oncogenic or suppressive is proposed. This chapter also describes the roles of
miRNAs in development. As miRNAs can act as cis-regulatory elements in the early embryonic development
of Drosophila melanogaster, it is proposed that they mediate signal transduction between genes.
Key words miRNA, Noncoding RNA, Gene silencing, Cancer, Oncogenic, Suppressive, Significance
test, cis-Regulatory elements, Embryo development, Drosophila melanogaster

1 Introduction
MicroRNAs (miRNAs) are small (∼24 nucleotides) noncoding
RNA molecules that regulate gene expression posttranscriptionally
by base-pairing to mRNAs [1–4]. Many miRNAs have recently
been identified in various multicellular organisms and are evolutionally conserved. Knowledge of the biological functions of most
miRNAs is still limited, but these molecules are thought to regulate
the gene expression at various stages in diseases and development.
Animal microRNAs are typically transcribed as primary transcripts (pri-miRNAs) of varying length that in the nucleus are processed by Drosha into stem-loop precursors consisting of ∼70
nucleotides. In the cytoplasm the precursor miRNA (pre-miRNA)
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is processed by the RNase III type enzyme Dicer to give a mature
∼24-nucleotide product (see Chapter 1). MicroRNAs regulate the
expression levels of other genes by several mechanisms, generally
reducing protein levels through the cleavage of mRNAs or the
repression of their translation. The pathway of miRNA biogenesis
is shown in Fig. 1, and the numbered steps are described as
follows:
1. Pri-miRNA is transcribed by RNA polymerase II or III. The
length of the pri-miRNA ranges from several hundred nucleotides to thousands of nucleotides.
2. The pri-miRNA is cleaved into pre-miRNA hairpins by the
Drosha/DGC8 complex in the nucleus.
3. The pre-miRNA is transferred from the nucleus to the cytoplasm by Exportin-5.
4. The pre-miRNA in the cytoplasm is cleaved by the RNase III
enzyme Dicer to give a mature ∼24-nucleotide product.
5. A guide miRNA, the functional strand of the mature miRNA,
is formed by the RNA-induced silencing complex (RISC).
6. The guide miRNA is incorporated by the RISC into the target
mRNA, which it silences through deadenylation, cleavage, or
transcriptional repression.

Nucleus
DNA

Pri-mRNA

target
mRNA

Pre-mRNA

2

Fig. 1 miRNA biogenesis pathway
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2 Roles of miRNAs in Cancers
2.1 The Relations
Between miRNAs
and Human Cancers

It has been observed that miRNAs contribute to cancer development and progression (see Chapter 25). Croce and his colleagues
analyzed 540 samples of lung, breast, stomach, prostate, colon,
and pancreatic tumors and found that miRNAs are differentially
expressed in normal tissues and cancers [5]. Other studies have
also reported that miRNAs play some roles as oncogenes or tumor-
suppressor genes. They can therefore be used as biomarkers in
human cancers [6–26]. In Table 1, miRNAs that are upregulated
in various cancers are listed as oncogenic miRNAs and miRNAs
that are downregulated in those cancers are listed as suppressive
miRNAs [26]. It is clear from Table 1 that there are differences in
occurrences of the oncogenic and suppressive miRNAs for the

Table 1
Relations between human cancers and miRNAs
Cancer entity

Oncogenic miRNAs

Suppressive miRNAs

Brain, GBM

hsa-miR-21, 221

hsa-miR-128, 181

Breast

hsa-miR-9, 10b, 17, 21, 29b, 34, 146,
155, 181b, 181a

hsa-let-7, hsa-miR-15a, 16, 125a,
125b, 127, 145, 204

Lung

hsa-miR-17, 21, 24-2, 106a, 128, 146,
150, 155, 191, 192, 197, 199a, 205,
212, 210, 214

hsa-let-7, hsa-miR-9, 26a, 27b, 29b,
32, 34, 30a, 95, 101, 124, 125a,
126, 140, 143, 145, 181c, 192,
198, 199b, 216, 218, 219, 224

Esophagus

hsa-miR-21, 93

hsa-miR-203, 205

Stomach

hsa-miR-21, 24, 25, 92a, 107, 191, 214,
221, 223

hsa-let-7

Colorectal

hsa-miR-17, 20a, 21, 24, 29b, 30c, 31,
32, 96, 106a, 107, 128b, 135b, 155,
183, 191, 221, 223

hsa-let-7, has-miR-34, 127, 133b,
143, 145

Hepatic cell

hsa-miR-15b, 18a, 21, 106b, 221,
222, 224

hsa-let-7, has-miR-101, 122, 125a,
195, 199a, 200a

Pancreas

hsa-miR-17, 20a, 21, 24, 25, 29b, 30c,
32, 92a, 100, 106a, 107, 125b, 128,
146, 155, 181a, 181b, 191, 196a,
196b, 199a, 214, 221, 223, 301a, 376a

hsa-miR-139, 142, 345, 375

Prostate
gland

hsa-miR-17, 20a, 21, 25, 30c, 32, 92a,
106a, 146a, 181b, 191, 199a, 214, 223

hsa-miR-15a, 16, 143, 145, 218

Cervical

hsa-miR-21, 199a

hsa-miR-143, 145

B-cell

hsa-miR-17, 92a-1

hsa-miR-15a, 16, 143, 145, 192, 181a

GBM glioblastoma multiforme, B-CLL B cell chromic lymphocytic leukemia
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individual cancers. The related individual miRNA frequencies
are listed in Tables 2a and 2b. More miRNAs are oncogenic than
are suppressive. hsa-miR-21, for example, is oncogenic for ten cancers. Other miRNAs related oncogenic for more than four cancers
are hsa-miR-17, -191, -221, -155, -214, -223, -106a, -199a, and
-92a. In contrast, only hsa-miR-145, let-7, and hsa-miR-143 are
suppressive for more than five kinds of cancers.
On the other hand, although RNA interference (RNAi) has
been widely used for studying gene functions, the gene-silencing
effectiveness in mammalian cells depends very much on target

Table 2a
miRNA frequencies of the oncogenic miRNAs for various cancers
Cancer type
miRNA

Frequency 1

2

3

4

5

6

7

8

9

hsa-miR-21

10

hsa-miR-17

6

○ ○

○

○ ○

hsa-miR-191

5

○

○ ○

○ ○

hsa-miR-221

5

hsa-miR-155

4

○ ○

hsa-miR-214

4

○

hsa-miR-223

4

hsa-miR-106a

4

○

hsa-miR-199a

4

○

hsa-miR-92a

4

○

○ ○

hsa-miR-24

3

○ ○

○

hsa-miR-25

3

○

○ ○

hsa-miR-32

3

○

hsa-miR-107

3

○ ○

hsa-miR-146

3

○ ○

○

hsa-miR-181b

3

○

○ ○

hsa-miR-20a

3

hsa-miR-29b

3

hsa-miR-30c

3

hsa-miR-128

2

hsa-miR-181a

2

10 11

○ ○ ○ ○ ○ ○ ○ ○ ○ ○

○

○

○ ○ ○ ○

○
○
○

○

○

○

○ ○

○ ○

○ ○

○

○ ○
○ ○ ○
○

○ ○
○

○

○ ○

○

○

○

○ ○
○
○

1 brain, GBM, 2 breast, 3 lung, 4 esophagus, 5 stomach, 6 colorectal, 7 hepatic cell, 8
pancreas, 9 prostate gland, 10 cervical, 11 B-CLL
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Table 2b
miRNA frequencies of the suppressive miRNAs for various cancers
Cancer type
miRNA

Frequency 1 2

3

4

5

6

7

hsa-miR-145

6

○ ○

○

let-7

5

○ ○

○ ○ ○

hsa-miR-143

5

○

hsa-miR-16

3

○

○

hsa-miR-125a 3

○ ○

hsa-miR-15a

3

○

hsa-miR-32

2

○

hsa-miR-34

2

○

hsa-miR-101

2

○

hsa-miR-127

2

hsa-miR-192

2

○

hsa-miR-218

2

○

○

8

9

10 11

○ ○

○

○ ○

○

○

○

○

○

○
○
○
○
○
○
○

1 brain, GBM, 2 breast, 3 lung, 4 esophagus, 5 stomach, 6 colorectal, 7 hepatic cell, 8
pancreas, 9 prostate gland, 10 cervical, 11 B-CLL

sequence positions (sites) selected from the target gene. That is,
different short interfering RNAs (siRNAs) from various positions
induce different levels of gene silencing. The gene silencing of
miRNAs may also be considered to depend on the selected target
sequence positions. Since the target mRNA sequence is a certain
combination of nucleotides, some nucleotide sequences of miRNAs can be considered to play roles in the gene silencing of the
target mRNA.
2.2 Positional
Nucleotide Features
of Oncogenic
and Suppressive
miRNAs

To get positional nucleotide features, the nucleotide sequences for
the oncogenic and suppressive miRNAs listed in Table 1 were first
collected from miRBase [27, 28]. The obtained miRNA sequences
are listed in Tables 3a and 3b. Then the frequencies of the four
nucleotides (A, G, C, U) at positions from 1 to 22 were determined for the pooled sequences. These frequencies are listed in
Tables 4a and 4b. As shown in Figs. 2a, b, there are differences in
nucleotide distribution ratios at individual positions for oncogenic
and suppressive miRNAs. (As there are a few nucleotide occurrences at position 23 listed in Tables 3a and 3b, the frequencies of
the nucleotides at positions from 1 to 22 are used in Tables 4a and
4b and Fig. 2a, b).

hsa-miR-

21-5p
-3p
221-5p

9-5p
9-3p
10b-5p
10b-3p
17-5p
21-5p
21-3p
29b-2-5p
34a-5p
34a-3p
34b-5p
34b-3p
34c-5p
34c-3p
146a-5p
146b-5p
155-5p
181b-5p
181a-5p
181a-3p

Cancer entity

Brain, GBM

Breast

U
A
U
A
C
U
C
C
U
C
U
C
A
A
U
U
U
A
A
A

U
C
A

1

C
U
A
C
A
A
A
U
G
A
A
A
G
A
G
G
U
A
A
C

A
A
C

2

U
A
C
A
A
G
A
G
G
A
G
A
G
U
A
A
A
C
C
C

G
A
C

3

U
A
C
G
A
C
C
G
C
U
G
U
C
C
G
G
A
A
A
A

C
C
U

4

U
A
C
A
G
U
A
U
A
C
C
C
A
A
A
A
U
U
U
U

U
A
G

5

G
G
U
U
U
U
C
U
G
A
A
A
G
C
A
A
G
U
U
C

U
C
G

6

G
C
G
U
G
A
C
U
U
G
G
C
U
U
C
C
C
C
C
G

A
C
C

7

Table 3a
Nucleotide sequences of oncogenic miRNAs for various cancers

U
U
U
C
C
U
A
C
G
C
U
U
G
A
U
U
U
A
A
A

U
A
A

8

U
A
A
G
U
C
G
A
U
A
G
A
U
A
G
G
A
U
A
C

C
G
U

9

A
G
G
A
U
A
U
C
C
A
U
A
A
C
A
A
A
U
C
C

A
U
A

10

U
A
A
U
A
G
C
A
U
G
C
C
G
C
A
A
U
G
G
G

G
C
C

11

C
U
A
U
C
A
G
U
U
U
A
U
U
A
U
U
C
C
C
U

A
G
A

12

U
A
C
C
A
C
A
G
A
A
U
C
U
C
U
U
G
U
U
U

C
A
A

13

A
A
C
U
G
U
U
G
G
U
U
C
A
A
C
C
U
G
G
G

U
U
U

14

G
C
G
A
U
G
G
U
C
A
A
A
G
C
C
C
G
U
U
A

G
G
G

15

C
C
A
G
G
A
G
G
U
C
G
C
C
G
A
A
A
C
C
U

A
G
U

16

U
G
A
G
C
U
G
G
G
U
C
U
U
G
U
U
U
G
G
U

U
G
A

17

G
A
U
G
A
G
C
C
G
G
U
G
G
C
G
A
A
G
G
G

G
U
G

18

U
A
U
G
G
U
U
U
U
C
G
C
A
C
G
G
G
U
U
U

U
U
A

19

A
A
U
A
G
U
G
U
U
C
A
C
U
A
G
G
G
G
G
A

U
G
U

20

U
G
G
A
U
G
U
A
G
C
U
A
U
G
U
C
G
G
A
C

G
U
U

21

G
U
U
U
U
G
G
U
U
G
G
G
C

G
U
U
U
A
A

U

A

22

U
U
U

C

G

G

G

A

23
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17-5p
21-5p
24-2-5p
106a-5p
128-3p
146a-5p
146b-5p
150-5p
155-5p
191-5p
192-5p
197-3p
197-5p
199a-5p
205-5p
212-3p
212-5p
210-3p
214-3p

21-5p
93-5p

21-5p
24-3p
25-5p
25-3p
92a-3p
107
191-5p
214-3p
221-5p
221-3p
223-3p

Lung

Esophagus

Stomach

U
U
A
C
U
A
C
A
A
A
U

U
C

C
U
U
A
U
U
U
U
U
C
C
U
C
C
U
U
A
C
A

A
G
G
A
A
G
A
C
C
G
G

A
A

A
A
G
A
C
G
G
C
U
A
U
U
G
C
C
A
C
U
C

G
G
G
U
U
C
A
A
C
C
U

G
A

A
G
C
A
A
A
A
U
A
A
G
C
G
C
C
A
C
G
A

C
C
C
U
U
A
C
G
U
U
C

C
A

A
C
C
A
C
G
G
C
A
C
A
A
G
A
U
C
U
U
G

U
U
G
G
G
G
G
C
G
A
A

U
G

G
U
U
G
A
A
A
C
U
G
C
C
U
G
U
A
U
G
C

U
C
G
C
C
C
G
A
G
C
G

U
U

U
U
A
U
G
A
A
C
G
G
C
C
A
U
C
G
G
C
A

A
A
A
A
A
A
A
G
C
A
U

A
G

G
A
C
G
U
C
C
A
C
A
U
A
G
G
A
U
G
G
G

U
G
G
C
C
U
A
G
A
U
U

U
C

C
U
U
C
G
U
U
A
U
A
A
C
A
U
U
C
C
U
G

C
U
A
U
U
U
U
C
U
U
U

C
U

U
C
G
U
A
G
G
C
A
U
U
C
G
U
U
U
U
G
C

A
U
C
U
U
G
C
A
A
G
G

A
G

U
A
A
U
A
A
A
C
A
C
G
U
A
C
C
C
C
U
A

G
C
U
G
G
U
C
C
C
U
U

G
U

A
G
G
A
C
A
A
C
U
C
A
U
G
A
C
C
U
G
C

A
A
U
U
U
A
C
A
A
C
C

A
U

C
A
C
C
C
U
U
U
C
C
A
C
G
G
A
A
A
A
A

C
G
G
C
C
C
A
G
A
U
A

C
C

A
C
U
A
G
U
U
U
G
A
U
U
G
A
C
G
G
C
G

U
C
G
U
C
A
A
A
U
G
A

U
G

G
U
G
G
G
C
C
G
U
A
U
C
C
C
C
U
A
A
A

G
A
G
C
C
G
A
C
G
C
A

G
U

U
G
A
U
U
C
C
U
G
A
G
C
A
U
G
C
C
G
C

A
G
C
G
G
G
A
A
U
U
U

A
G

G
A
A
G
C
A
A
A
A
A
A
A
G
A
G
A
U
C
A

U
G
A
G
G
G
G
G
A
G
A

U
C

C
U
A
C
U
U
U
C
U
G
C
C
U
C
A
C
G
G
G

G
A
A
U
C
C
C
G
G
G
C

G
A

A
G
C
A
C
G
A
C
A
C
A
C
G
C
G
G
C
G
G

U
A
U
C
C
U
A
C
A
G
C

U
G

G
U
A
G
U
G
G
A
G
A
G
C
G
U
U
G
U
C
C

U
C
U
U
U
A
G
A
U
U
C

U
G

G
U
C
G
U
G
G
G
G
G
C
A
G
G
C
C
U
U
A

G
A
G
G
G
U
C
G
U
U
C

G
U

U
G
A
U
U
U
C
U
G
C
C
G
A
U
U
C
A
G
G

C

A
G

G

U

(continued)

A
U
C
U
U
U
U
A

A
G

A
A

C
A
U

G
C

U
G

U
U
G
G
U
C
G
U
G

G

G

A
A
G
A
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hsa-miR-

17-5p
20a-5p
21-5p
24-3p
29b-3p
30c-5p
31-5p
32-5p
96-5p
106a-5p
107
128-3p
135b-5p
155-5p
183-5p
191-5p
221-5p
221-3p
223-3p

15b-5p
18a-5p
21-5p
106b-5p
106b-3p
221-5p
221-3p
222-3p
224-5p

Cancer entity

Colorectal

Hepatic cell

Table 3a
(continued)

U
U
U
U
C
A
A
A
C

C
U
U
U
U
U
A
U
U
A
A
U
U
U
U
C
A
A
U

1

A
A
A
A
C
C
G
G
A

A
A
A
G
A
G
G
A
U
A
G
C
A
U
A
A
C
G
G

2

G
A
G
A
G
C
C
C
A

A
A
G
G
G
U
G
U
U
A
C
A
U
A
U
A
C
C
U

3

C
G
C
A
C
U
U
U
G

A
A
C
C
C
A
C
U
G
A
A
C
G
A
G
C
U
U
C

4

A
G
U
G
A
G
A
A
U

G
G
U
U
A
A
A
G
G
G
G
A
G
U
G
G
G
A
A

5

G
U
U
U
C
G
C
C
C

U
U
U
C
C
A
A
C
C
U
C
G
C
G
C
G
G
C
G

6

C
G
A
G
U
C
A
A
A

G
G
A
A
C
C
G
A
A
G
A
U
U
C
A
A
C
A
U

7

A
C
U
C
G
A
U
U
C

C
C
U
G
A
A
A
C
C
C
U
G
U
U
C
A
A
U
U

8

C
A
C
U
U
U
U
C
U

U
U
C
U
U
U
U
A
U
U
U
A
U
A
U
U
U
U
U

9

A
U
A
G
G
A
G
U
A

U
U
A
U
U
C
G
U
A
U
G
A
U
A
G
C
A
G
G

10

U
C
G
A
G
C
U
G
G

A
A
G
C
U
C
C
U
G
A
U
C
C
U
G
C
C
U
U

11

C
U
A
C
G
A
C
G
U

C
U
A
A
G
U
U
A
C
C
A
C
A
C
U
C
A
C
C

12

A
A
C
A
U
A
U
C
G

A
A
C
G
A
A
G
C
A
A
C
G
U
G
A
A
A
U
A

13

U
G
U
G
A
U
G
U
G

G
G
U
C
A
C
G
U
C
G
A
G
U
U
G
A
U
G
A

14

G
U
G
U
C
G
C
A
U

U
U
G
A
A
A
C
A
A
U
G
U
C
G
A
A
G
C
A

15

G
G
A
G
U
U
U
C
U

G
G
A
G
U
C
A
A
U
G
G
C
C
A
A
A
U
U
U

16

U
C
U
C
U
A
G
U
C

C
C
U
G
C
U
U
G
U
C
G
U
U
U
U
G
A
G
A

17

U
A
G
A
G
G
G
G
C

A
A
G
A
A
C
A
U
U
A
C
C
A
A
U
C
G
G
C

18

U
G
U
G
C
A
G
G
G

G
G
U
A
G
U
G
U
U
G
U
U
U
G
C
A
A
G
C

19

A
A
U
A
U
U
U
G
U

G
G
U
C
U
C
C
G
U
G
A
U
G
G
A
G
U
U
C

20

C
U
G
U
G
U
U
U
U

U
U
G
A
G
A
U
C
G
U
U
U
U
G
C
C
U
U
C

21

C
U
U

A
A
A

C

G

C

G

A
U

U
G
A

A
C
A
C
G
G
U
U
U
U
A

U
C

G
G

23
A
A
A
G
U
G

22
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Pancreas

17-5p
20a-5p
21-5p
24-3p
25-5p
29b-3p
30c-5p
32-5p
92a-3p
100-5p
106a-5p
107
125b-5p
128-3p
146a-5p
155-5p
181a-5p
181a-3p
181b-5p
191-5p
196a-5p
199a-5p
199a-3p
214-3p
221-5p
221-3p
223-3p
301a-5p
301a-3p
376a-3p

C
U
U
U
A
U
U
U
U
A
A
A
U
U
U
U
A
A
A
C
U
C
A
A
A
A
U
G
C
A

A
A
A
G
G
A
G
A
A
A
A
G
C
C
G
U
A
C
A
A
A
C
C
C
C
G
G
C
A
U

A
A
G
G
G
G
U
U
U
C
A
C
C
A
A
A
C
C
C
A
G
C
A
A
C
C
U
U
G
C

A
A
C
C
C
C
A
U
U
C
A
A
C
C
G
A
A
A
A
C
G
A
G
G
U
U
C
C
U
A

G
G
U
U
G
A
A
G
G
C
G
G
U
A
A
U
U
U
U
G
U
G
U
C
G
A
A
U
G
U

U
U
U
C
G
C
A
C
C
G
U
C
G
G
A
G
U
C
U
G
A
U
A
A
G
C
G
G
C
A

G
G
A
A
A
C
C
A
A
U
G
A
A
U
C
C
C
G
C
A
G
G
G
G
C
A
U
A
A
G

C
C
U
G
G
A
A
C
C
A
C
U
G
G
U
U
A
A
A
A
U
U
U
G
A
U
U
C
A
A

U
U
C
U
A
U
U
A
U
G
U
U
A
A
G
A
A
C
U
U
U
U
C
C
U
U
U
U
U
G

U
U
A
U
C
U
C
U
U
A
U
G
C
A
A
A
C
C
U
C
U
C
U
A
A
G
G
U
A
G

A
A
G
C
U
U
C
U
G
U
A
U
C
C
A
U
G
G
G
C
C
A
G
C
C
U
U
U
G
A

C
U
A
A
U
G
U
A
U
C
C
A
C
C
U
C
C
U
C
C
A
G
C
A
A
C
C
A
U
A

A
A
C
G
G
A
A
C
C
C
A
C
U
G
U
G
U
U
U
A
U
A
A
G
A
U
A
U
A
A

G
G
U
C
G
A
C
U
C
G
G
A
A
G
C
U
G
G
G
A
G
C
C
A
U
G
A
U
U
A

U
U
G
A
G
A
A
A
C
A
U
G
A
U
C
G
U
A
U
A
U
U
A
C
G
C
A
G
U
U

G
G
A
G
C
U
C
A
G
A
G
G
C
C
A
A
C
U
C
A
U
A
U
A
U
U
U
C
G
C

C
C
U
G
A
C
U
G
G
C
C
G
U
U
U
U
G
U
G
G
G
C
U
G
A
G
A
A
U
C

A
A
G
A
A
A
C
U
C
U
A
C
U
C
G
A
G
G
G
C
U
C
G
G
G
G
C
C
C
A

G
G
U
A
U
G
U
U
C
U
G
U
G
U
G
G
U
U
U
A
U
U
G
C
A
G
C
U
A
C

G
G
U
C
U
U
C
G
U
G
G
A
U
U
G
G
G
A
G
G
G
G
U
A
U
U
C
A
A
G

U
U
G
A
G
G
A
C
G
U
U
U
G
U
U
G
A
C
G
C
G
U
U
G
U
U
C
C
A
U
C

C

C

U
G

U
U

(continued)

U
G
G
C
G
U
G
U
A
U
U
U
A
U
G

U
C

U
G
A
U
G
A
C
A

G
A

G
G

A
A
A
G
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hsa-miR-

17-5p
20a-5p
21-5p
25-5p
30c-5p
32-5p
92a-3p
106a-5p
146a-5p
181b-5p
191-5p
199a-5p
221-3p
223-3p

21-5p
199a-5p

17-5p
92a-1-5p
92a-3p

Cancer entity

Prostate gland

Cervical

B-cell

Table 3a
(continued)

C
A
U

U
C

C
U
U
A
U
U
U
A
U
A
C
C
A
U

1

A
G
A

A
C

A
A
A
G
G
A
A
A
G
A
A
C
G
G

2

A
G
U

G
C

A
A
G
G
U
U
U
A
A
C
A
C
C
U

3

A
U
U

C
A

A
A
C
C
A
U
U
A
G
A
C
A
U
C

4

G
U
G

U
G

G
G
U
G
A
G
G
G
A
U
G
G
A
A

5

U
G
C

U
U

U
U
U
G
A
C
C
U
A
U
G
U
C
G

6

G
G
A

A
G

G
G
A
A
C
A
A
G
C
C
A
G
A
U

7

C
G
C

U
U

C
C
U
G
A
C
C
C
U
A
A
U
U
U

8

U
A
U

C
U

U
U
C
A
U
A
U
U
G
U
U
U
U
U

9

U
U
U

A
C

U
U
A
C
C
U
U
U
A
U
C
C
G
G

10

A
C
G

G
A

A
A
G
U
C
U
G
A
A
G
C
A
U
U

11

C
G
U

A
G

C
U
A
U
U
A
U
C
U
C
C
G
C
C

12

A
G
C

C
A

A
A
C
G
A
C
C
A
U
U
A
A
U
A

13

G
U
C

U
C

G
G
U
G
C
U
C
G
C
G
A
C
G
A

14

U
U
C

G
U

U
U
G
G
A
A
C
U
C
U
A
U
C
A

15

G
G
G

A
A

G
G
A
C
C
A
G
G
A
C
A
A
U
U

16

C
C
G

U
C

C
C
U
A
U
G
G
C
U
G
G
C
G
A

17

A
A
C

G
C

A
A
G
A
C
U
C
A
G
G
C
C
G
C

18

G
A
C

U
U

G
G
U
U
U
U
C
G
G
U
A
U
G
C

19

G
U
U

U
G

G
G
U
U
C
G
U
G
G
G
G
G
U
C

20

U
G
G

G
U

U
U
G
G
A
C
G
U
U
G
C
U
U
C

21

A
C
U

A
U

C

G
A
U
A
U
G
U
U
U
A

G
U

C

U
G
C
C

G

G
G

23
A
A
A

22
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hsa-miR-

128-1-5p
128-1-3p
181a-5p
181a-3p
181b-5p
181b-3p
181c-5p
181c-3p
181d-5p

let-7a-5p
let-7b-5p
let-7c-5p
let-7d-5p
let-7e-5p
let-7f-5p
15a-5p
16-5p
125a-5p
125b-5p
127-5p
145-5p
204-5p

Cancer entity

Brain, GBM

Breast

U
U
U
A
U
U
U
U
U
U
C
G
U

C
U
A
A
A
C
A
A
A

1

G
G
G
G
G
G
A
A
C
C
U
U
U

G
C
A
C
A
U
A
A
A

2

A
A
A
A
A
A
G
G
C
C
G
C
C

G
A
C
C
C
C
C
C
C

3

G
G
G
G
G
G
C
C
C
C
A
C
C

G
C
A
A
A
A
A
C
A

4

G
G
G
G
G
G
A
A
U
U
A
A
C

G
A
U
U
U
C
U
A
U

5

U
U
U
U
U
U
G
G
G
G
G
G
U

C
G
U
C
U
U
U
U
U

6

A
A
A
A
A
A
C
C
A
A
C
U
U

C
U
C
G
C
G
C
C
C

7

G
G
G
G
G
G
A
A
G
G
U
U
U

G
G
A
A
A
A
A
G
A

8

Table 3b
Nucleotide sequences of suppressive miRNAs for various cancers

U
U
U
U
G
U
C
C
A
A
C
U
G

U
A
A
C
U
A
A
A
U

9

A
A
A
A
A
A
A
G
C
C
A
U
U

A
A
C
C
U
C
C
C
U

10

G
G
G
G
G
G
U
U
C
C
G
C
C

G
C
G
G
G
A
C
C
G

11

G
G
G
G
G
A
A
A
C
C
A
C
A

C
C
U
U
C
A
U
G
U

12

U
U
U
U
U
U
A
A
U
U
G
C
U

A
G
U
U
U
U
G
U
U

13

U
U
U
U
U
U
U
A
U
A
G
A
C

C
G
G
G
G
G
U
U
G

14

G
G
G
G
G
G
G
U
U
A
G
G
C

U
U
U
A
U
A
C
G
U

15

U
U
U
C
U
U
G
A
A
C
C
G
U

G
C
C
U
C
A
G
A
C

16

A
G
A
A
A
A
U
U
A
U
U
A
A

U
U
G
U
G
U
G
G
G

17

U
U
U
U
U
U
U
U
C
U
C
A
U

C
C
G
G
G
G
U
U
G

18

A
G
G
A
A
A
U
G
C
G
U
U
G

U
U
U
U
U
C
G
G
U

19

G
G
G
G
G
G
G
G
U
U
G
C
C

G
U
G
A
G
A
A
G
G

20

U
U
U
U
U
U
U
C
G
G
A
C
C

A
U
A
C
G
A
G
A
G

21

U

U

U
C
G

A

24

(continued)

U

G

U

G
C
G

U
U
U
U
U
U
G
G
U
A
U
C
U

A

23
G

22
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hsa-miR-

let-7a-5p
let-7b-5p
let-7c-5p
let-7d-5p
let-7e-5p
let-7f-5p
9-5p
9-3p
26a-5p
27b-5p
29b-3p
32-5p
33a-5p
30a-5p
95-3p
101-3p
124-3p
125a-5p
126-5p
126-3p
140-5p
140-3p
143-3p
145-5p
181c-5p
181c-3p
198
192-5p
199b-3p
216a-5p
216b-5p
218-5p
219a-5p
219a-1-3p
224-5p

Cancer entity

Lung

Table 3b
(continued)

U
U
U
A
U
U
U
A
U
A
U
U
G
U
U
U
U
U
C
U
C
U
U
G
A
A
G
C
A
U
A
U
U
A
C

1

G
G
G
G
G
G
C
U
U
G
A
A
U
G
U
A
A
C
A
C
A
A
G
U
A
A
G
U
C
A
A
U
G
G
A

2
A
A
A
A
A
A
U
A
C
A
G
U
G
U
C
C
A
C
U
G
G
C
A
C
C
C
U
G
A
A
A
G
A
A
A

3
G
G
G
G
G
G
U
A
A
G
C
U
C
A
A
A
G
C
U
U
U
C
G
C
A
C
C
A
G
U
U
U
U
G
G

4
G
G
G
G
G
G
U
A
A
C
A
G
A
A
A
G
G
U
A
A
G
A
A
A
U
A
C
C
U
C
C
G
U
U
U

5
U
U
U
U
U
U
G
G
G
U
C
C
U
A
C
U
C
G
U
C
G
C
U
G
U
U
A
C
A
U
U
C
G
U
C

6
A
A
A
A
A
A
G
C
U
U
C
A
U
C
G
A
A
A
U
C
U
A
G
U
C
C
G
U
G
C
C
U
U
G
A

7
G
G
G
G
G
G
U
U
A
A
A
C
G
A
G
C
C
G
A
G
U
G
A
U
A
G
A
A
U
A
U
U
C
A
C

8
U
U
U
U
G
U
U
A
A
G
U
A
U
U
G
U
G
A
C
U
U
G
A
U
A
A
G
U
C
G
G
G
C
G
U

9
A
A
A
A
A
A
A
G
U
C
U
U
A
C
U
G
C
C
U
G
U
G
G
U
C
C
G
G
U
C
C
A
A
U
A

10
G
G
G
G
G
G
U
A
C
U
U
U
G
C
A
U
G
C
U
A
A
U
C
C
C
C
G
A
G
U
A
U
A
C
G

11
G
G
G
G
G
A
C
U
C
G
G
A
U
U
U
G
G
C
U
G
C
A
A
C
U
G
G
A
C
G
G
C
A
U
U

12
U
U
U
U
U
U
U
A
A
A
A
C
U
C
U
A
U
U
U
U
C
G
C
C
G
U
A
U
A
G
G
U
C
G
G

13
U
U
U
U
U
U
A
A
G
U
A
U
G
G
U
U
G
U
G
A
C
A
U
A
U
U
G
U
C
C
C
A
G
G
G

14
G
G
G
G
G
G
G
C
G
U
A
A
C
A
A
A
A
U
G
A
U
A
G
G
C
G
A
G
A
A
A
A
C
A
U

15
U
U
U
C
U
U
C
C
A
G
U
A
A
C
U
A
A
A
U
U
A
C
U
G
G
A
U
A
U
A
A
C
A
C
U

16
A
G
A
A
A
A
U
G
U
G
C
G
U
U
U
C
U
A
A
A
U
C
A
A
G
G
A
C
U
C
A
C
A
G
C

17
U
U
U
U
U
U
G
A
A
U
A
U
U
G
G
U
G
C
C
A
G
A
G
A
U
U
G
A
G
U
U
A
U
U
C

18
A
G
G
A
A
A
U
A
G
G
G
U
G
G
A
G
C
C
G
U
G
C
C
U
G
G
G
G
G
G
G
U
U
C
G

19
G
G
G
G
G
G
A
A
G
A
U
G
C
A
G
A
C
U
C
G
U
G
U
C
A
G
U
C
U
U
U
G
C
C
U

20

G
G
C
A
G
C
C
G
A
U
C
U
G
G
U
U
C
U

U
U
U
U
U
U
U
G
C
A
G
C
A
A
C
A

21

G

A
A
A

C
U
C
C

G
G

U

G
A

U
U
U
U
U
U
G
U
U
C
U
A

22

U

G

U

A

23

A

24
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203a
205-5p

let-7a-5p
let-7b-5p
let-7c-5p
let-7d-5p
let-7e-5p
let-7f-5p

let-7a-5p
let-7b-5p
let-7c-5p
let-7d-5p
let-7e-5p
let-7f-5p
34a-5p
34b-5p
34b-3p
34c-5p
127-3p
133b
143-3p
145-5p

Esophagus

Stomach

Colorectal

U
U
U
A
U
U
U
U
C
A
U
U
U
G

U
U
U
A
U
U

G
U

G
G
G
G
G
G
G
A
A
G
C
U
G
U

G
G
G
G
G
G

U
C

A
A
A
A
A
A
G
G
A
G
G
U
A
C

A
A
A
A
A
A

G
C

G
G
G
G
G
G
C
G
U
C
G
G
G
C

G
G
G
G
G
G

A
U

G
G
G
G
G
G
A
C
C
A
A
G
A
A

G
G
G
G
G
G

A
U

U
U
U
U
U
U
G
A
A
G
U
U
U
G

U
U
U
U
U
U

A
C

A
A
A
A
A
A
U
G
C
U
C
C
G
U

A
A
A
A
A
A

U
A

G
G
G
G
G
G
G
U
U
G
C
C
A
U

G
G
G
G
G
G

G
U

U
U
U
U
G
U
U
G
A
U
G
C
A
U

U
U
U
U
G
U

U
U

A
A
A
A
A
A
C
U
A
A
U
C
G
U

A
A
A
A
A
A

U
C

G
G
G
G
G
G
U
C
C
G
C
U
C
C

G
G
G
G
G
G

U
C

G
G
G
G
G
A
U
A
U
U
U
U
A
C

G
G
G
G
G
A

A
A

U
U
U
U
U
U
A
U
C
U
G
C
C
C

U
U
U
U
U
U

G
C

U
U
U
U
U
U
G
U
C
A
A
A
U
A

U
U
U
U
U
U

G
C

G
G
G
G
G
G
C
A
A
G
G
A
G
G

G
G
G
G
G
G

A
G

U
U
U
C
U
U
U
G
C
C
C
C
U
G

U
U
U
C
U
U

C
G

A
G
A
A
A
A
G
C
U
U
U
C
A
A

A
G
A
A
A
A

C
A

U
U
U
U
U
U
G
U
G
G
U
A
G
A

U
U
U
U
U
U

A
G

A
G
G
A
A
A
U
G
C
A
G
G
C
U

A
G
G
A
A
A

C
U

G
G
G
G
G
G
U
A
C
U
G
C
U
C

G
G
G
G
G
G

U
C

U
U
U
U
U
U
G
U
A
U
C
U
C
C

U
U
U
U
U
U

A
U

C

U
U
U
U
U
U
U
U
U
G
U
A

U
U
U
U
U
U

G
G

(continued)

U

C

G
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let-7a-5p
let-7b-5p
let-7c-5p
let-7d-5p
let-7e-5p
let-7f-5p
101-3p
122-5p
125a-5p
195-5p
199a-5p
199a-3p
200a-3p

139-5p
142-5p
142-3p
345-5p
375

15a-5p
16-5p
143-3p
145-5p
218-5p
143-3p
145-5p

Hepatic cell

Pancreas

Prostate
gland

Cervical

hsa-miR-

Cancer entity

Table 3b
(continued)

U
U
U
G
U
U
G

U
C
U
G
U

U
U
U
A
U
U
U
U
U
U
C
A
U

1

A
A
G
U
U
G
U

C
A
G
C
U

G
G
G
G
G
G
A
G
C
A
C
C
A

2

G
G
A
C
G
A
C

U
U
U
U
U

A
A
A
A
A
A
C
G
C
G
C
A
A

3

C
C
G
C
U
G
C

A
A
A
G
G

G
G
G
G
G
G
A
A
C
C
A
G
C

4

A
A
A
A
G
A
A

C
A
G
A
U

G
G
G
G
G
G
G
G
U
A
G
U
A

5

G
G
U
G
C
U
G

A
A
U
C
U

U
U
U
U
U
U
U
U
G
G
U
A
C

6

C
C
G
U
U
G
U

G
G
G
U
C

A
A
A
A
A
A
A
G
A
C
G
G
U

7

A
A
A
U
U
A
U

U
U
U
C
G

G
G
G
G
G
G
C
U
G
A
U
U
G

8

C
C
A
U
G
A
U

G
A
U
C
U

U
U
U
U
G
U
U
G
A
C
U
C
U

9

A
G
G
U
A
G
U

C
G
U
U
U

A
A
A
A
A
A
G
A
C
A
C
U
C

10

U
U
C
C
U
C
C

A
A
C
A
C

G
G
G
G
G
G
U
C
C
G
A
G
U

11

A
A
A
C
C
A
C

C
A
C
G
G

G
G
G
G
G
A
G
A
C
A
G
C
G

12

A
A
C
C
U
C
C

G
A
U
U
G

U
U
U
U
U
U
A
A
U
A
A
A
G

13

U
A
U
A
A
U
A

U
G
A
C
C

U
U
U
U
U
U
U
U
U
A
C
C
U

14

G
U
G
G
A
G
G

G
C
C
C
U

G
G
G
G
G
G
A
G
U
U
U
A
A

15

G
A
U
G
C
U
G

U
A
U
A
C

U
U
U
C
U
U
A
G
A
A
A
U
A

16

U
U
A
A
C
A
A

C
C
U
G
G

A
G
A
A
A
A
C
U
A
U
C
U
C

17

U
U
G
A
A
G
A

U
U
U
G
C

U
U
U
U
U
U
U
G
C
U
C
G
G

18

U
G
C
U
U
C
U

C
A
A
G
G

A
G
G
A
A
A
G
U
C
G
U
G
A

19

G
G
U
C
G
U
C

C
C
U
C
U

G
G
G
G
G
G
A
U
U
G
G
U
U

20

U
C
C
C
U
C
C

A
U
G
U
G

U
U
U
U
U
U
A
U
G
C
U
U
G

21

C

C

U

U

A

G
C
A
G
G

U

C

G

23

G

U
A
U

G
U

U
U
U
U
U
U

22

A

24
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B-cell

15a-5p
16-5p
143-3p
145-5p
192-5p
181a-5p
181a-3p

U
U
U
G
C
A
A

A
A
G
U
U
A
C

G
G
A
C
G
C
C

C
C
G
C
A
A
A

A
A
A
A
C
U
U

G
G
U
G
C
U
C

C
C
G
U
U
C
G

A
A
A
U
A
A
A

C
C
A
U
U
A
C

A
G
G
U
G
C
C

U
U
C
C
A
G
G

A
A
A
C
A
U
U

A
A
C
C
U
U
U

U
A
U
A
U
G
G

G
U
G
G
G
U
A

G
A
U
G
A
C
U

U
U
A
A
C
G
U

U
U
G
A
A
G
G

U
G
C
U
G
U
U

G
G
U
C
C
G
A

U
C
C
C
C
A
C
U
U

C
G
C

G
G

miRNAs and Cancers
389

390

Shigeru Takasaki

Table 4a
Nucleotide frequencies at positions in the oncogenic miRNAs
Position 1

2

3

4

5

6

7

8

9

10 11 12 13 14 15 16 17 18 19 20 21 22

A

41 61 46 40 35 21 47 33 24 43 29 39 49 26 34 44 16 36 19 20 15 37

G

1 34 31 20 49 35 37 17 15 21 34 12 23 43 35 38 42 47 43 50 41 27

C

28 26 33 45 11 38 31 34 20 27 36 45 30 27 28 25 31 36 20 17 22 10

U

62 11 22 27 37 38 17 48 73 41 33 36 30 36 35 25 43 13 50 45 54 43

Table 4b
Nucleotide frequencies at positions in the suppressive miRNAs
Position 1

2

3

4

5

6

7

8

9

10 11 12 13 14 15 16 17 18 19 20 21 22

A

22 30 48 24 38 9

41 31 22 46 13 30 21 22 26 26 46 17 26 12 16

9

G

10 45 23 47 42 26 20 47 20 17 46 40 14 21 57 16 20 27 42 54 18 22

C

11 16 29 28 11 17 27

U

68 20 11 12 20 59 23 24 53 24 21 19 58 56 18 44 28 57 28 25 50 46

9 16 24 31 22 18 12 10 25 17 10 15 20 26 13

To analyze the differences statistically, the following significance test was carried out:
Zs =

pas - pb

(1)

P (1 - P ) æç 1 + 1 ö÷
nb ø
è nas

where s is the site (position) 1 to 22, pas is the probability of each
nucleotide a occurring at each site s (a = A, G, C, or U), pb is the
occurrence probability of each nucleotide averaged over the entire
target sequence population, P is the arithmetic mean of pas and pb,
nas is the number of nucleotides at position s, and nb is the total
number of nucleotides in all positions.
As the two-sided statistical test has two types of significance
values, higher (upper) and lower levels of significance, they are
expressed as follows:
Higher significance nucleotide (HNsv).
Lower significance nucleotide (LNsv).
where H denotes higher, L denotes lower, and N is a
nucleotide.
v:

95-significance probability
significance = 0.05).

is

95

%

(level

of

99-significance probability is 99 % (level of significance = 0.01).
s: nucleotide position (site) (i.e., 1–22).
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a

"G"

"A"

"C"

"U"

0.6

ratio(%)

0.5
0.4
0.3
0.2
0.1
0

1

2

3

4

5

6

7

8

9
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11
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13

14
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16

17
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19
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22

16

17

18
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21

22

position

suppressive miRNA sequence classification

b

"A"

"G"

"C"

"U"

0.7
0.6
ratio(%)

0.5
0.4
0.3
0.2
0.1
0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

position

Fig. 2 (a) Oncogenic miRNA nucleotide distribution ratios. (b) Suppressive miRNA nucleotide distribution ratios

2.3 miRNA Gene-
Silencing Score

Nucleotide frequencies at the individual positions listed in Tables 4a
and 4b were analyzed by using Eq. 1, and many higher significance
and lower significance nucleotides were obtained. They are listed in
Tables 5a and 5b. A miRNA sequence including many higher significance nucleotides and a few lower significance nucleotides could
be inferred to be a highly effective gene silencer. A miRNA genesilencing score S based on this idea is therefore defined as the sum
of the higher significance nucleotides in the sequence minus the
sum of the lower significance nucleotides in the sequence. That is,
S = åHN vs - åLN vs

(2)

where HNsv and LNsv are higher significance and lower significance
nucleotides, respectively. The larger the S is, the greater the likelihood that the sequence is effective for gene silencing. miRNA
scores for the oncogenic and suppressive miRNAs listed in Tables 3a
and 3b were calculated using Eq. 2. Their sums and averages for
the individual cancers are listed in Table 6. One can see in Table 6
and Fig. 3 that there is a tendency that the average scores of

HN
LN

HN
LN

HN
LN

G

C

U

4.3

6.1

5

4.6

2

2.7

2.1

3

2

3.1

2.3

4

HN higher nucleotide, LN lower nucleotide

HN
LN

A

1

3.6

3.1

5
2.5

6

3.7

2.3

7

2.8

8

6.1

3.3

2

9

2

10

Table 5a
Values of higher and lower significance nucleotides in oncogenic miRNAs
11

3.1

3.9

12
2.6

13

2.2

14

15

2.3

16

3.5

17

4.1

2.9

18

2.2

2.2

3

19

2.2

3.3

2.8

20

2.9

3.8

21

2

3.3

22
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HN
LN

HN
LN

HN
LN

G

C

U

6.1

4.2

2.9

2.8

2

4.7

2.2

4.2

3

5

2

3

4

2.9

2.2

2.3

5

HN higher nucleotide, LN lower nucleotide

HN
LN

A

1

4.4

3.7

6

2.3

2.2

3

7

2.1

2.3

3

8

3.4

2.2

9

2.1

2.9

3.8

10

Table 5b
Values of higher and lower significance nucleotides in suppressive miRNAs

2.7

2.7

2.8

2.7

11

3.2

12

4.3

3.3

13

3.8

14

3.4

2

4.9

15

3.1

16

2.2

3.8

17

4

2.1

2

18

2.2

19

4.5

3

20

2.8

2.6

2

21

4

3.2

22
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Table 6
Sums and averages of oncogenic and suppressive miRNAs for various
cancers
Oncogenic miRNAs

Suppressive miRNAs

Sum

Average

Sum

Average

Brain, GBM

37.37

12.46

79.86

8.87

Breast

126.4

6.32

529.8

40.75

Lung

168.3

8.86

633.1

17.59

Esophagus

43.83

21.92

−0.35

−0.165

Stomach

112.2

9.35

411.37

68.56

Colon

282.1

14.85

520.7

37.20

Hepatic cell

122.8

13.65

528.4

40.65

Pancreas

354.6

11.44

−14.05

−2.81

Prostate gland

255.2

18.23

80.45

16.1

Cervical

37.8

18.9

35.58

17.79

B-cell

32.98

10.93

83.3

11.9

Total

1,573

11.74

2,888.2

25.12

Fig. 3 Relations between average scores of oncogenic and suppressive miRNAs for various cancers
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Table 7a
Higher and lower level nucleotides in oncogenic miRNAs
Position 1

2

3

4

5

6 7

8

9

10 11 12 13 14 15 16 17 18 19 20 21 22

Higher

U A

A

C G X A

X

U X

X

C

A

G

X

X

X

G

G
U

G

U

U

Lower

G U U G C A U G G G
U
A

X

G

X

X

X

U

A

U

A

A
C

A

C

X not specified nucleotide, i.e., X=A, G, C, or U

Table 7b
Higher and lower level nucleotides in suppressive miRNAs
Position 1

2

3

4

5 6

7

Higher

U G A G A U A
C C G

Lower

G U U U U A

8

9

10 11 12 13 14 15 16 17 18 19 20 21 22

G U A

G
C

X

U

U

G

X

A

U

G

G

U

U

G C G G
U U
U

A
U

U

G

X

U
C

G

G

A
C

X

A

C
A

A

X not specified nucleotide, i.e., X=A, G, C, or U

suppressive miRNAs are greater than those of oncogenic ones.
This dependency may be due to the big role that let-7 miRNAs
play as suppressive miRNAs.
2.4 Higher
and Lower Level
Nucleotides
of Oncogenic
and Suppressive
miRNAs

Higher and lower level nucleotides at individual positions in oncogenic and suppressive miRNAs are listed in Tables 7a and 7b. Since
the higher level nucleotides at individual positions are those that
have a larger influence on the upregulation or downregulation due
to the miRNAs, the miRNA sequences including many higher level
nucleotides may have a big impact on the target mRNA silencing.
With this in mind, the coincidences between highly frequent
miRNA sequences and higher level nucleotides were examined for
oncogenic and suppressive miRNAs of individual cancers. The
results are listed in Tables 8a and 8b. Ten of the kinds of cancers
listed in Table 2a are stimulated by hsa-miR-21, but one sees in
Table 8a that there are only six nucleotide coincidences between
the miR-21 sequence and higher level nucleotides. On the other
hand, although only six kinds of cancers are stimulated by hsamiR-17 and only five kinds are stimulated by has-mir-191, the
numbers of nucleotide coincidences between miR-17 and -191
sequences and higher level nucleotides are, respectively, ten and
nine. This implies that the miR-17 and -191 sequences influence
the target mRNA regulations more than the miR-21 sequence
does. In contrast, hsa-miR-145 suppresses six kinds of cancers and
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Table 8a
Relations between higher level nucleotides and highly frequent oncogenic miRNAs
Position

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

Higher nucleotides U A A C G X A X U X

X

C A

G X

miR-21-5p

U A G C U U A U C A
○ ○
○
○

G A

miR-17-5p

C A A A G U G C U U A
○ ○
○
○

miR-191-5p

C A A C G G A A U C C C A A
○ ○
○
○
○
○ ○

miR-221-5p

A C C U G G C A U A
○
○

X

C U G A

X

G G G U U
U

U G U U G A
○ ○

C A G U G C A
○ ○ ○

C A

A

A

G G U A
○ ○ ○

G C A

A U G U A
○

G A
○

G C U
○
○
U U U
○ ○

X not specified nucleotide, i.e., X=A, G, C, or U

Table 8b
Relations between higher level nucleotides and highly frequent suppressive miRNAs
Position

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

Higher nucleotides U G A G A U A G U A
C C G

G X
C

U U G X

A

U G G U U

miR-145-5p

G U C C A G U U U U C C C A
○ ○ ○
○
○

G G A A
○
○

U C C C

let-7e-5p

U G A G G U A G U A G G U U G U A U G G U U
○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○
○ ○ ○
○ ○ ○ ○ ○ ○

miR-143-3p

U G A G A U G A A G C A
○ ○ ○ ○ ○ ○
○

C U G U A G C U C
○ ○
○

X not specified nucleotide, i.e., X=A, G, C, or U

has seven coincident nucleotides listed in Table 8b, whereas
although both let-7 and hsa-miR-143 suppress five kinds of cancers, their nucleotide coincidences are, respectively, 20 and 10 as
listed in Table 8b. This also implies that the influences of let-7 and
miR-143 are greater than the influence of miR-145.
2.5 Relations
Between miRNA
Scores and Nucleotide
Coincidences

Then the relations between miRNA scores and the number of
coincident nucleotides of oncogenic and suppressive miRNA

sequences were examined. As miRNA scores indicated different
ranges from low to high for individual miRNA sequences, the score
ranges were used to examine the relations between the scores and
nucleotide coincidences of the higher and lower significance levels.
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In addition, the average coincident nucleotides in the score ranges
were used at the higher and lower levels. Total coincident nucleotides were calculated as the number of coincident nucleotides at the
higher level minus the number of coincident nucleotides at the
lower level. The relations between miRNA scores and the number
of coincident nucleotides of oncogenic and suppressive miRNAs are
shown in Tables 9a and 9b and in Fig. 4a, b. It is clear that the
number of coincident nucleotides at the higher level for oncogenic
miRNAs decreases gradually as the score ranges decrease, whereas
the number of coincident nucleotides at the lower level increases as
the score ranges decrease; and the total number of coincident
nucleotides decreases distinctly as shown in Fig. 4a. This tendency
is similar to the tendency in Fig. 4b.
Comparing Table 7a with Table 7b, it becomes clear what
nucleotides occur coincidentally in oncogenic and suppressive
miRNA sequences at higher and lower significance levels. In case
of the higher level, the nucleotides U, A, C, G, A, U, G, G, U, and
U, respectively, occurred at positions 1, 3, 4, 5, 7, 9, 19, 20, 21,
and 22 in both oncogenic and suppressive miRNAs. On the other
hand, in case of the lower level, the nucleotides G, U, U, U, A, U,
G, G, A, and A, respectively, occurred at positions 1, 2, 3, 4, 6, 7,
9, 10, 20, and 21. These nucleotide coincidences imply that it is
difficult to tell from only the higher and lower level nucleotides
whether a miRNA is an oncogenic or a suppressive one.

Table 9a
Relations between miRNA scores and the number of coincident
nucleotides in oncogenic miRNAs
Score range

Higher

Lower

Total

31–35

10

0

10

26–30

10.1

1.33

8.8

21–25

7.25

0.25

7

16–20

6.8

1.5

5.3

11–15

6.9

3.2

3.7

6–10

5.7

3

2.3

1–5

4.9

4.37

0.5

−5 to 0

3.5

4.27

−0.8

−10 to −6

3.2

5.33

−2.1

−16 to −11

1

5.5

−4.5

Higher: No. of average coincident nucleotides at higher level; lower: No. of average
coincident nucleotides at lower level; total: higher − lower
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Table 9b
Relations between miRNA scores and the number of coincident
nucleotides in suppressive miRNAs
Score range

Higher

Lower

Total

71–

20

0

20

66–70

19

0.33

18.7

61–65

18

0.5

17.5

31–35

11.3

2.7

8.6

26–30

9.25

2

7.25

21–25

9.63

3.75

5.88

16–20

8.83

3.83

5

11–15

7.78

4.78

3

6–10

7.11

5.11

2

1–5

6.38

6.76

−0.38

−5 to 0

4.92

5.83

−0.92

−10 to −6

5

8

−3

−16 to −11

3.25

8

−4.75

Higher: No. of average coincident nucleotides at higher level; lower: no. of average
coincident nucleotides at lower level; total: higher − lower

2.6 Frequencies
of Individual
Nucleotides in miRNAs

Frequencies of individual nucleotides were also examined for oncogenic and suppressive miRNAs in both the higher and lower significances as shown in Fig. 5. It is clear that the most significant
nucleotide as a whole is U. At the lower level it plays an especially
important role in suppressive miRNAs. G is also often a frequently
occurring nucleotide. At the lower level, A occurs with almost the
same frequency as G. The least frequently occurring nucleotide is
C. The occurrences of U at positions 2–12 in the lower level rows
of Table 7b indicate that this nucleotide has strong influences on
the suppressive miRNAs.
It has been believed that nucleotides 2–8 in the 5′ portion of
miRNAs are most important for target recognition by vertebrate
miRNAs. The higher and lower level nucleotides in oncogenic and
suppressive miRNAs listed in Tables 7a and 7b were examined
from that point of view. The nucleotide coincidences of the higher
levels between oncogenic and suppressive miRNAs are four (i.e., at
positions 3–A, 4–C, 5–G, and 7–A), whereas those of the lower
level are six (at positions 2–U, 3–U, 4–U, 6–A, 7–U, and 8–G). At
the higher level the most frequently occurring nucleotide is A (six)
and the second most frequently occurring one is G (five), whereas
at the lower level the most frequently occurring nucleotide is U
(ten) and the second most frequently occurring one is G (three).

miRNAs and Cancers

a

Higher

Lower
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Total

No. of nucleotide coincidences

12
10
8
6
4
2
0
-2

31 ~ 35

26 ~ 30

21 ~ 25

16 ~ 20

11 ~ 15

No. of coincident nucleotides

1~5

-5 ~ 0

-10 ~ -6

-16 ~ -11

-4
-6

b

6 ~ 10

score
Higher

Lower

Total

25
20
15
10
5
0
-5
-10

71 ~ 66 ~ 70 61 ~ 65 31 ~ 35 26 ~ 30 21 ~25 16 ~ 20 11 ~ 15 6 ~ 10

1~5

-5 ~ 0 -10 ~ -6 -16 ~ -11

score

Fig 4 (a) Relations between miRNA scores and the number of coincident nucleotides in oncogenic miRNAs. (b)
Relations between miRNA scores and the number of coincident nucleotides in suppressive miRNAs

Fig. 5 Frequencies of individual nucleotides at higher and lower levels
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A new miRNA

Distinction of an oncogenic miRNA
-Count No. of higher level nucleotides
-Count No. of lower level nucleotides
-Compute the score of a new miRNA

Distinction of a suppressive miRNA
-Count No. of higher level nucleotides
-Count No. of lower level nucleotides
-Compute the score of a new miRNA

oncogenic miRNA
or
suppressive miRNA

Fig. 6 Distinguishing whether a new miRNA is oncogenic or suppressive

2.7 Distinguishing
Whether a New miRNA
is Oncogenic or
Suppressive

It is important to know what function a new miRNA has, especially
whether the miRNA is oncogenic or suppressive. A new method to
distinguish the function of a new miRNA can be based on the
higher level nucleotides and miRNA scores and is shown in Fig. 6.
The determination processes are as follows:
Step 1: Examine the possibility that it is an oncogenic miRNA.
–– Count the numbers of higher and lower level nucleotides in it
according to the nucleotides listed in Table 7a.
–– Calculate the score of the new miRNA by using Eq. 2 and
Table 5a.
Step 2: Examine the possibility that it is a suppressive miRNA.
–– Count the numbers of higher and lower level nucleotides in it
according to the nucleotides listed in Table 7b.
–– Calculate the score of the new miRNA by using Eq. 2 and
Table 5b.
Step 3: Distinguish whether the new miRNA is an oncogenic one
or a suppressive one.
–– Whether the new miRNA is oncogenic or suppressive is determined on the basis of Fig. 4a, b and Tables 7a and 7b. If the
numbers of the higher and lower level nucleotides of the new
miRNA are, respectively, greater than ten and less than two
(i.e., the total number is greater than eight) and the score
based on Fig. 4a and Table 7a is greater than 26, the new
miRNA is likely to be oncogenic. If, on the other hand, the
total number is greater than 17 and the score based on Fig. 4b
and Table 7b is greater than 61, the new miRNA is likely to be
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suppressive. If neither of these conditions applies to the new
miRNA, the possibility of cancer regulations by the new
miRNA is estimated to be low.

3 Roles of miRNAs in the Development
miRNAs are thought to regulate the gene expressions in embryo
development. The miRNA lin-4 first identified in the nematode
Caenorhabditis elegans regulates the lin-14 genes and as a result
controls the developmental timing. Another miRNA, let-7, is also
involved in developmental timing in C. elegans [29, 30]. Although
many animal miRNAs are known, the biological functions of only
a few are understood [31–41].
Important roles in gene expression are also played by cis-
regulatory elements. In the early embryonic development of
Drosophila melanogaster, for example, the expression of the hunchback (hb) gene is regulated by bicoid (bcd) protein cis-regulatory
elements [42–44]. The detailed molecular mechanisms of cis-
regulatory elements, however, are still unknown [45–49].
Although miRNAs and cis-regulatory elements have been
thought to have different binding regions in the target mRNAs—
those for miRNAs are in the 3′ untranslated regions (3′ UTRs),
whereas those for cis-regulatory elements are in the promoter
regions [50]—from the viewpoint of gene regulation there is no
clear reason for their binding to these regions. As the cis-regulatory
elements and miRNAs can be considered trans-acting factors [51],
miRNAs might also be able to regulate gene expression by binding
to promoter regions of target genes. The work reported in this
chapter therefore analyzed the relations between miRNAs and cis-
regulatory elements by examining gene expressions in the early
embryonic development of D. melanogaster—especially the relations between miRNAs and bcd and hb—and obtained consensus
sequences indicating that individual miRNAs are closely related to
the 5′ upstream regions of these genes.
This chapter therefore proposes that miRNAs mediate inquiry/
response regulations between genes. For example, miRNAs might
help cis-regulatory elements bind to the 5′ upstream region of the
gene hb by carrying inquiries and responses between the genes bcd
and hb. Such roles can be supported by the miRNA consensus
sequences in the 5′ upstream regions of the target genes.
3.1 Used Databases
and Tools
3.1.1 miRBase

The following analysis used miRBase, which provides integrated
interfaces to comprehensive microRNA sequence data, annotations, and predicted gene targets [27, 28]. It was used for searching target miRNAs of individual genes and for searching target
genes of individual miRNAs. It was also used for searching
sequences of individual miRNAs.
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Bcd
-400

-300

Bcd
-200

hunchback (hb)

Bcd
-100

DNA

5’

Fig. 7 Bcd-binding sites in the 5′ upstream region of the gene hb. Bcd: bcd protein

3.1.2

RSAT

Regulatory Sequence Analysis Tools (RSAT) provides a series of
molecular computer programs designed for detecting regulatory
signals in noncoding sequences [52]. The following analysis used
RSAT to search individual miRNAs and the 5′ upstream regions of
related genes for consensus sequences.

3.1.3 Drosophila DNase
I Footprint Database

Drosophila DNase I footprint database provides a systematic annotation of transcription factor-binding sites in the fruit fly Drosophila
melanogaster [53]. It was used to search cis-regulatory sequences
for the genes of D. melanogaster.

3.2 Relations
Between cisRegulatory Elements
and Individual miRNAs
for bcd and hb

Driever et al. [42] reported that hb gene expression was activated by
the binding of bcd protein (Bcd) to the 5′ noncoding region upstream
of the gene hb as shown in Fig. 7. They found that hb gene expression was activated when the concentration of Bcd bound to hb
became higher than a threshold level. The consensus sequences of
the Bcd cis-regulatory element were reported to be “TCTAATCCC”
or “CGTAATCCC” [42–44]. As the hb gene expression is activated
when a sufficient amount of Bcd is bound to the hb 5′ noncoding
region, this cis-regulatory element plays an important role in the
development of the anterior-posterior axis of the embryo.
The miRNAs of genes bcd and hb can be obtained from miRBase (see Subheading 3.1). For simplicity, they are expressed as the
cDNA sequences (5′–3′) listed in Table 10. Although miRNAs
have generally been thought to regulate posttranscriptional gene
activity by binding to specific sequences in the 3′ UTRs of target
mRNAs, other possible binding regions should be considered. As
cis-regulatory elements bound to 5′ upstream regions (promoters)
of target genes regulate the gene expression, the 5′ noncoding
regions can be considered areas important for gene regulations.
If miRNAs of the gene bcd were related to the regulation of the
expression of the gene hb, they might be expected to bind to the 5′
noncoding regions of the hb gene. Conversely, if miRNAs of the
gene hb were bound to the 5′ noncoding regions of the gene bcd,
they might control the bcd. That is, if these miRNAs were bound
to the promoters of both genes, they could play roles in the regulations of both genes.
One way to evaluate this possibility is to search the miRNAs
and the 5′ upstream regions of both genes for consensus sequences.
These sequences can be obtained by using RSAT (see
Subheading 3.1) and are listed in Tables 11a and 11b. It is clear

1
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T
T
T
A
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T
A
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T
T
T

miRNA

dme-miR-79
dme-miR-4
dme-miR-286
dme-miR-279
dme-miR-996
dme-miR-999
dme-miR-315
dme-miR-1000
dme-miR-283
dme-miR-989
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T
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C
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Table 10
Relations between individual genes and their miRNAs
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C
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T
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T
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C
T
C
C

T
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C
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C

T
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C
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from Table 11a that there are many sequences common to the
miRNAs of the bcd gene and the 5′ upstream regions of the hb
gene. The sequence “AAAGCT” of dme-miR-79, for example, is
consistent with the sequence from −4,333 to −4,328 of the 5′
upstream region of hb. Similarly, the sequence “TGTTAACT” of
dme-miR-999 is consistent with the sequence from −4,308 to
−4,315 of the 5′ upstream region of hb.
The relations between the miRNAs of the hb gene and the 5′
upstream region of the bcd gene are listed in Table 11b, where it is
clear that there also are many sequences common to these miRNAs
and the 5′ upstream region of this gene. They are, for example,
“TGTGAT” (miR-989: −3,194 to −3,189 and −2,445 to −2,450),
“ACAAGG” (miR-963: −3,005 to −3,000 and −2,191 to −2,196),
“TTTAGAA” (miR-miR-927: −487 to −481 and −1,646 to
−1,652), and “AATACTGT” (miR-8: −3,597 to −3,604).
The relations between the cis-regulatory elements of Bcd and
the miRNAs of the bcd and hb genes are shown in Fig. 8. The
expression of the gene hb is well known to be regulated by Bcd cis-
regulatory elements, and the consensus sequences of the miRNAs
of the bcd and hb genes might also be related to the regulation of
hb expression.
3.3 Hypothetical
Regulatory Sequences
Between Genes

Since there are many bcd miRNAs with sequences occurring in hb
and there are many hb miRNAs with sequences occurring in bcd,
these miRNAs might play roles in the regulation of both genes.
One hypothetical regulatory sequence is shown in Fig. 9. To bind
the Bcd cis-regulatory elements to the 5′ upstream regions of the
gene hb, it might be necessary for one gene to inquire about the
status of the other and for both to respond to these inquiries. The
miRNAs of both genes might mediate these inquiries and responses.
The following is a hypothetical regulatory sequence involving
interaction between bcd and hb:
1. Some miRNA of bcd (dme-miR-79/4/286/279/996/999/3
15/1000/283/989/1017) inquires whether hb is ready to
receive the protein Bcd.
2. After receiving the bcd inquiry of these miRNAs, hb responds
that it is ready to receive Bcd. This response is carried by some
miRNA of hb (dme-miR-989/963/927/8/315/976).
3. Upon receiving the response of hb, bcd starts supplying Bcd to
the 5′ upstream region of hb.
4. When hb recognizes that Bcd is bound to its 5′ upstream region,
it uses some miRNA (dme-miR-989/963/927/8/315/976)
to respond that Bcd binding has started.
5. After receiving the start response of hb, bcd continues to supply
Bcd to the 5′ upstream region of hb.
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5′(−xxxx)F/R: xxxx-start position in 5′ upstream, F: Forward strand, R: Reverse strand
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cis-regulatory elements
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DNA
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hb
hb-related miRNAs

bcd
bcd-related miRNAs

DNA

dme-miR-286/279/4/79/999/315/1000/283
dme-miR-989/963/9278/315

Fig. 8 Relations between cis-regulatory elements and individual miRNAs for bcd and hb (bcd-related and
hb-related miRNAs from Table 10)

bcd
miRNAs
(dme-miR-286/279/4..)
5’ upstream

Bcd
5’ upstream

miRNAs

5’ upstream

miRNAs

hb
1
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3
4

5

6

7

5’ upstream
miRNAs
(dme-miR-989/963/927/8/315)
5’ upstream
miRNAs

5’ upstream

miRNAs

5’ upstream

Fig. 9 Regulatory sequences involved in the interaction between bcd and hb. 1:
bcd inquires whether it is possible to bind Bcd to the 5′ upstream region of hb.
2: hb responds that the Bcd binding to its 5′ upstream region is possible. 3: Bcd
is supplied to the 5′ upstream region of hb. 4: hb responds that Bcd has started
binding to the 5′ upstream region. 5: bcd continues to supply Bcd to the 5′
upstream region of hb. 6: hb responds that Bcd binding has been completed. 7:
bcd stops supplying Bcd to hb

6. When hb has bound a sufficient amount of Bcd, it uses dmemiR-
989/963/927/8/315/976 to send the completedbinding signal to bcd.
7. After receiving the complete signal from hb, bcd stops supplying
Bcd and uses dme-miR-79/4/286/279/996/999/315/1000/
283/989/1017 to signal hb that it has stopped the supply.
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Chapter 25
Targeting MicroRNAs to Withstand Cancer Metastasis
Valentina Profumo, Valentina Doldi, Paolo Gandellini,
and Nadia Zaffaroni
Abstract
MicroRNAs are endogenous, regulatory, noncoding small RNAs shown to play a key role in controlling
gene expression, mainly at the posttranscriptional level. Several lines of evidence highlighted the importance of selected microRNAs as essential actors of cancer initiation events, tumor progression towards
malignancy, and ultimately metastasis. By acting as either prometastatic or antimetastatic factors, microRNAs may represent novel targets or tools to withstand cancer progression. This chapter summarizes the
available strategies to manipulate the expression of metastasis-related microRNAs, either by mimicking or
inhibiting them, in cell systems and in vivo models. In addition, we provide a broad overview of conceptual
and technological issues that need to be addressed before microRNAs might be exploited in the clinical
setting for the prevention and treatment of the metastatic disease.
Key words microRNA, Cancer metastasis, miRNA mimics, miRNA inhibitors, miRNA-based
therapeutics

1

Introduction

1.1 Cancer
Metastasis

Transformation of a benign tumor into a malignant one begins when
morphological changes harm the integrity of the epithelium. Indeed,
epithelial cells switch from highly differentiated, polarized, and organized cells into undifferentiated, isolated, and mesenchymal-like cells
with migratory and invasive properties that anticipate their metastasizing aptitude [1].
Metastasis is the product of a long series of sequential and interrelated steps by which a cancer cell from a primary tumor acquires
ability to invade the contiguous host tissue and enter the systemic
circulation through the lymph and the blood vessels (intravasation)
[2]. Within the bloodstream, the circulating tumor cell reduces its
proliferating rate and survives, waiting for the final step of the metastatic process. In this last phase, far-away from the primary site, the
invading cell exits from the bloodstream (extravasation), probably
through mechanisms similar to those that occur during intravasation,
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readjusts, and colonizes the foreign microenvironment to start the
formation of secondary tumors [2].
The principal clinical issue in cancer management is represented by metastatic events, which often make the treatment
unsuccessful. In this context, a great effort has been made to identify the genes and pathways governing malignant tumor progression, thus disclosing the concept of “metastagenes” as the family of
protein-coding genes active in the metastatic process [1]. Lately, it
has become evident that, in addition to alterations in genes that
encode proteins, anomalies in noncoding RNAs play a similar role
in cancer initiation, progression and tumor metastasis [3]. In this
context, particular attention has been paid to a specific class of
small noncoding RNAs, named microRNAs (miRNAs).
1.2

MicroRNAs

MiRNAs comprise a large family of single-stranded, endogenous,
evolutionary conserved, noncoding RNA molecules of 19–25
nucleotides acting as key posttranscriptional regulators of gene
expression [4]. Human miRNAs are processed from precursor
molecules transcribed in the nucleus by RNA polymerase II, which
contributes to the synthesis of a 5′-capped and 3′-polyadenylated
primary miRNA transcript (pri-miRNA) [5]. In the canonical
pathway, pri-miRNA processing occurs in two steps (see Chapter 1).
The first nuclear step begins with the cleavage of pri-miRNA by a
protein complex composed of the RNase III enzyme Drosha in
association with its cofactor DGCR8, which generates a
70–90 nucleotide long precursor miRNA (pre-miRNA) [5]. PremiRNA is then assembled into the Exportin-5/RanGTP complex,
which prevents its nuclear degradation and facilitates its export
into the cytoplasm [6], where the pre-miRNA is processed by a
second RNase III, Dicer, into a 19–22 nucleotide long doublestranded RNA, with two nucleotide-long 3′ overhangs at both
ends [5, 7]. The miRNA duplex is then unwound into two single
stranded molecules: one strand (the mature miRNA) is incorporated into the multi-proteic RNA-induced silencing complex
(RISC), whereas the other strand, referred to as star miRNA
(miRNA*), is usually degraded [5, 7]. RISC-associated miRNA,
through direct interaction with Argonaute (Ago) proteins, drives
the complex onto complementary sequences located within the 3′
or 5′ untranslated regions (UTRs) or the open reading frame
regions of target mRNAs [5, 7]. Perfect or nearly perfect basepairing between the 3′-UTR of a mRNA and the first 2–8 bases at
the 5′ end of the miRNA (seed sequence) seems to have a dominant role in the selection of target mRNA by miRNAs [7].
Although posttranscriptional repression remains the principal
mechanism of action, it has been recently reported that miRNAs
may also target specific sequences in gene promoters, thus exerting a function in transcriptional induction [8].
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The exact mechanism of miRNA-mediated gene silencing is
still unclear, however it is widely known that, depending on the
degree of complementarity with its mRNA target, a miRNA may
regulate target-gene expression through two mechanisms. MiRNAs
that bind mRNA targets with perfect or nearly perfect complementarity induce their cleavage and subsequent degradation. This is the
most common mechanism found in plants [9]. Conversely, metazoan miRNAs usually act by binding to partially complementary
regions mostly situated in the 3′-UTR, but also in the 5′-UTR or
in the open reading frame, of their target mRNAs [10]. This second mechanism induces a drop in protein levels that is independent of mRNA cleavage. This may actually occurs as a consequence
of translation repression or deadenylation-dependent decay of target mRNAs [10]. Since a perfect base paring is required only
between the target and the seed sequence of the miRNA to guarantee an efficient silencing, an individual miRNA can potentially
regulate several target mRNAs, and each mRNA can be targeted
by more than one miRNA [11].
Globally, due to such intrinsic molecular nature, a single miRNA
can coordinate the expression of hundreds of genes, thus regulating
a wide range of biological and physiological processes, including
development, differentiation, cell proliferation, and apoptosis [12,
13]. Furthermore, overwhelming evidence suggests that altered
expression of miRNAs is a common hallmark of cancer [14].
Specifically, recent findings indicate that human tumors have deregulated expression of miRNAs and that these molecules may play an
active role in regulating the different steps of cancer progression
[15]. Based on their expression levels (i.e., up- or down-modulated
in tumors and/or metastases) and their target genes, miRNAs can
exert oncogenic or tumor-suppressive roles [16]. Overall, these
findings made evident the potential of miRNAs as new diagnostic or
prognostic biomarkers [17]. In addition, the observation that specific miRNAs are endowed with oncogenic or tumor-suppressive
functions pointed to the possibility to use them as novel targets or
tools for anticancer therapy [16].

2

Role of MicroRNAs in the Different Steps of Cancer Metastasis
In 2002, Calin and colleagues proved for the first time the straight
engagement of miRNAs in human cancer [18]. The researchers
were characterizing the 13q14 deletion, often the unique chromosomal anomaly associated to human B-cell chronic lymphocytic
leukemia, in the effort to identify a protein-coding gene causal for
leukemia predisposition [18]. They discovered that two miRNA
genes, namely, miR-15a and miR-16-1, are located within the
locus and both are absent or downregulated in most B-cell chronic
lymphocytic leukemia patients [18]. Soon after, Cimmino et al.
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made clear that Bcl-2, an anti-apoptotic factor, is a direct target of
miR-15a and miR-16-1, thus clarifying how the loss or downmodulation of the two miRNAs could contribute to tumorigenesis
[19]. Collectively, these studies suggested a possible direct involvement of miRNAs in the pathogenesis of cancer (see Chapter 24).
In particular, abnormal expression of miRNAs results in a deregulation of their target genes, which in turn may have pro-tumor or
antitumor properties [16]. However, the specific classification of
miRNAs as oncogenes or tumor suppressors can be difficult. Firstly,
because a single miRNA can regulate multiple targets; secondly,
because the expression pattern of miRNAs can differ among tissues
and differentiation states, thus implying that a single miRNA may
act either as tumor suppressor or oncogene depending on the cellular context and the presence of its targets [16].
Since a number of miRNAs may control the expression of
genes with a clear role in tumor cell invasion, migration, and other
steps of the dissemination process, such molecules have been suggested as relevant in metastasis [15]. Here, we focus on a series
of recent studies that demonstrate the involvement of miRNAs in
cancer metastasis and will explore the advances in the knowledge
of how miRNAs can regulate the multistep metastatic process.
We also provide evidence concerning the possibility to manipulate
metastasis-related miRNA functions. In particular, we summarize
the most impactful strategies aimed at either mimicking or inhibiting miRNAs with the final purpose of developing innovative therapeutic approaches for the advanced disease.
2.1 MicroRNAs
and Epithelial–
Mesenchymal
Transition

An early key event of the metastatic process is represented by
Epithelial–Mesenchymal Transition (EMT), firstly discovered as
critical to facilitate tissue remodeling during embryonic development and then as essential for the commitment of a tumor epithelial cell towards malignancy [20]. EMT consists of a series of events
by which epithelial cells lose most of their epithelial features and
gain properties that are typical of mesenchymal cells [20]. In particular, epithelial cells break contact with their neighbors, by losing
adherens and tight junctions [21]. Moreover, they change their
cytoskeleton architecture assuming a spindle-shaped form that
allows them to break through the basal membrane of epithelium
and easily migrate over a long distance [21]. Increased expression
of mesenchymal markers, like vimentin and N-cadherin, overexpression of E-cadherin transcriptional repressors (e.g., Snail, Slug,
Twist, E47, ZEB1 and ZEB2) and membrane-to-nuclear localization of β-catenin are typical hallmarks of EMT. Besides genetic
mutations, changes in the expression levels of EMT-related genes
are often ascribable to complicated networks between signaling
pathways and miRNAs [21–23].
In this context, miR-200 family members and miR-205 have been
identified as modulators of EMT upstream of E-cadherin [24–26].
Gregory et al. recognized that induction of EMT in a canine kidney
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Fig. 1 miRNA-mediated regulation of cancer metastasis. miRNAs that promote or inhibit cancer metastasis are
listed in red or green, respectively. Targeted genes are reported in black. → indicates positive regulation; ┤
indicates negative regulation. Solid lines indicate direct regulation; dotted lines indicate indirect regulation

epithelial cell line is able to downregulate miR-200 family members
and miR-205 expression levels [24]. Moreover, they reported that the
sole knockdown or overexpression of such miRNAs is sufficient to
induce or revert EMT, respectively [24]. In the same report, the
authors identified ZEB1 and ZEB2, two transcriptional repressors of
E-cadherin, as direct targets of the miRNAs (Fig. 1) [24]. Accordingly,
miR-200 family members were soon after recognized as highly specific
markers to distinguish the epithelial from the mesenchymal cell phenotype [25]. Our group showed that miR-205 is downregulated in
human prostate cancer cell lines and clinical samples compared to normal counterparts [26]. Moreover, we found that tumors from patients
with lymph node dissemination of the disease are characterized by
lower miR-205 expression than node-negative patients, thus indicating a possible involvement of miR-205 in prostate cancer metastasis
[26]. Actually, ectopic expression of miR-205 in metastatic prostate
cancer cell lines reversed their EMT phenotype by inducing an
up-modulation of E-cadherin expression levels, morphological changes
and cytoskeleton rearrangements. The concomitant repression of
ZEB2 and protein kinase Cε by miR-205 has been suggested to
drive such events (Fig. 1) [26]. Soon after, two reports identified a

420

Valentina Profumo et al.

feed-forward loop in which ZEB1 and ZEB2 transcriptionally
regulated the expression of all members of miR-200 family [27, 28].
These fascinating findings suggest how miRNAs may work as members
of complex networks that, depending on environmental stimuli, stabilize EMT to induce epithelial differentiation of normal cells or promote invasion of cancer cells [27].
2.2 MicroRNAs
and Cell Migration

After tumor cells have changed their morphology from cobblestone
epithelial-like to spindle-shaped mesenchymal-like, to definitely
migrate they undergo actinic cytoskeleton reorganization promoting lamellipodia and filopodia extrusion [1]. In this context, it has
been established that miR-205 plays a critical role upstream of such
events. In fact, our group showed that miR-205 can hamper prostate cancer cell invasion by downregulating N-chimaerin, a GTPaseactivating protein that acts synergistically with Rac1 and Cdc42Hs
in inducing simultaneous extension of lamellipodia and filopodia
(Fig. 1) [26]. Accordingly, after miR-205 ectopic expression, metastatic prostate cancer cells show substantial reorganization of actin
cytoskeleton, with tendency towards a predominantly sub-cortical
redistribution of F-actin and loss of stress fibers and filopodia [26].
In addition, Ueno et al. observed that miR-584 reduces cell motility in renal carcinoma cell lines through direct inhibition of a crucial
regulator of the amoeboid movement, namely, ROCK-1 (Fig. 1)
[29]. Similarly, miR-31 has been shown to impair several steps of
breast cancer metastasis, including local invasion, extravasation, and
colonization of distant organs, through the coordinate repression
of a cohort of metastasis-promoting genes, mainly RhoA (Fig. 1),
known to efficiently reorganize actin cytoskeleton towards the formation of stress fibers [30]. An interesting report by Weinberg’s
group shows that Twist-induced miR-10b expression results in the
translation inhibition of homeobox D10 mRNA, with a consequential downstream increase of the production of RhoC, a wellcharacterized pro-migratory Rho GTPase (Fig. 1) [31].

2.3 MicroRNAs
and Tumor
Microenvironment

Genetic and biological studies show the existence of dynamic crosstalks between epithelial cells and the surrounding stroma, aimed to
guarantee tissue homeostasis. Different cell types within normal
stroma (e.g., fibroblasts, myofibroblasts, adipocytes, endothelial
cells, pericytes, and immune cells) and interstitial extracellular
matrix (ECM) operate to prevent tumorigenesis. In contrast, tumor
stroma anomalies support not only tumor growth but are also primary to promote invasive and metastatic aptitude [32, 33]. In this
regard, membrane junctions and receptors, as well as secretion of
cytokines, chemokines, and growth factors, mediate the interaction
between tumor cells and stromal cells or the ECM. Compelling
evidence offered understandings into how de-regulated expression
of miRNAs may alter the secretion of soluble factors, which in turn
give rise to heterotypic cell signals aimed at preventing or fostering
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tumor development [33]. Moreover, the direct transfer of miRNAs
is also imputable as a possible mechanism through which cancer
epithelial cells may regulate gene expression within the tumor
stroma, and vice versa [1].
2.3.1 MicroRNAs
Regulate Extracellular
Matrix

When a tumor is formed, physical barriers, specifically the ECM,
avoid mobile epithelial cells to escape from the primary site. Since
distant spread requires local invasion, a tumor cell begins to adopt
a series of different strategies to overcome such constrictions,
firstly by inducing ECM remodeling [1]. Loss of ECM structure
by overproduction of matrix metalloproteinases (MMPs) is
required for cancer cells to infiltrate adjacent tissue [34]. Under
physiological conditions, MMPs are the principal actors involved
in promoting ECM organization, inflammatory response, tissue
remodeling, wound healing, and angiogenesis; however excessive
expression of these proteinases has an essential role in sustaining
malignancy [34]. Different studies demonstrated that MMP production may be regulated at the posttranscriptional level by miRNAs. Liu et al. illustrated an intriguing network by which miR-222
mediates, through direct and indirect mechanisms, a reduction of
MMP-1 expression levels in oral tongue squamous cell carcinoma
cell lines (Fig. 1) [35]. Soon later, it has been shown that miR221&222, via direct repression of the MMP inhibitor TIMP3
(Fig. 1), promote the activity of MMP-3 and MMP-9, thus promoting cell migration and invasion in non-small-cell lung cancer
and hepatocellular carcinoma [36]. This apparent incongruity
about miR-222 role indicates that miRNAs may exert opposite
functions depending on spatial and temporal expression of their
mRNA targets and partners (herein miR-221) [1]. This suggests
that the oncogenic or tumor-suppressive properties of miRNAs,
and their potential use as therapeutic targets or tools, should be
always contextualized [37, 38].
A special organization of ECM is represented by the basement
membrane (BM), which separates epithelial cells from underlying
connective tissue. BM is not only a structural support to epithelial
cells but also influences cell–cell and cell–protein interactions [39].
In this context, our group has recently showed how miR-205
can pleiotropically hamper prostate cancer metastasis not only by
reverting EMT [26], but also by regulating the deposition of all
components of BM, in particular laminin-332 and its receptor
integrin-β4, which form a complex involved in cell–ECM adhesion
and interaction [40]. In particular, we showed that miR-205 may
represent an essential regulator of normal prostate morphogenesis
and tissue integrity due to its capability of bolstering stable anchorage of epithelial prostatic basal cells to basal lamina [1]. As a consequence, pathological loss of miR-205, as widely observed in
prostate cancer, may favor metastasis by creating discontinuities all
along BM (Fig. 1) [40]. The replacement of miR-205 in prostate
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cancer cell lines is sufficient to restore BM integrity and organization
of cancer epithelial cells into three-dimensional normal-like acinar
structures, probably as a result of the miRNA capacity of stimulating BM production and simultaneously decreasing MMP-2 activity
[26, 40].
2.3.2 MicroRNAs
and Inflammation

Damages to BM structure or function affect tissue integrity and
induce inflammatory responses, which in turn represent an additional important regulator of tumor outcome [1]. In fact, whereas
inflammation is a useful instrument adopted in response to tissue
injuries, lasting inflammatory conditions can amplify the risk of
cancer and favor metastasis [41, 42]. The molecular mechanisms
supporting inflammation have been the focus of intense investigation. In this context, cell-derived mediators, such as inflammatory
cytokines, prostaglandins, NF-κB, reactive oxygen and nitrogen
species, as well as miRNAs are currently recognized as principal
determinants of inflammatory response [41]. Wealth of published
data indicates that miRNAs may influence the establishment of an
inflammatory nest, reminiscent of the pre-metastatic niche [1]. For
example, let-7 family members, the expression levels of which are
decreased in different types of human cancer, have been shown to
directly target several oncogenes, including IL-6 (Fig. 1) [43–46].
Indirectly, ectopic reexpression of miR-205 in prostate cancer cell
lines induces a reduction of the expression levels of the same cytokine [26, 47]. Despite that, by targeting specific sites within
promoters of oncosuppressor genes IL-24 and IL-32, miR-205
induces their expression (Fig. 1) [48]. Besides the evidence suggesting miRNAs as regulators of inflammatory process, inflammatory stimuli have been shown to regulate the production of certain
miRNAs as well. In this context, Iliopoulos et al. described a regulatory pathway in which, during cellular transformation, IL-6 activates STAT3, which in turn transcriptionally activates miR-21
and miR-181b-1 by directly binding to their promoters [46].
Prominently, miR-21 and miR-181b-1 directly inhibit PTEN and
CYLD tumor suppressors (Fig. 1), respectively, leading to increased
NF-κB activity, with a rapid up-modulation of Lin28 and a downregulation of let-7, a direct repressor of IL-6 [46]. Together, these
pieces of evidence suggest a clear link between miRNAs, inflammation and cancer. In particular, they define attractive mechanisms by
which miRNAs can modulate the production of inflammatory
mediators, which in turn may stimulate tumor cells to produce
specific miRNAs, thus ultimately orchestrating metastasis.

2.3.3 MicroRNAs
and Cancer Associated
Fibroblasts

A distinctive cell sub-population of fibroblasts recognized as constituting part of the tumor and actually implicated as functional
participants in cancer development and progression are cancer
associated fibroblasts (CAFs) [32]. Like epithelial cells, activation
of fibroblasts towards malignancy may be achieved upon miRNA
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modulations rather than genetic mutations [1]. In this context,
Aprelikova and colleagues identified miR-31 as the most repressed
miRNA in CAFs isolated from endometrial cancers as compared
with fibroblasts derived from normal adjacent tissues [49]. They
also showed that conditioned medium from CAFs ectopically
overexpressing miR-31 reduces migration and Matrigel invasion of
endometrial cancer cells, due to the miRNA capability of targeting
SATB2 (Fig. 1), a gene essential for fibroblasts to induce tissue
remodeling and favor tumor aggressiveness [49]. Similarly, by targeting Fgf-2 and its receptor Fgfr1, miR-15 and miR-16 suppress
the tumor-supporting capacity of prostatic CAFs impairing prostate tumor progression and invasiveness in vitro and in vivo (Fig. 1)
[50]. By revealing that tumor suppressive activity of miR-15 and
miR-16 is not confined to the cancer cell compartment, this study
provides a proof-of-concept for the development of one-hit multitarget therapies which concurrently affect both cancer and its
microenvironment [50]. As stromal miRNAs represent essential
players of tumor, their modulation may alter the secretion of soluble factors, such as cytokines, chemokines and growth factors,
which in turn act on tumor epithelial cells and influence cancer
outcome [1]. In this regard, Bronisz et al. demonstrated that the
loss of the tumor-suppressor PTEN in fibroblasts results in the
downregulation of miR-320 and up-modulation of one of its direct
target, ETS2 (Fig. 1), which is involved in stimulating secretion of
tumor-promoting factors [51]. Accordingly, ectopic expression
of miR-320 in mammary fibroblasts reduces oncogenic secretome
and reprograms the transcriptome of neighboring endothelial and
epithelial cells in ways that suppress tumor growth and invasiveness
[51]. Interestingly, the authors found that miR-320 secretome
signature can distinguish normal from tumor stroma and might be
used to predict outcome in breast cancer patients [51]. Besides
these studies providing insights into how alterations in the expression
levels of fibroblast-derived miRNAs functionally contribute to establish and sustain a pro-tumorigenic milieu, we recently demonstrated
that, once activated, fibroblasts are also responsible for modulations in
the expression levels of cancer cell-derived miRNAs [47]. Specifically,
we showed that PC-3 prostate cancer cells exposed to the conditioned medium of patient-derived CAFs undergo a substantial
down-modulation in miR-205 expression levels [47]. In particular,
this is mainly due to CAF capability of establishing a pro-oxidant
circuit. In fact, CAF stimulation can stabilize redox-sensitive
hypoxia inducible factor 1 alpha (HIF1α) protein and trigger its
transcriptional repressive activity on miR-205 promoter in PC-3
cells [47]. The miRNA down-modulation induces PC-3 cells to
acquire stemness, invasive and metastatic traits [47]. Surprisingly,
the sole restoration of miR-205 in PC-3 cells under CAFs stimulation is sufficient for them to retrieve a less aggressive phenotype
in vitro and in vivo [47]. Overall, by affecting the secretion of
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pro-inflammatory cytokines, miR-205 interrupts the pro-oxidant
circuit engaged by reactive stroma, thus acting as a brake against
prostate cancer progression and metastasis (Fig. 1) [47].
2.4 MicroRNAs
and Angiogenesis

When tumor reaches a certain critical diameter (~2 mm), essential
nutrients and oxygen become scarce [1]. Thus, cancer cells become
hypoxic and spearhead the generation of new vessels, which first
provide them with all the metabolites required for continued
growth and then serve as tracks for tumor escape [52]. Therefore,
the acquisition of a migratory and invasive phenotype represents a
necessary but not sufficient requirement to escape. In fact, cancer
cells also hijack the blood vasculature to infiltrate it and definitively
migrate to a distant site [52]. Angiogenesis is the process by which
new blood vessels are originated through the sprouting of preexisting vessels. It is a finely regulated process, orchestrated by a delicate balance between proangiogenic and antiangiogenic factors [53].
Activators of endothelial cell proliferation and migration are mainly
HIF1α and receptor tyrosine kinase ligands, such as vascular endothelial growth factor (VEGF), fibroblast growth factors, plateletderived growth factor and epidermal growth factor [53]. On the
other hand, thrombospondin-1 (Tsp1) is a negative modulator of
endothelial cell growth and motility [53]. Plethora of evidence
reveals that miRNAs may determine the quiescent or angiogenic
state of endothelial cells by changes in the protein levels of such
angiogenic activators or inhibitors. Dews and colleagues demonstrated that Myc-induced miR-17 ~ 92 cluster production endows
cancer cells with a tendency to form large and well-perfused tumors
by targeting specific sequences within Tsp1 mRNA (Fig. 1) [54].
More recently, Anand et al. found that the up-modulation of
miR-132 in the endothelium of human tumors leads to a downregulation of p120RasGAP (Fig. 1), known to act as a negative
regulator of vascular development and remodeling by inhibiting
Ras activity on VEGF production [55]. Altogether these studies
suggest that miRNAs, through homotypic and heterotypic signaling, can regulate tumor angiogenesis. Specifically, tumor capability
of hijacking blood vasculature may ensue from a demodulation of
certain miRNAs in cancer cells. However, modulations of endothelial miRNAs are also required for endothelial cells to switch from a
resting to a proliferative state [1].

2.5 MicroRNAs
and Anoikis

Anoikis is the process through which epithelial cells undergo apoptosis after they lose their contact with neighboring cells and ECM
[56]. This event represents an additional barrier to cancer metastasis. In fact, to develop a definitive malignant phenotype and survive
the trip through the lymph and the blood circulation, tumor cells
need to resist anoikis [56]. The molecular mechanisms supporting
anoikis resistance are not clearly understood [56]. It has been
postulated that miRNAs may play important roles in this regard.
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For instance, Howe et al. demonstrated that miR-200c limits breast
and endometrial cancer cells ability to survive in the bloodstream
by directly targeting pro-survival genes (Fig. 1) (e.g., MSN, FN1,
and TrkB) typically expressed in cells of mesenchymal or neuronal
origin [57]. Similarly, Formosa et al. have recently observed that
silencing of miR-132 by promoter CpG island methylation represents a critical event contributing to prostate cancer progression
[58]. In fact, by directly targeting the pro-survival proteins heparin-binding epidermal growth factor (HBEGF) and TALIN2
(Fig. 1), ectopic expression of miR-132 in PC-3 cells induced cell
detachment and evoked cell death by anoikis [58].
2.6 MicroRNAs
and Colonization
of Distant Organs

3

Out of many thousands of cancer cells that infiltrate blood circulation, only a few survive the trip and even less retain the ability of
forming macroscopic secondary tumors in a foreign site [1]. In this
context, Png and colleagues identified miR-335 as a robust inhibitor of tumor reinitiation [59]. By targeting a set of metastasisrelated genes, including the transcription factor SOX4 and the
ECM protein Tenascin-C (Fig. 1), miR-335 has been shown to
inhibit metastasis in breast cancer [60]. Specifically, the authors
observed that implantation of 5 × 103 or 1 × 104 cells into the mouse
mammary glands produce the formation of comparable numbers
of tumors in the cohort injected with control cells compared to
that injected with miR-335-transduced cells [59]. In contrast,
upon implantation of 1 × 103 cells, miR-335-expressing cells miss
to form any tumors [59]. The authors proposed that the findings
were consistent with a strongly inhibitory role of miR-335 against
tumor initiation [59]. In fact, since initial stages of tumor colonization retrace the early steps of primary cancer formation, reduced
miR-335 expression may confer a selective advantage for metastatic
growth at distant sites [59].

Rise and Fall: Strategies to Modulate miRNAs in Cancer
Several studies have shown that miRNAs, besides being involved in
tumor development, may represent leading new strategies for the
prevention and treatment of cancer metastasis. Given that miRNAs
have multiple target genes, this peculiar property may be exploited
to simultaneously modulate a number of metastasis-associated
pathways, such as invasion, migration and angiogenesis [61].
Prelude to the advancement of miRNA-based therapeutics is
the definition analysis of the precise role of the miRNA of interest
in tumor development and progression and the optimization of
miRNA-modulating agents. With the aim to study the functional
effects of miRNAs in vitro, miRNA expression has been successfully
modulated in cellular contexts. When a given miRNA is downregulated in tumor cells, it may have an oncosuppressor activity, and its
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reexpression should mitigate the expression of target oncogenes.
In contrast, when a miRNA is upregulated, it probably has oncogenic
properties, and by abolishing its expression it should be possible to
increase the level of a number of tumor-suppressor genes [61].
3.1 Approaches
for the Inhibition
of miRNAs

The intrinsic structure of miRNAs, which are single-stranded RNA
molecules, allows to use Watson and Crick base-pairing interactions to design antisense oligonucleotides for their inhibition [61].
Thus, an anti-miRNA oligonucleotide should be an oligomer that, by
strongly binding to a given miRNA, antagonizes its interaction
with target mRNAs. Over the years, several chemical modifications
have been introduced onto anti-miRNA oligonucleotides, either
on sugars or on the backbone. Thanks to these modifications, antimiRNA oligonucleotides are now characterized by a high stability
in both intracellular environments and body fluids and resistance
to nucleases [61]. Among anti-miRNAs, 2′-O-Methyl (2′-O-Me)
modified oligomers have been demonstrated to efficiently inhibit
the expression of miRNAs both in cell-free extracts and in culture
systems [62, 63]. Moreover, these oligomers have been further
modified by conjugation with cholesterol (the so-called Antagomirs)
in order to target liver-specific miR-122 in vivo upon systemic
administration in mice (Table 1) [64]. Antagomirs have been also
successfully used as miRNA-based therapeutics to counteract cancer metastasis in vivo. In this context, Weinberg’s group showed
that an anti-miR-10b was able to reduce the expression levels of
the miRNA and concomitantly increase the levels of its target
Hoxd10 both in vitro and in vivo (Table 1) [31]. Interestingly,
systemic delivery of miR-10b antagomirs in tumor-bearing mice
suppressed breast cancer metastasis (Fig. 1) [31]. Other chemical
modifications at the 2′-position of the sugar, such as 2′-Omethoxyethyl (2′-O-MOE), 2′-fluoro (2′F) or 2′-F/MOE, have
been efficiently used as well [61].
Bicyclic nucleic acid analogues bearing RNA bases with an
extra bridge connecting the 2′ oxygen and 4′ carbon, named
locked nucleic acids (LNAs), now represent the most widely
exploited anti-miRNA molecules. By this modification, a ribose
moiety is locked in a C3′-endo conformation thus allowing a considerable enhancement of thermal stability of LNA:miRNA duplex.
Specifically, an increase from +2 to 8 °C in duplex melting
temperature (Tm) per introduced LNA monomer with respect to
unmodified oligomer is obtained [65]. In addition, NMR spectroscopy and X-ray crystallography demonstrated that LNAmodified oligonucleotides are RNA mimics that fit seamlessly into
an A-type Watson–Crick duplex geometry similar to that of doublestranded RNA duplexes [66, 67]. Recently, miravirsen, an LNAmodified oligomer against miR-122, which is essential for the
replication cycle of HCV virus, entered a clinical phase IIa trial
as antiviral agent. Two phase I safety studies had been already
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completed in healthy volunteers and showed no adverse effects,
no dose-limiting toxicities and less pro-inflammatory reactions
compared to other oligomers under clinical development [68].
Although the approach has been developed to treat a non-oncologic
disease, available results demonstrated that miRNA-based therapies may have a huge potential also for cancer treatment. For
example, in the preclinical setting, Pencheva et al. demonstrated
that systemic administration of a cocktail of LNAs targeting miR199a-3p, miR-199-5p, and miR-1908 reduces lung colonization
of highly metastatic melanoma cells (Table 1) [69]. Specifically,
by targeting the antiangiogenic and metastasis-suppressive factor
ApoE, these miRNAs act as endogenous promoters of metastatic
invasion, angiogenesis, and colonization in melanoma (Fig. 1).
To evaluate the effect of the inhibition of miR-199a-3p, miR-199-5p,
and miR-1908 on melanoma metastasis prevention in vivo, metastatic
melanoma cells were injected into the tail vein of mice and, starting
from the following day, a low dose (12.5 mg/kg total) of the LNA
cocktail was intravenously administrated biweekly for 4 weeks and
then weekly for 7 weeks. Combinatorial LNA treatment successfully
reduced lung metastasis without causing weight loss (Table 1) [69].
Another strategy based on “tiny LNA,” a 7-8mer LNAmodified oligomer, has been used to target at the same time disparate miRNAs belonging to the same family [70]. The approach is
based on the strong binding affinity of tiny LNA to the miRNA
seed region. Since miRNAs belonging to the same family share the
same seed sequence, tiny LNAs have been shown to enable specific
and concentration-dependent inhibition of entire miRNA families
in cultured cells with concomitant de-repression of all of their
targets [70]. In addition to the aforementioned chemical modifications, antisense molecules can get enhanced nuclease resistance
through the introduction of morpholino oligomers or substitution
of native phosphodiester with phosphorothioate linkages [65].
Alternative strategies to inhibit miRNAs are “miRNA sponges,”
expression vectors coding for RNAs containing multiple, tandem
binding sites of the miRNA of interest [71]. The strategy allows
both transient and long-term miRNA inhibition. For example, to
stably knockdown miR-223 levels in hematopoietic stem cells,
Gentner et al. used lentiviral vectors that, carrying at least four
imperfectly complementary binding sites for the targeted miRNA,
mimic their natural mRNA target sequence thus ultimately sequestering miR-223 [72]. In addition, by generating a 4T1-derived
murine mammary cancer cell line stably expressing miRNA sponges
targeting both miR-126 and miR-126* (Table 1), Zhang et al.
demonstrated how the loss of the two miRNAs enhances the ability of these cells to metastasize to the lung (Fig. 1) [73]. Similarly,
Ma et al. showed that a miRNA sponge against miR-9 (Table 1),
a negative regulator of E-cadherin, inhibits metastatic capacity of
highly malignant breast cancer cells (Fig. 1) [74].
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“MiR-mask” is a strategy based on the opposite idea than
miRNA sponges [75, 76]. Indeed, miR-mask is a 22 nucleotidelong single-stranded oligonucleotide carrying other chemical
modifications, such as 2′-O-methylation, fully complementary to
the miRNA binding site within the 3′UTR of a given proteincoding RNA. Therefore, a direct interaction between the miRNA
of interest and the antisense oligonucleotide is not required, since
such an approach is rather based on masking miRNA binding site
on target mRNAs [75, 76].
The last approach to modulate miRNA expression exploits
drugs able to modify miRNA transcription. In this context,
Gumirreddy et al. found diazobenzene and its derivatives as molecules able to specifically suppress the transcription of miR-21 [77].
It has been also reported that the small molecule enoxacin is able
to enhance the production of several miRNAs with tumor suppressor function by binding to the miRNA biosynthesis protein
TAR RNA-binding protein 2 [78]. In this case, the modulation of
miRNAs is completely nonspecific. Similarly, modulations of key
elements of the miRNA biogenesis pathway, such as Drosha or
Dicer, can be exploited to simultaneously affect the expression of
thousands of miRNAs. To date, information obtained from studies
aimed at silencing the expression of Drosha or Dicer is highly
controversial. Specifically, in prostate cancer, Chiosea et al. demonstrated a positive correlation between Dicer expression and poor
outcome, but opposite data have emerged for other tumor histotypes [79]. Moreover, it is necessary to keep in mind the existence
of alternative miRNA biogenesis pathways that are independent
from Drosha or Dicer [61].
Overall, the strategies mentioned so far have been successfully
used in cellular and animal models to study the function of miRNAs. For this reason, when properly modified to improve their
pharmacokinetic and pharmacodynamic properties, they may be
potentially transferred to the clinic in the future [61].
3.2 Approaches
for the Replacement
of miRNAs

Restoration of miRNA levels can be obtained through different
types of molecules with the peculiar characteristic to mimic native
miRNAs. Generally, with the aim to faithfully reproduce a physiologic context, double-stranded RNA molecules mimicking natural
miRNA precursors are used. Synthetic precursors are usually
designed to carry chemical modifications allowing the exclusive
production of only the mature miRNA of interest. Moreover, since
these molecules have the same sequence as the native miRNAs that
need to be reexpressed, they preserve their ability to interact with
the natural targets and off-target effects are almost negligible [61].
In this context, Takeshita et al. reported that administration of a
synthetic precursor mimicking miR-16, a tumor-suppressive miRNA
shown to be downregulated in prostate cancer and able to repress
Bcl-2, Wnt3A, and cyclin D1 (Fig. 1), inhibits the growth of prostate
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tumors in the bone (Table 1) [80]. Specifically, in a therapeutic
setting, 50 μg of miR-16 precursor in association with atelocollagen was administered intravenously into mice at 4, 7, and 10 days
after prostate tumor initiation in the bones. On day 28, mice
treated with a negative control mimic/atelocollagen complex showed
the presence of tumors in the thorax, jaws, and legs. In contrast, the
growth of prostate tumors in bone was significantly inhibited by
miR-16 restoration (Table 1). Of note, the effect induced by the
miRNA appeared to be restricted to prostate cancer cells, as miR-16treated mice showed no evident toxic off-target effects [80].
The use of synthetic precursors is useful to induce only a transient reexpression of the miRNA of interest [61]. By contrast, a
possible strategy to stably restore miRNA expression is represented
by cloning miRNA genes into expression vector systems, such as
plasmids, to be then transfected into cells. Upon positive selection,
cells permanently express the miRNA of interest [61]. Exploiting
such a strategy, Cha et al. obtained an adenocarcinoma cell line
stably expressing miR-509c and observed that upregulation of the
miRNA dramatically suppresses tumor angiogenesis, growth and
metastasis, probably due to miR-509c capability of reducing HIF1α
levels (Fig. 1), when the miR-509c-overexpressing cells were subcutaneously injected into mice (Table 1) [81]. Other strategies to stably restore miRNA expression are based on the use of retroviral,
lentiviral or adeno-associated viral vectors. The main difference
between these systems is that, whereas DNA from adeno-associated
viruses in any case remains episomal, retroviral or lentiviral vectors
can be integrated into the host DNA and the integration is completely unpredictable [61]. However, by assuring stable reexpression
of miRNAs, they both adapt well to gene therapy.
Employing a retroviral delivery system, Zhang et al. generated
luciferase-labelled 4T1 breast cancer cell populations concomitantly expressing miR-126 and miR-126* and implanted them into
the mammary fat pad of female mice (Table 1) [73]. Although
these cells generated tumors with similar size compared to those
originated from parental cells, after surgical removal of the primary
mass, mice inoculated with miR-126/126*-expressing cells were
characterized by a reduced number of lung metastases (Table 1) [73].
Similarly, to evaluate the ability of miR-181a to counteract tumorigenesis and lung metastasis in vivo, He et al. transfected salivary
adenoid cystic carcinoma cells with a GFP-miR-181a mimic lentivirus to obtain a stable clone that was injected subcutaneously or
into the tail vein of nude mice (Table 1) [82]. The authors observed
a significant reduction in the growth of tumors originated from
miR-181a-overexpressing cells compared to those originated
from cells transfected with GFP-control mimic lentivirus. Moreover,
evaluation of lung metastases revealed a reduced number of
metastatic nodules in mice injected with miR-181a-overexpressing
cells, as a consequence of direct targeting of MAP2K1, MAPK1,
and Slug (Fig. 1) [82].
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Besides guaranteeing a highly efficient delivery to target cells,
the biggest advantage of viral vectors in the context of a miRNAbased therapy to counteract cancer metastasis is represented by the
possibility of injecting them directly into the tumor mass, thus
avoiding toxicity arising from the use of lipoplexes. In this regard,
the therapeutic potential of miR-145 against breast cancer has
been investigated by Kim et al. (Table 1) [83]. The authors designed
an adenoviral construct carrying miR-145 gene, injected it into
mice bearing orthotopically implanted breast tumors and observed
that administration of miR-145 suppresses tumor growth by inhibiting multiple tumor survival effectors such as fascin-1, c-myc,
SMAD2/3, and IGF-1R (Fig. 1) [83].

4

Concluding Remarks
Since their discovery, miRNAs have been experimentally proven to
be involved in the regulation of several steps of cancer dissemination, thus exerting either prometastatic or antimetastatic functions
depending on their target genes [84]. Such evidence piqued researches’ interest in the development of therapeutic interventions
based on the modulation of specific miRNAs for the prevention
and treatment of the metastatic disease. Conceptually, this might
be attained by either inhibiting or promoting the expression of
prometastatic or antimetastatic miRNAs, respectively. The potential clinical use of miRNA modulating molecules shares some
conceptual and technical issues of small interfering RNA-based
molecular therapy. However, given their peculiar mechanism of
action, miRNA modulators have to be considered as a new class
of therapeutics [37].
The main matter to be considered when interfering with the
expression of miRNAs concerns the unpredictable off-target effects
on unintended mRNA targets and immune activation of “danger
signals” [37]. This makes imperative the precise identification and
validation of target genes and biological function of miRNAs of
interest before a miRNA-based therapy could be reliably applied to
metastasis-related miRNAs (“metastamirs”) [1]. In the last years,
gene expression profiling and proteomic analysis associated to lossand gain-of-function studies in in vitro or in vivo models of human
tumors contributed to the identification of biologically relevant
targets and pathways regulated by specific miRNAs, thus defining
their precise role in the different steps of cancer development and
progression [85, 86]. For example, stable restoration of miR-155
expression in breast tumor cells has been demonstrated to reduce
tumor cell dissemination in vivo when cells were injected in mouse
mammary fat pads [87]. This was mainly due to the miRNA capability of reverting EMT. Unexpectedly, injection of miR-155overexpressing tumor cells directly into the bloodstream fostered
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the formation of macroscopic tumors in the lung [87]. Similarly,
though miR-200 family members are known to suppress EMT by
positively regulating E-cadherin expression, their overexpression
seems to be associated with a higher risk of metastasis in breast
cancer and promote metastatic colonization in mouse models [88].
This discrepancy can be partly explained by the direct inhibition of
metastasis-suppressive proteins driven by miR-155 or miR-200
family members [87, 88]. More in general, the biphasic role of
miRNAs is largely exploited by tumor cells to progressively gain
more aggressive traits [1]. In fact, the possibility of swiftly switching on or off gene expression through little miRNA modulations
endows cancer cells with the necessary functional plasticity for
either escaping the primary tumor or colonizing distant organs.
Indeed, EMT is a transient program that in the first instance allows
tumor cells to easily intravasate or extravasate; once invaded a new
tissue, metastatic cells have to reverse the mesenchymal traits,
engaging a process referred to as mesenchymal–epithelial transition (MET), to settle down and start growing as a secondary tumor
[1, 89]. Thus, during the first stages of cancer metastasis tumor cells
down-modulate, for example, miR-200s to acquire a motile and
invasive phenotype and resist to anoikis. Conversely, when tumor
cells reach a secondary organ, the upregulation of the same miRNAs provides an advantage for the disseminated cells to enhance
their colonizing capacity [1].
EMT/MET program induction is suggested to be ruled by
extrinsic, rather than intrinsic, stimuli [89]. In this context, at the
primary/distant site the influence of the microenvironment may
play an important role for engagement of EMT/MET in cancer
cells. If this is experimentally proven, combined approaches based
on the targeting of stroma together with miRNA modulation in
epithelial cells can be envisaged to counteract metastasis. This concept highlights that not only the timing, but also the context where
a given miRNA is expressed is crucial for its definition as a purely
prometastatic or antimetastatic miRNA. For this reason, the selective delivery of miRNA-based therapeutics to the cells of interest is
crucial to obtain an efficient antimetastatic effect. Theoretically,
intratumor administration of miRNA modulators could be used to
prevent or impair local invasion and intravasation into the bloodstream [89]. However, such an approach may likely not affect, and
in some instance even sustain, survival of already disseminated
tumor cells in the blood and in the bone marrow as well as of
micrometastases, which are often already present at the initial cancer diagnosis [90]. Thus, besides simply preventing detachment
from the primary tumor, effective antimetastatic therapy should
impair the survival and colonization capabilities of already disseminated tumor cells [1]. To this purpose, once defined the precise
role of a given miRNA, systemic approaches should be preferable.
In this context, the main hurdle concerns the risk of unintentionally
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affecting miRNAs expression in normal cells. Thus, systemic
modulation of given metastamirs may have potential adverse
impact. In particular, the effects of altering the physiological dosage of miRNAs in healthy cells, or of delivering a miRNA to cells
that otherwise do not express it, are unpredictable. As a consequence, a deep knowledge on the normal expression and function
of the miRNA to be targeted should be obtained before any
miRNA-based therapeutic may be systemically envisaged. Moreover, to limit the toxicities of miRNA modulations in non-targeted
cells, development of approaches to deliver miRNA-based therapeutics specifically to the cells of interest is highly desirable [1].
To this purpose, cell-specific immunoliposomes have been already
successfully used to deliver small interfering RNAs by targetspecific cell-surface receptors [91]. Obviously, a deep knowledge
of the specific antigens exclusively or profusely expressed by tumor
cells is instrumental to efficaciously impair metastasis. For instance,
prostate-specific membrane antigen (PSMA), specifically expressed
on prostate epithelial cells and strongly upregulated in prostate
cancer, has been already proven to be a suitable surface molecule to
drive prostate cancer-specific delivery of small interfering RNAs
[92]. Such an approach might be also exploited for controlled
delivery of miRNA-modulating agents to relevant cell targets.
Herein, we provided comprehensive evidence from the literature of a direct involvement of miRNAs in controlling all individual steps of the cancer dissemination program. Due to their ability
to simultaneously regulate entire gene networks, miRNAs appear
as promising therapeutic targets or tools. However, a broad range
of relevant conceptual and technological issues have to be solved,
and detailed information concerning the pharmacokinetics of
miRNA inhibitors and mimics has to be collected, before miRNAbased therapeutics may be exploited in the clinics for the prevention and treatment of the metastatic disease.
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Chapter 26
Urinary MicroRNAs as a New Class of Noninvasive
Biomarkers in Oncology, Nephrology, and Cardiology
Hana Mlcochova, Renata Hezova, Albano C. Meli,
and Ondrej Slaby
Abstract
MicroRNAs (miRNAs) are small noncoding RNAs that posttranscriptionally regulate gene expression.
In the last decade, number of evidences showing miRNAs contribution to the regulation of apoptosis,
cellular proliferation, differentiation, and other important cellular processes is constantly growing. Specific
miRNA expression signatures have been identified in variety of human cancers as well as pathologies of
cardiovascular and urinary systems. Our chapter focuses on the potential of urinary miRNAs to serve as
biomarkers in uro-oncology, nephrology, and cardiology. We discuss in detail recent knowledge about the
origin of urinary miRNAs, their stability, quality control, and their utility as a potential new class of
biomarkers in medicine. Finally, we summarize the studies focusing on detection and characterization of
urinary miRNAs as potential biomarkers in urologic cancers, nephrology, and cardiology.
Key words microRNA, Diagnosis, Prognosis, Biomarker, Urologic cancer, Urothelial cancer, Bladder
cancer, Prostate cancer, Renal cell carcinoma, Myocardial infarction, Cardiomyopathy, Heart failure

1

Introduction
MicroRNAs (miRNAs) comprise a new family of about 1,000 short,
18–25 nucleotides long, noncoding RNAs. MiRNAs function as
regulatory RNAs on the mRNA level, where they posttranscriptionally regulate gene expression. MiRNAs are cell type specific and
present intracellularly and extracellularly which makes them detectable in biological fluids. MiRNAs were repeatedly observed in blood
serum and plasma showing not only an extremely high degree of
stability but in selected solid cancers also very good analytical characteristics. In the last 2 years, there is a growing number of evidence
confirming the presence of miRNAs also in the urine. Numerous
studies have reported that urine samples contain miRNAs that constitute a potential source of detectable noninvasive biomarkers
associated with diseases and injuries. Moreover, urine miRNAs
seem to be very stable even under extreme physical conditions and
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long-term storage [1]. While circulating miRNAs in blood serum
or plasma have been initially detected and are analyzed mainly in
solid cancers, urine miRNAs seem to be promising biomarkers also
in case of urologic and cardiovascular diseases. In this chapter, we
discuss methodical aspects of urinary miRNAs detection and their
potential usage as clinical biomarkers and comprehensively review
recent knowledge about urinary miRNAs as potential biomarkers in
urologic cancer, nephrology, and cardiology.

2

Methodical Aspects of Urinary miRNA Analyses

2.1 Presence
and Origin
of Urinary miRNAs

In the last years the evidence indicating potential usage of circulating miRNAs as diagnostic and prognostic biomarkers increases
rapidly [2–4]. Secretory miRNAs have several important advantages as potential cancer biomarkers, including high stability in
body fluids and potential accessibility for semi-invasive or noninvasive diagnostics. In addition to serum and plasma, which are discussed most frequently in context of secretory miRNAs, miRNAs
can be also detected in other body fluids [5]. Weber et al. examined distribution and presence of miRNAs in 12 human body fluids (plasma, saliva, tears, urine, amniotic fluid, colostrum, breast
milk, bronchial lavage, cerebrospinal fluid, peritoneal fluid, pleural
fluid, and seminal fluid) from normal individuals. The presence of
miRNAs in all tested fluids was confirmed but in general, urine,
cerebrospinal fluid and pleural fluid contained the least amount of
detectable miRNAs (Fig. 1). The lowest number of detectable
miRNA species in the urine suggests that the majority of circulating

Fig. 1 Number of detectable miRNAs in different body fluids. The number of detected
miRNAs in various body fluids was based on the number of miRNA species with a
level of more than 80 % of the global mean. Adapted from Weber et al. [60]
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Fig. 2 Sources and secretion forms of circulating miRNAs

miRNAs were either “picked up” by kidneys through an unknown
mechanism or were destroyed in the urine [5, 6]. Recently, the
term “liquid biopsy” is used as the potential semi-invasive or noninvasive replacement of tissues biopsies. In this context UmiRNAs
present the special kind of the noninvasive “liquid biopsy” [5].
The function of circulating miRNAs is poorly understood;
however, one of the most intriguing hypotheses is their role as
mediators in the cell–cell communication [6]. Currently, there are
two major pathways that have been proposed for miRNAs to enter
the circulation, passive and active (Fig. 2). Passive leakage from
broken cells occurs at the time of tissue damage or cell apoptosis.
MiRNAs may leak into circulation from injured cells. In general,
passive leakage is a process that does not require energy; under
normal circumstances, it does not play a major role in generation
of circulating miRNAs.
In contrast to passive leakage of miRNAs, active secretion via
cell-derived microvesicles (MVs, ranging from 0.1 to 1 μm) has
been also reported. MVs are small vesicles that can be detected
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under both normal and pathological conditions in almost all cell
types. Generally, they include microparticles (MPs) and exosomes
(ranging from 30 to 100 nm). Both are derived from cells; however, they differ in their vesicular structures. This active secretion
pathway is ATP-dependent; miRNAs are first loaded into small
secretory vesicles inside the cells and then enter circulation accompanying secretion of MVs. Urinary exosomes could be delivered to
urinary space by fusion of its outer membrane with the apical
plasma membrane of renal tubule epithelial cells. Exosomes may be
derived from every epithelial cell type facing the urinary space,
from the podocyte to the transitional epithelium of the bladder.
These vesicles are released from bone marrow stem cells [7], resident adult renal stem cells [8], endothelial cells [9] and dendritic
cells [10]. MiRNAs could be further transported by the binding to
the RNA-binding protein Argonaute 2, which is part of the RNAinduced silencing complex or in complexes with other DNA/RNA
binding proteins. Other processes carrying miRNAs are represented by apoptotic bodies [11] and high-density lipoproteins in
subjects with familial hypercholesterolemia [12] (Fig. 2).
2.2 Stability
of Urinary miRNAs

Although RNAs are considered unstable, miRNAs are well known
for its stability. One of the main features supporting miRNAs
potential use in clinical diagnostics is their high stability in the various types of clinical samples. Even under the extreme conditions
(e.g., high RNase activity, low or high pH) miRNAs maintain its
structural features and resist cleavage or destruction [13]. However
molecular basis of miRNAs stability is still to date enigmatic. It is
supposed that naked miRNAs are more sensitive to degradation
than those which are situated inside MVs, associated with RNAbinding proteins or chemically modified (Fig. 3) [14]. Recently,
Mall and colleagues declined association with the urinary binding
proteins as a main factor responsible for miRNA stability in urine.
After trypsin treatment of urinary samples, no differences in
UmiRNA levels were observed when compared treated and
untreated samples. This study suggest that stability of UmiRNAs
will not be caused mainly by miRNAs association with urinary
macromolecular complexes, but more probably another factors
will play a role in maintaining of their stability [1].
To date, the stability is considered as a main advantage of urinary miRNAs as a new class of biomarkers in clinical practice. It was
proved experimentally by several studies, that UmiRNAs are molecules suitable for long-term storage, which are not affected by multiple freeze–thaw cycles. In detail, even after seven cycles of freezing
and thawing or 72 hour-long storage at room temperature, cell-free
miRNA levels in urinary supernatant remained unchanged [15].
In addition, exosomes seem to have the important role in
UmiRNAs analyses. Focusing to exosome stability in urine, shape
and structure of exosomes using transmission electron microscopy
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Fig. 3 Stability of urinary miRNAs. (a) Naked miRNAs are not preserved in harsh conditions including RNase
digestion, extreme temperatures, pH, freeze, etc. In these conditions, miRNAs could be degraded. (b) MiRNAs
encapsulated in microvesicles. Inner space of this membrane structure is protected from degradation.
(c) MiRNAs might be associated and stabilized by miRNAs binding complexes, such as RNA-induced silencing
complex (RISC). (d) Chemical modification including methylation, adenylation, or uridylation might increase
miRNAs stability

(TEM) were studied. After long term storage (24 months) partial
degradation represented by smaller exosomes size and irregular
shape was described. However, isolated exosomes stored at
−80 °C/1 week or 4 °C/24 h before analysis do not reveal significant differences in exosomal UmiRNAs levels [16].
Interestingly, the data are completely different, when miRNA
stability is evaluated in urinary pellets. After ten freeze–thaw cycles,
there was a significant decrease in amount of miRNAs comparing
with initially measured levels (miR-16: 77 % decrease of quantity,
miR-21: 63 % decrease of quantity). Similarly, decrease of UmiRNAs
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levels from pellets depending on the storage temperature of urine
samples is also evident when the 5-day period of storage at room
temperature (65 % decrease of quantity) and at 4 °C (44–58 %
decrease of quantity) is compared. Even though these data indicate
relative miRNAs stability.
2.3 Urinary miRNAs
and MIQE

Kirschner et al. [17] pointed out the main problems in RNA
research in body fluids. Since Minimum Information for Publication
of Quantitative Real-Time PCR Experiments criteria (MIQE) are
not followed in the majority of UmiRNAs studies, their results are
often not reproducible, defending their implementation into the
practice. Quantity and quality of UmiRNAs are the basic features
that could influence their further analyses. Nowadays, there are no
consensual criteria for the quality evaluation of RNA purified from
body fluids. We highly recommend adaptation of MIQE guidelines
to studies focusing UmiRNAs as potential body fluid biomarkers.
In terms of these recommendations we discuss importance of the
sampling and processing of the urine, isolation and quantification
of UmiRNAs, and data normalization.

2.3.1 Sampling
and Processing the Urine

Although number of the reports describing UmiRNAs diagnostic
potential is increasing, they differ a lot in presented data. The main
reason for that is related to urine sampling strategy. Urine as a biological material indicates several specific features that have to be
taken into account when performing miRNAs studies. Sampling
strategy and further processing of urinary samples may critically
change levels of UmiRNAs and affect further analysis [18].
The first critical step in UmiRNAs analyses is collection and
processing of the urinary samples. Basically, the main source of
UmiRNAs is voided urine. However, after centrifugation the levels
of miRNAs can be quantified separately in urine sediment and in
urinary supernatant. As expected, significantly higher levels of
UmiRNAs (miR-16, miR-21) are observed in urine sediments
when compared with uncentrifuged voided urine or urinary supernatant. Reason of such differences could be explained by contamination of the sample by miRNAs founded in the cells or debris in
urinary sediment. Accordingly to these observations, authors suggested analysis of urinary sediment as an “ideal clinical assay” for
UmiRNAs analysis [1].
In contrast to that, we suggest that urine sediment generally
consists of different portion of cell types leaked from urothelial
tract (e.g., renal tubular cells, lymphocytes, red blood cells, normal
urothelial cells, tumor cells), which may differ between subjects
and various pathological, mainly inflammatory conditions dramatically. The results obtained from analyses of urinary sediments could
be influenced by this variations comparably to for example hemolytical plasma samples [19]. In detail, miRNAs in the urine sediment reflect the level of intracellular expression, whereas miRNAs
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in supernatant are cell free and originate mainly from exosomes
secreted into extracellular space. Interestingly, when various fractions of plasma and saliva were studied, significant differences in
miRNA levels were reported. Studying the concentration of
miRNAs in whole serum, exosomal pellet, and exosome-depleted
supernatant revealed that majority of miRNAs are enclosed in exosomes [20]. These data are in contrast with another studies that
claim that majority of miRNAs in body fluids are associated to
Argonaut-2-protein [21] or are in exosome-free form in cell culture
media [22].
Here we propose several basic points in the urinary sample
processing which have to be taking into account before UmiRNAs
analysis:

2.3.2 Isolation
and Quantification
of RNA/miRNA

●

Type of collection tube.

●

Using of chemicals for sample stabilization (EDTA).

●

Time between collection and further processing (minimal time
to process the sample).

●

Conditions of sample processing (centrifugation speed, time,
temperature).

●

Fraction of sample used in further analyses—uncentrifuged
urine, cell pellet, cell-free supernatant, exosomes only.

●

Storage conditions.

To date, there exists no standard method for urinary RNA/miRNA
isolation [23–26]. Recently, it was found that RNA molecules in
exosomes are protected against degradation so effectively, that
RNA integrity profiles of urinary microvesicular RNA are similar to
integrity values of RNA from kidney tissue. Better RNA integrity
values were achieved in MVs than in RNA isolated from cellular
fraction of urine [27].
However, generally RNA isolated from body fluid samples do
not pass through standard RNA quality criteria. In detail
A260:A230 and A260:A280 ratios revealing purity of the samples
are significantly lower when compared with tissue samples
(Table 1). Today, it is widely accepted, that this purity evaluation is
affected by low concentration of RNA samples (4–10 ng/μl) isolated from urine. Although the quality and quantity values of body
fluids RNA samples are low accordingly to conventional evaluation
criteria, further analysis are not influenced negatively. There is a
need for the definition of new criteria for quality assessment of
RNA samples from body fluids [17].
In the majority of the studies of urinary miRNAs, one of the
available purification methods is used to obtain total RNA with
enriched fraction of short RNAs. The quality assessment of the
sample is based on the total RNA evaluation with appropriate
recommendations. In the case of pure miRNA samples quality

Silicon carbide
column method

Observed average
A260:A230 ratio

2.2

1.95

0.56

0.28

1.34

0.46

Method

Sample type

HeLa cells

Liver tissue

Blood

Plasma/serum

Saliva

Urine

A260:A230 ratios

0.39

0.19

0.28

1.8

1.74

2.15

Observed average
A260:A230 ratio

Phenol–chloroform
method

> 0.19

>0.19

>0.28

>0.36

1.8–2.2

1.8–2.2

Proposed acceptable
A260:A230 range

1.62

2.13

2.67

2.77

1.94

1.99

Observed average
A260:A280 ratio

Silicon carbide
column method

A260:A280 ratios

1.75

1.63

2.58

2.31

1.86

1.97

Observed average
A260:A280 ratio

Phenol–chloroform
method

>1.4

>1.4

>1.8

>1.8

1.8–2.2

1.8–2.2

Proposed acceptable
A260:A280 range

Table 1
The average A260:A230 and A260:A280 ratios observed across various sample types of total RNA measured by spectrophotometry
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assessment, one of the LOC (Lab On a Chip) technologies has to
be used, enabling evaluation of picograms of nucleic acids, e.g.,
Agilent Bioanalyzer 2100 and RNA 6000 Pico Kit due to extremely
low levels of miRNAs in body fluids. However, we suppose that
only the approach based on the analysis of total RNA will be used
in future, as there is not significant advantage in using the pure
miRNAs samples for further analysis.
2.3.3 Data Normalization

3

Currently, there is no suitable reference gene or miRNA available
for expression data normalization from different fractions of urine
samples as firstly reviewed by Huang et al. [28]. Mostly RNU6B,
RNU44, and RNU48 were used as reference genes when sediments from urine were analyzed [26, 29]. Although our own
observations suggest that RNU6B is not stable in urine supernatant, most of the authors proposed RNU6B as a suitable endogenous control not only in urinary sediments and exosomes [16], but
also in cell-free supernatant [15].
Because of lack of suitable endogenous controls, another ways
of normalization were proposed. It was suggested, that normalization to urinary creatinine, spike-in C. elegans miRNAs or sample
volume can be used. Each normalization approach indicates advantages and drawbacks. For instance, although C. elegans miR-39
(cel-miR-39) is spiked-in to the sample before the RNA isolation,
it reflects only technical (RNA extraction efficiency) not biological
variation of studied sample and so thus it is not suitable for data
normalization. Similarly, normalization to sample volume does not
reflect biological variation of UmiRNAs content. Contrary, creatinine was supposed to be presented endogenously in the urine in
stable form. To date, some studies revealed, that its excretion could
vary across and within individuals with various types of renal diseases. However, creatinine does not have the same structure as
miRNA molecules so thus it could react, differently under various
storage events and so it does not fulfill basic criteria of suitable
endogenous control [28, 30]. It could be expected, that in the
near future some stable miRNAs will be identified in the each fraction of the urine, which would be used as the endogenous controls
for miRNA quantification in the urine.

Urinary miRNAs as Biomarkers in Urologic Cancers
Cancer develops as a result of multistep process of genomic alterations. Currently, a growing amount of evidence suggests that the
levels of aberrant miRNAs with oncogenic or tumor-suppressive
properties are closely connected to tumor growth. Many miRNAs
are predicted; consistently increasing number of miRNAs is experimentally validated to target important signaling pathways in urological tumors. These miRNAs are dysregulated in the tissue of
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Table 2
Altered expressions of UmiRNAs in various types of urologic cancers
Urinary miRNAs

Level

Sample

Pathology References

miR-126, miR-182

↑↑

Voided urine

BCa

[23]

miR-126, miR-125b

↑↓

Voided urine

BCa

[25]

miR-96, miR-183

↑↑

Urine sediment

BCa

[26]

Urine sediment

BCa

[24]

miR-135b, miRs-15a, miR-15b, miR-24-1, ↑↓↓↓↓↓↓↓↓↓ Urine sediment
miR-27b, miR-100, miR-203, miR-212,
miR-328, miR-1224,

BCa

[29]

miR-18a*, miR-25, miR-187, miR-140-5p, ↑↑↑↓↓↓↑↓
miR-142-3p, miR-140-5p, miR-92a,
miR-125b

miR-200 family, miR-192, miR-155

↓↓↓

Urine sediment

BCa

[100]

miR-155, miR-192

↑↓

Urine supernatant BCa

[100]

miR-145, miR-200a

↓↓

Urine supernatant BCa

[15]

miR-214

↓

Urine supernatant BCa

[37]

miR-618 and miR-1255b-5p

↑↑

NA

BCa

[38]

miR-196b, miR-574-3p, let-7b, miR-7c,
miR-7d, miR-7e, miR-7g, miR-200b,
miR-149, miR-20b, miR-17, miR-184,
miR-20a, miR-106a, miR-671-3p,
miR-148a, miR-429, miR-31, miR-100,
miR-150, miR-328

↑↑↑↑↑
↑↑↑↑↑
↑↑↑↑↑
↑↑↑↑↓↓

Urine sediment

PCa

[43]

miR-107, miR-574-3p

↑↑

Urine sediment

PCa

[44]

miR-205, miR-214

↓↓

NA

PCa

[45]

miRNA-15a

↑

NA

RCC

[52]

↑ = upregulation of miRNA expression, ↓ = downregulation of miRNA expression, NA = information is not available

their respective cancer types. The discovery of sensitive and disease
specific biomarkers that can be employed to detect neoplastic
changes in early stages of cancers and thus to facilitate their detection on molecular level are the most important challenges in cancer research at the moment. Tissue, blood or plasma samples are
most frequently used as the main sources of RNA in the biomarker
studies, however, the number of studies based on the urinary miRNAs has been recently increasing (summarized in Table 2). Stability
of urinary miRNAs together with possible large-scale collection of
urinary samples represents the most important advantages for their
utility as the cancer biomarkers.
3.1

Bladder Cancer

Bladder cancer (BCa) is mostly divided into two groups, nonmuscle invasive (NMIBC) and muscle-invasive (MIBC) bladder
cancer, each having its specific biological background. One of the
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most common types of BCa is the urothelial carcinoma (UC) [31].
Current diagnosis of BCa is based on the urethrocystoscopy and
cytology. Although cystoscopy is very sensitive, it is invasive and
uncomfortable for the patients. On the other hand, cytology is
noninvasive diagnostic tool, but because of the low sensitivity
(35 %), the patients are forced to undergo repeated cystoscopies to
confirm diagnoses. For these reasons, a new noninvasive urine
diagnostic biomarker is highly needed in clinical practice [24, 26].
Recently, altered miRNAs expression profiles in tumor tissue
were observed across different grades and stages in BCa. Focusing
on the miRNA analysis in tissue samples, Guancial and colleagues
identified miRNAs mostly downregulated in low-grade and nonmuscle invasive BCa in comparison to adjacent healthy urothelium
(e.g., miR-99a, miR-100, miR-101, miR-145) and upregulated in
more aggressive phenotypes of cancer such as high-grade BCa or
muscle-invasive BCa (e.g., miR-21, miR-373) [32]. The correlation of expression levels of these miRNAs with urinary miRNA
levels remains unclear.
First, pioneer study by Hanke et al. identified significantly
increased levels of miR-126, miR-182, and miR-199a in voided
urine of BCa patients indicating their potential as noninvasive biomarkers. In addition, miR-126:miR-152 ratio enabled the detection of BCa from urine with high specificity of 82 % and sensitivity
of 72 % (AUC 0.768, 95 % CI, 0.605–0.931). In this study, miR152 was used for data normalization [23]. Moreover, these results
were supported by another study [25] where two miRNAs were
dysregulated in cancer patients’ urine with miR-125b showing an
average tenfold decrease (p < 0.01) and miR-126 showing an average threefold increase (p = 0.30) in cancer samples compared with
healthy controls. Specificity 100 % and sensitivity 80 % of these two
miRNAs were significantly higher when compared to cytology of
the same urine samples (sensitivity 50 %, specificity 80 %). To date
published articles have presented miRNA-126 as a tumor suppressor, mostly downregulated in BCa and PCa primary tissues and
cancer cell lines [33, 34]. Briefly, miR-126 is located in intron
region of EGFL7 gene. Because of the existence of three independent promoters of this gene, three different miRNA transcripts can
be generated. Studying urine sediment, urinary miR-96 and miR183 expression levels were significantly higher in UC when compared with healthy controls (miR-96: 71.0 % vs. 89.2 %, miR-183:
74.0 % vs. 77.3 %). Moreover, expression levels of these miRNAs
were described to be significantly lower in urine collected after surgery. In addition, miR-96 leads to significant improvement in sensitivity when combined with urinary cytology for BCa diagnosis
(from 43.6 to 78.2 %) [26].
One of the most important studies confirming significance of
UmiRNAs in UC diagnosis was performed by Mengual and colleagues [24]. On a group of 277 urine samples, only six miRNAs
with diagnostic (sensitivity of 84.8 %, specificity of 86.5 %,
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AUC = 0.92) and prognostic importance (sensitivity of 84.95 %,
specificity of 74.14 %, AUC = 0.83) were revealed. Three miRNAs
in urine were described as overexpressed (miR-18a*, miR-25,
miR-187) and three miRNAs underexpressed (miR-140-5p, miR142-3p, miR-140-5p). Moreover, focusing on tumor aggressiveness, overexpression of miR-92a and underexpression of miR-125b
were associated with high grade (AUC = 0.83, 95 % CI, 0.75–0.90,
sensitivity of 84.94 %, specificity of 74.14 %).
Further studies, focusing on urinary sediment analysis from 68
BCa patients and 53 controls identified another ten differentially
expressed miRNAs, miRs-15a/15b/24-1/27b/100/135b/203/
212/328/1224 (ANOVA p < 0.05). All data were normalized to
RNU48, which was more stable in urinary sediment than RNU44.
The combination of 8 miRNAs, miRs-15a/15b/27b/100/135b/
203/212/1224-3p (C-index 0.86) or a group of three miRNAs,
miRs-15b/135b/1224-3p (C-index 0.86, sensitivity of 94.1 %,
specificity of 51 %) serve as a promising panel for BCa detection.
Although 94 % of UC were identified using a group of three
miRNAs together, two invasive UC (3 %) were missed [29].
Today, more studies pay close attention to the cell-free miRNAs analysis. After urine centrifugation, miRNAs from urine sediment and supernatant of patients with BCa can be studied
separately. In patients with BCa compared with controls altered
miRNA expression profiles were observed in urine sediment (lower
expression of miR-200 family, miR-192, miR-155) and urinary
supernatant (lower expression of miR-192, higher expression of
miR-155) and thus prove that only different fractions of studied
urine can bring us different levels of miRNAs in these fractions.
MiR-200 family was found to be downregulated in tumor tissue of
several cancers, including BCa. In addition, it is associated with
EMT and metastatic potential of cancers [35].
Another two urinary cell-free miRNAs, miR-145, and miR-200a,
were quantified as potential diagnostic and prognostic biomarkers of
BCa. Expression levels of urinary miR-145 distinguished patients
with BCa from non-cancer controls in case of NMIBC (77.8 % sensitivity, 61.1 % specificity, AUC 0.729), and for MIBC (84.1 % sensitivity, 61.1 % specificity, AUC 0.790). Moreover, significant
correlation with tumor grade was described in miR-145 levels
(p = 0.048). MiR-200a was shown to be an independent predictor of
NMIBC recurrence. In addition, a higher risk of recurrence was
observed among patients with lower miR-200a levels compared with
patients with higher miR-200a levels (p = 0.040) [15].
Interestingly, miR-214 has already been observed as deregulated in BCa tissue. It was described that miR-214 is downregulated in malignant BCa tissue samples compared to healthy controls
[36]. Recent study presents the importance of cell-free miR-214 as
a potential prognostic marker for NMIBC recurrence in urine samples. On a group of 282 individuals (138 patients with primary
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NMIBC and 144 healthy controls) the expression levels of urinary
cell-free miR-214 were significantly upregulated in the NMIBC
patients compared with the controls (p = 0.002). However, the urinary cell-free miR-214 levels were grade (p > 0.05), stage (p > 0.05)
and progression (p = 0.919) independent, the correlation with the
recurrence was observed (p = 0.023) and thus patients with recurrence had significantly lower miR-214 levels than those without.
Using multivariate Cox regression approach, cell-free miR-214 is
considered as an independent predictor of NMIBC recurrence
(hazard ratio, 2.011; 95 % confidence interval, 1.027–3.937;
p = 0.041) [37].
Another study documented altered expressions of UmiRNAs
comparing 19 healthy controls with urine of patients with superficial (16 urine samples) or invasive urothelial tumors (20 urine samples). Comparing MIBC patients to healthy controls, miR-618
and miR-1255b-5p showed the most deregulated expression levels. MiRNAs levels in the urine of patients with invasive tumors
were significantly (p < 0.05) increased in comparison to the healthy
controls. Moreover, urinary miR-1255b-5p can be used for identification of tumor invasiveness with 68 % specificity and 85 % sensitivity. Before translation to the clinical practice, further studies are
needed to verify the clinical usefulness of miR-1255b-5p as suitable biomarker [38]. Till now, there is only one study discussing
miR-1255b as a potential tumor suppressor inhibiting cell proliferation in renal cell carcinoma [39].
3.2

Prostate Cancer

Prostate cancer (PCa) is a second leading cause of cancer-related
death in men all around the world [40]. To date, prostate-specific
antigen (PSA) and digital rectal examination (DRE) are considered
as a main screening tools for PCa. Although the determination of
serum PSA levels is mostly used for diagnostics and follow-up after
treatment, it is not specific for PCa and does not reveal a wide
range of tumors especially in their early stages [41]. Today, more
authors are calling for novel biomarkers with higher sensitivity and
specificity. The most promising noninvasive urinary biomarkers are
PCA3 and TMPRSS2-ERG with their higher specificity compared
to PSA [42]. In addition, increasing number of publication discuss
altered levels of UmiRNAs as a potential new biomarkers in PCa
diagnosis [18].
The expression of UmiRNAs in PCa patients was firstly
described by Ahumada-Tamayo and colleagues in 2011. A significantly altered expression of 21 miRNAs was identified. In detail,
upregulation of expression levels was detected in miR-196b, -5743p, let-7b, -7c, -7d, -7e, -7g, -200b, -149, -20b, -17, -184, -20a,
-106a, -671, -3p, -148a, -429, -31, -100, and significant downregulation in miR-150 and miR-328. However, low number of
patients included in the study can limit statistical power of these
data [43].
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Another study focusing on UmiRNAs in prostate cancer presents
significantly higher expression levels of miR-107 and miR-574-3p of
patients with cancer when compared to controls. However, the multivariate analysis of the PSA values and the expression levels of these
miRNAs showed that combination of PSA, miR-107 and miR-141
did not improve detection of PCa [44].
Another interesting study suggest promising role of UmiRNAs
as a suitable diagnostic tool in clinics [45]. Preliminary study was
performed on a group of 40 formalin-fixed paraffin-embedded
(FFPE) tissue samples (prostate cancer tissue vs adjacent normal
tissue). This study revealed that miR-205 (p < 0.0001), miR-214
(p < 0.0001), miR-221 (p < 0.001), and miR-99b (p < 0.0001) were
significantly downregulated in PCa tissues in comparison to normal tissue samples. The signature of significantly altered miRNAs
detected in FFPE samples was tested also in urine samples (36 PCa
patients, 12 healthy controls). Although all four miRNAs were
presented in urine, only miR-205 (p < 0.05, AUC: 0.7083, 95 %
CI = 0.54–0.86) and miR-214 (p < 0.05, AUC: 0.7431, 95 %
CI = 0.58–0.90) were significantly downregulated in PCa patients
in comparison with healthy individuals. In addition, using these
two miRNAs together, discrimination power reached higher values
(89 % of sensitivity, 80 % of specificity).
In the literature, miR-205 is mostly discussed to be downregulated in various types of cancers [46, 47]. Focusing on PCa, miR205 is considered as a tumor suppressor significantly decreased in
advanced type of PCa with comparison to early stages of PCa or
normal tissue. In addition, the expression level of miR-205 is associated not only with the clinicopathological stage of the disease, but
also with serum PSA [48]. Moreover, miR-205 is mostly associated
with epithelial-to-mesenchymal transition (EMT) [49]. Briefly,
patients with metastatic PCa are treated by docetaxel, but not all of
them respond and have benefit from this treatment. Main explanation suggests that docetaxel insensitivity in prostate cancer may be
caused by miR-205 participation in EMT pathway. In contrast to
miR-205, the role of miR-214 in carcinogenesis is less discussed in
the literature. MiR-214 is mostly mentioned as an inhibitor of cell
growth, migration, and invasiveness in cancer [37].
3.3

RCC

Renal cell carcinoma (RCC) represents the third most common
urologic malignancy, after bladder and prostate cancer. In the literature, it is categorized into several histological subtypes mostly
represented by clear-cell RCC (ccRCC) (70–80 % of patients)
[50]. Because of the asymptomatic early stage of the RCC and lack
of sensitive diagnostic biomarkers, significant number of the
patients is diagnosed at advanced stages of the disease. Moreover,
RCC is chemotherapy and/or radiotherapy insensitive and thus
relapse occurs often after nephrectomy. Some of the reasons
presented here point out the importance of searching suitable
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biomarkers especially for the early diagnosis and follow-up of the
patients after nephrectomy [51].
Although several studies discussing miRNAs’ significance in
RCC exist, to date, only one study present UmiRNAs as potential
noninvasive biomarkers [52]. Studying UmiRNAs, upregulation of
miR-15a has been described as an important biomarker for differentiation between benign and malignant clear-cell RCC not only
in biopsy, but also in the urine samples. Briefly, miR-15a known as
a tumor suppressor in RCC, promote apoptosis and inhibit cell
proliferation through tight association with α isoform of protein
kinase C (PKCα). On the molecular level, PKCα suppresses the
nuclear release of pri-miRNA-15a (primary transcript of miR-15a)
by direct molecular interaction. Decreased PKCα levels lead to
increased miR-15a expression.
Previous studies conducted in tumor tissue samples or cancer
cell lines present miR-15a as a tumor suppressor gene not only in
RCC, but also in pancreatic ductal adenocarcinoma (PDAC) [53],
non-small-cell lung cancer (NSCLC) [54], and breast cancer [55].
In PDAC through downregulation of Bmi-1 expression, miR-15a
inhibits cell proliferation and the process of EMT. Similarly, in
breast cancer, miR-15 overexpression leads to cell growth inhibition and migration suppression. In this case miR-15a is considered
as a potential therapeutic target for breast cancer treatment.

4

Urinary microRNAs in Nephrology
The gene expression of inflammatory mediators in kidney diseases
is strongly modulated by epigenetic alterations, e.g., DNA methylation and posttranscriptional regulation via miRNAs. The
research field focusing miRNAs in the development of kidney diseases is still in its early stage but expanding rapidly. By regulating
gene expression, miRNAs have critical roles in innate immunity
and in a variety of cellular and physiological activities such as cell
cycle, growth, proliferation, apoptosis, and metabolism. miRNAs
are also important in the maintenance of renal homeostasis.
A greater abundance of miRNAs compared with other organs is
present in the kidneys. Deregulation of their expression makes
them a valuable tool for understanding, diagnosing and discovering therapeutic options for renal diseases. Thus, miR-192, miR194, miR-204, miR-215, and miR-216 are highly expressed,
whereas miR- 133a, miR-133b, miR-1d, miR-296, miR-1a, miR122, and miR-124a are lowly expressed [56]. Differential expression of miRNAs between the cortex and medulla is present; in fact,
miR-192 is 20-fold higher expressed in cortical than in medullary
kidney tissue, where it is involved in the regulation of sodium
transport [57]. MiR-155 appears to suppress expression of the type
1 angiotensin II receptor and would affect blood pressure [58].
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Table 3
Altered expression of UmiRNAs in nephrology
Urinary miRNA

Level

Pathogenesis

References

miR-494

↑

Acute kidney injury

[63]

miR-192, miR-195

↑

Lupus patients with nephritis

[76]

miR-146a

↑

Chronic kidney disease

[64]

miR-142-3p, miR-204, miR-211,
miR-203, miR-125b

↑↓↓↓↓

Chronic allograft dysfunction

[71, 73]

miR-10a, miR-10b and miR-210

↑↓↓

Acute allograft rejection

[72]

miR-30a-5p

↑

Idiopathic nephrotic
syndrome

[75]

miR-29a, miR-29b, miR-29c,
miR-200a, miR-200b, miR-200c

↓

Chronic kidney disease

[101]

miR-29c

↓

Renal fibrosis

[101]

miR-29a, miR-29b, miR-93

↓↓

Renal Ig nephropathy

[69]

miR-638

↓

Chronic kidney disease 4 stage

[70]

↑ = upregulation of miRNA expression, ↓ = downregulation of miRNA expression, NA = information is not available

The majority of miRNAs are present in the cytoplasm of cells, but
many miRNAs are outside the cells and in the body fluids [59, 60].
Lower complexity than messenger RNAs, no post-processing modification, tissue-specific expression, and amplifiable signals make miRNAs in the urine ideal candidates as noninvasive biomarkers of kidney
disease (see Table 3). As a biofluid, the urine allows repeated and noninvasive collection, and its molecular composition highly reflects
intrarenal events [13, 61, 62].
4.1 Acute
Kidney Injury

UmiRNAs are filtered or excreted from the kidney and/or urinary
tract. Clinical data from a recent paper by Lan and colleagues [63]
showed that miR-494 was expressed at higher levels in the urine of
AKI (acute kidney injury) patients in the intensive care unit compared with patients without AKI or normal individuals and surprisingly high urinary levels of miR-494 preceded the increase of
serum creatinine in patients with kidney injury [63]. These data
imply that miR-494 is involved in the induction of renal injury
during ischemia/reperfusion, and urinary miR-494 is an earlier
and noninvasive indicator compared with creatinine. These observations suggest that urinary miR-494 may serve as early and noninvasive indicator of acute renal damage.

4.2 Chronic Kidney
Disease

Ichii et al. [64] observed high levels of miR-146a in the urinary
sediment of B6 MRL-1 mice developing chronic kidney disease
(CKD). The level of miR-146a represents the pathological activity
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of the renal damage and thus, may be used as a noninvasive
biomarker for monitoring the progression of renal damage in CKD.
A number of studies have reported that intrarenal miR-29 and
miR-200 may have specific roles in kidney diseases by reducing
renal fibrosis [65–67]. Another study reported reduced level of
miR-29 and miR-200 in urinary exosome in CKD patients compared with control, which further supports the protective role of
those miRNAs in renal disease. Also, more importantly, the
detection of miRNA in urinary exosome suggests potential for
translating to clinic biomarkers. The result was also consistent with
intrarenal findings from Wang et al. [68, 69] who showed that the
level of intrarenal miR-200c was downregulated and miR-29b and
miR-29c levels from whole urine sediment were decreased in
patients with IgA nephropathy. Neal et al. [70] detected miR-16,
miR-21, miR-155, miR-210, and miR-638 from voided urine, but
only level of miR-638 was decreased in patients with chronic kidney disease stage 4. Moreover, levels of miR-29c correlated negatively with tubulointerstitial fibrosis score. Interestingly, proteinuria
did not show correlation with renal fibrosis, which indicates the
superiority of exosome miRNA in urine as noninvasive biomarkers
of renal fibrosis. Thus, the result demonstrated that urinary exosomal miR-29c is a potential biomarker for prediction of the severity of renal histological lesions and might be useful to predict the
development and progression of renal histological lesions.
4.3 Monitoring
Allograft Rejection

Scian et al. [71] recently reported miRNA profile of allograft tissue
using microarrays, where miR-142-3p, miR-204, and miR-211
were differentially expressed between patients with histologically
diagnosed chronic allograft dysfunction (CAD) with interstitial
fibrosis and tubular atrophy (IF/TA) when compared with patients
with normal histology and functioning allografts (normal function
allograft: NFA), in both allograft tissue biopsies and paired urinary
cell pellet samples. Similar IF/TA-like expression changes were
also detected in urinary cell pellets of patients with stable graft
function, but that later developed CAD. This preliminary report
suggested that miRNAs could be used for noninvasive monitoring
of graft functioning. A recent study showed the utility of miRNA
for detecting acute renal allograft rejection in urine samples.
Lorentzen et al. [72] profiled UmiRNAs of stable transplant
patients and transplant patients with acute rejection. The miR-10a,
miR-10b, and miR-210 were strongly deregulated in urine of the
patients with acute rejection [72]. They confirmed these data in
urine of a validation cohort of 62 patients with acute rejection, 19
transplant patients without rejection and 13 stable transplant
patients with urinary tract infection by quantitative RT-PCR. The
miR-10b and miR-210 were downregulated and miR-10a upregulated in patients with acute rejection compared to controls. Only
miR-210 differed between patients with acute rejection when
compared to stable transplant patients with urinary tract infection
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or transplant patients before/after rejection. Low miR-210 levels
were associated with higher decline in glomerular filtration rate 1
year after transplantation. Selected miRNAs are strongly altered in
urine of the patients with acute renal allograft rejection. The miR210 levels identify patients with acute rejection and predict longterm kidney function. The fact that miR-210 decreases specifically
with the development of acute rejection and increases to stable
control levels with successful antirejection therapy provides evidence for miR-210 to serve as a novel biomarker of acute rejection
with the potential for clinical application as a marker to monitor for
rejection and/or susceptibility to antirejection therapy without the
potential harms associated with an invasive renal allograft biopsy.
Urinary miR-210 may thus serve as a novel biomarker of acute
kidney rejection.
Detection of individual miRNAs (first identified in tissue samples) in urinary cell pellets using reverse transcriptase quantitativepolymerase chain reaction (RT-qPCR) also suggested the feasibility
of generating miRNA signatures from urinary cell pellet samples.
For the first time Maluf et al. [73] performed miRNAs signature in
urine samples from kidney transplant recipients using microarrays.
A total of 1,733 human mature miRNAs were tested to establish
an initial global signature in urine samples between the different
groups. Even when the number of patients used for creating this
signature is limited, the strict criteria used for selecting the groups
(strict clinical/histological condition) provide a strong signature
for biomarker validation. From this analysis, a total of 22 miRNAs
were statistically differentially expressed between the groups (CAD
vs. NFA). Pathway and ontology analyses showed inflammation
and fibrosis development patterns associated with the genes targeted by these miRNAs. As a second step, selected miRNAs were
validated using RT-qPCR in an independent set of urine samples.
4.4 Other Studies
in Nephrology

Konta et al. [74] examined the profiles of UmiRNAs in various
renal diseases. The microarray analysis detected 83-137 distinct
UmiRNAs. They observed 80–99 % of the miRNAs in both the
healthy controls and the renal disease patients. The majority of
UmiRNAs displayed higher signal intensity in renal disease patients
than in healthy controls, including 39 miRNAs exhibiting signal
intensities 100 times greater than in healthy controls. A different
pattern of UmiRNAs was observed in each type of renal disease.
Luo et al. evaluated miRNAs in urine of children with idiopathic
nephrotic syndrome (NS), because aberrant levels of some
UmiRNAs have been reported in patients with IgA nephropathy
[75]. They detected miR-30a-5p markedly increased in urine samples from NS patients and observed decreasing level of urinary
miR-30a-5p with the remission of patients, demonstrating that the
urinary miR-30a-5p level is altered with disease progression and
therapy. In addition, urinary miR-30a-5p level was positively
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correlated with serum miR-30a-5p concentration in the same
cohort of patients. UmiRNAs most likely originate from deciduous
tubular epithelial cells and podocytes [75]. Further studies are necessary to clarify the mechanism and potential role of increased urinary miR-30a-5p in NS. Additionally Zhou et al. [76] have shown
that a combination of miR-192 and miR-195 from urinary exosome could differentiate lupus patients with or without nephritis.

5

Urinary miRNAs as Biomarkers-Related to Cardiovascular Diseases

5.1 Myocardial
Infarction

In developed countries, cardiac ischemic diseases are a leading
cause of morbidity and mortality. Current biomarkers of acute
myocardial infarction (AMI) comprise increased blood levels of
cardiac troponin C and I, myocardial muscle creatine kinase (CKMB) and cardiac myoglobin, within 4–8 h of the onset of chest
pain [77–80]. Investigation of more sensitive and earlier markers
by noninvasive and inexpensive methods such as urine samples
continues. However, protein biomarkers in urine samples are very
limited by their capacity to be filtered. While several groups have
reported that patients experiencing myocardial infarction (MI)
exhibit different blood miRNA profiles [81–86], new reports
revealed urine levels of miRNA that can be correlated with myocardial injuries.
Thus, using quantitative PCR, cardiac and skeletal muscle specific miR-1 was found in significant increased level in urine samples
of patients with MI (associated with elevated ST section of the
ECG) and correlated with increase of its plasmatic level as well as
increased plasmatic troponin level [87]. This study also revealed
that urine miR-133a, another enriched miRNA in cardiac and skeletal muscle and involved in cardiac hypertrophy, increased within
24 h of the onset of symptoms [88, 89]. Interestingly, cardiomyocytespecific miR-208b, encoded by the alpha-myosin heavy chain and
known to be upregulated post-MI [90, 91], was not detected in
urine, similarly to miR-499-5p, while both miRNAs (but not cardiomyocyte-specific miR-208a) had increased plasmatic levels in the
same patients. These results suggest a dependent renal elimination
mechanism for those miRNAs. Gidlof et al. also investigated the
same four circulating miRNA profiles in a closed-chest pig model of
MI with an occlusion-reperfusion protocol and revealed significant
increased plasmatic levels within 150 min [87].
Another study by Cheng et al. indicated that both plasmatic
and urine levels of miR-1 increased by 50-fold within 24 h in a rat
model of AMI and suggested that urine miR-1 as a potential biomarker for myocardial injuries since its presence was detected in
urine samples of normal rats injected with serum exosomes from
rats after AMI [92]. Its urine level returned to basal after 7 days.
Their results indicated that miR-208 was also increased, although
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in lower manner, in urine sample from AMI rats and compared to
control rats, in disagreement with the work of Gidlof et al. on
patients with MI [87].
Similarly, miR-1 as well as miR-208a has been detected in significant higher levels in both serum and urine, in 20 AMI patients
with open-heart surgeries with cardiopulmonary bypass [93].
Increased urine level was strongly correlated with serum level of
cardiac troponin I, a key protein marker of MI. Importantly, level
of circulating miR-208 was shown to be undetectable in healthy
patients, suggesting that miR-208 may be a specific biomarker in
myocardial injury [94].
All together, these results suggest that urine miR-1 and miR208a levels can be associated with myocardial injuries. Therefore,
their detection in urine samples may be in the future a noninvasive
method to provide new biomarkers of MI.
5.2 Cardiomyopathy
and Heart Failure

6

Using miRNA array, Tijsen et al. have investigated the plasmatic
level of miRNAs in 12 heart failure (HF) patients and 12 healthy
controls and revealed increased expression of 6 miRNAs, among
which miR-423-5p indicated potential as a diagnostic predictor of
HF [85]. Moreover, using RT-qPCR, another study compared the
levels of 186 miRNAs in the serum of 30 chronic systolic heart
failure patients and 30 controls and identified specific elevated
expression for miR-423-5p, miR-320a, miR-22, and miR-92b,
which correlate with clinical prognosis [95]. A recent work
reported increased blood level of miR-423-5p in patients with
heart failure caused by dilated cardiomyopathy [82]. However,
none of these miRNAs have been detected in urine yet.
Interestingly, a study reported the role of macrophages through
miR-155 expression in promoting cardiac inflammation as well as
increased level of miR-155 in human cardiac hypertrophy and failure [96]. Elevated urine miR-155 has been found correlated with
several diseases [35, 97–99] but not in heart failure patients so far.

Conclusions
Analysis of urinary miRNAs presents a promising noninvasive
approach for diagnosis as well as follow-up of urologic cancers and
diseases of urinary and cardiovascular system. However, several
challenges need to be addressed before utilization of this new class
of biomarkers in the clinic. Although high stability of urinary
miRNA was repeatedly reported, the conditions of preanalytical
phase are not conclusively defined. How should urine be processed
before analysis? What is the best source of miRNAs for analysis—
voided urine, sediment, or supernatant? What is the best normalization approach of miRNA expression in urine? Could urine be
contaminated by miRNAs originated from inflammatory cells?
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Current studies suggest a high potential of urine miRNAs in
diagnostics of urologic cancers and diseases of urinary and cardiovascular system; however, these studies are mainly based on the
small cohorts of patients indicating low level of reproducibility.
Larger clinical studies are needed to build an evidence base for
their usage in the clinical practice.
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Chapter 27
Magnetic Bead-Based Isolation of Exosomes
Morten P. Oksvold, Axl Neurauter, and Ketil W. Pedersen
Abstract
Exosomes are here defined as extracellular vesicles (EVs) in the approximate size range of 30–100 nm in
diameter, and are observed in most body fluids containing typical exosomal markers such as CD9, CD63,
and CD81. Potential subpopulations of exosomes can be captured by targeting these markers using magnetic beads. Magnetic beads are versatile tools for exosome isolation and downstream analysis. Here, we
describe the workflow of immuno magnetic isolation and analysis of exosomes by flow cytometry, Western
immunoblotting, and electron microscopy.
Key words Extracellular vesicles, Exosomes, Magnetic bead isolation, Dynabeads, Electron
microscopy

1

Introduction
Extracellular vesicles (EVs) are released from any cells examined so
far and found in all body fluids. Exosomes, a subgroup of EVs, ~30–
100 nm in diameter, originate by definition from multivesicular
bodies (MVBs). However, there is little evidence that all EVs
referred to as exosomes actually originate from MVBs. Exosomes
contain lipids, carbohydrates, proteins, and nucleic acids and can
upon release from the originating cell initiate different functions on
the target cells as a way of intercellular communication. Many biological processes are influenced by exosome mediated transfer of
information including, but not limited to immune response [1],
antigen presentation [2], apoptosis, angiogenesis, inflammation,
and coagulation [3] by protein/lipid exchange or initiating downstream signaling pathways in the target cell. Furthermore, exosomes
deliver nucleic acid cargo to target cells [4–6] and viral particles
utilize the vesicle transport of exosomes for viral spread [5] masking
themselves avoiding the host’s immune response.
Interestingly, exosomes are involved in cancer biology where
oncogenes have been secreted by tumor cells [7] acting to enhance
cancer progression, immune response suppression and causing
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treatment resistance. Exosomes have therefore been suggested to
be used as an early marker for cancer detection to provide optimal
treatment and monitor cancer progression.
For exosomes to act as a diagnostic tool, the vesicles need to be
enriched and preferentially subfractionated to be characterized.
Enrichment of exosomes is generally done by ultracentrifugation
(UC), often in combination with sucrose density gradients or
sucrose cushions [8]. The scientific community is discussing the
best way to utilize UC for exosome pre-enrichment. Exosomes
obtained with UC appears heterogenous in terms of size distribution, including 30–100 nm diameter vesicles, but also larger vesicles
are present [9]. Larger protein aggregates might also co-aggregate
with the target vesicles. Protein aggregates can be removed from
the exosome preparation by floating the exosomes on a density
gradient which results in a more homogenous size distribution [9].
Other size-based isolation procedure includes ultrafiltration protocols [10]. Finally, precipitation-based protocols using polymers in
combination with low-speed centrifugation or filtration have been
reported to enrich exosomes [11–13].
Specific capture of exosomes by targeting exosome specific
markers increases the purity, removes co-enriched exosomes from
media supplements and isolates subpopulations of exosomes if
present. Specific capture using a bead-based approach is a versatile
method in terms of applications and compatibility with downstream applications such as Western immunoblotting, electron
microscopy, qRT-PCR, and flow cytometry. The tetraspanin proteins CD9 and CD81 have been suggested to be common extracellular markers [14] which can be used for specific capture. Latex
beads have been used for specific capture. Such a protocol involves
numerous centrifugation steps and is challenging in terms of reproducibility. Magnetic separation using nano-sized beads is an alternative to latex beads for exosome capture, isolating a more
homogenous population of vesicles in terms of size, morphology,
and protein content [9]. These beads however require UC for
reduction in sample volume and they are too small to be detected
by flow cytometry. Clayton et al. developed a rapid and versatile
technique for exosome isolation and analysis using anti-MHC
Class II antibodies coated to a larger solid surface, 4.5 μm magnetic beads for downstream applications such as flow analysis [15].
Exosome isolation efficiency will be influenced by factors such
as incubation time, temperature, level of surface marker expression, and concentration of target vesicles. The nature and state of
the target molecule/structure, characteristics of the antibody–antigen
interaction, sample type, concentration and ratio of beads and
target molecules will have an influence on the success of the magnetic separation.
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Our main focus now is on exosome isolation using magnetic
beads (Dynabeads®) for downstream flow analysis, Western immunoblotting, and electron microscopy. In addition, we address exosome production from cell lines and analysis of pre-enriched
exosome preparations prior to magnetic isolation.

2
2.1

Materials
Cell Culture

1. SW480 cell line (ATCC).
2. Jurkat cell line (ATCC).
3. RPMI 1640 Medium (Gibco).
4. Heat inactivated fetal calf serum (FCS) (Gibco).
5. Integra CELLine CL 1000 Culture System bottles (Integra
Biosciences).
6. Integra CELLine AD 1000 Culture System bottles (Integra
Biosciences).
7. Corning cell culture bottles 225 cm2 with 0.2 μm ventilation
lids (Sigma-Aldrich).
8. 100 mM Sodium pyruvate solution (Life Technologies).

2.2

Precipitation

2.3 Immunomagnetic Isolation

1. Total Exosome Isolation Reagent (Life Technologies).
1. Exosome—Human
Technologies).

CD63

Isolation/Detection,

(Life

2. Prototype magnetic beads for isolation and analysis of CD9,
CD81, and EpCAM (Life Technologies).
3. Isolation buffer: PBS with 0.1 % Bovine serum albumin (BSA),
filtered through a 0.2 μm filter.
4. 2 mL Sarstedt Tubes.
5. Mixer.
6. Magnet (DynaMag-2).
2.3.1 Flow Cytometry
Analysis

1. BD LSR II.
2. Anti-CD9 PE (M-L13, BD Biosciences).
3. Anti-CD81 PE (JS-81, BD Biosciences).
4. Anti-EpCAM PE (EBA-1, BD Biosciences).

2.4 Electrophoresis
and Western
Immunoblotting

1. Lysis buffer: radio immunoprecipitation assay (RIPA) buffer
(3.75 mL 4 M NaCl, 1 mL NP40, 0.5 g SDS, 0.61 g Tris Base,
deionized H2O (dH2O) up to 90 mL, adjust to pH 8 with 5 M
HCl, dH2O up to 100 mL).
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2. Protease inhibitor: add cOmplete, EDTA-free 25× proteinase
inhibitor solution (Roche) to RIPA lysis buffer.
3. 2× SDS lysis buffer: 0.58 g SDS, 0.19 g Trizma base, 8.5 mL
dH2O, 2.5 mL 100 % glycerol with or without 1.25 mL
β-mercaptoethanol, adjust to pH 6.8 with 10 M HCl. Adjust
volume to 12.5 mL with dH2O.
4. Loading Buffer: 4.0 mL dH2O, 1 mL 0.5 M Tris–HCl pH 6.8,
0.8 mL 100 % glycerol, 1.6 mL 10 % SDS, with or without
0.4 mL β-mercaptoethanol, add bromophenol blue).
5. Precast polyacrylamide gels of various polyacrylamide concentrations and gradient gels (e.g., 4–12 %) are commercially
available.
6. Power supply is required for electrophoresis and Western
immunoblotting.
7. Electrophoresis running buffer: dissolve 3.03 g Trizma base,
14.4 g glycine, 1 g SDS in 1 L of dH2O.
8. Western transfer buffer: dissolve 15.5 g Trizma base, 72.1 g
glycine in 1,000 mL (5×). dilute 200 mL 5× Western transfer
buffer in 200 mL methanol and add 600 mL of dH2O.
9. Membrane for protein blotting: PVDF (Bio-Rad).
10. Membrane wash solution: TBS-T (2.42 g Tris–HCl, 0.56 g
Trizma base, add dH2O up to 900 mL, adjust pH to 7.60 with
5 M HCl, add dH2O up to 1,000 mL).
11. Blocking solution: dissolve 5 g fat-free dry skimmed milk in
100 ml TBS-T (5 %).
12. Antibodies: dilute primary antibody in blocking solution
according to manufactures recommendations (see Note 1).
13. Substrate for antibody signal detection (e.g., SuperSignal West
Dura Extended Duration Substrate (Thermo Fisher) (see Note 2).
2.5 Transmission
Electron Microscopy

Reagents for sample preparation for electron microscopy can be
obtained from for example Polysciences, Inc.
1. 1 % glutaraldehyde in 200 mM cacodylate buffer (pH 7.4).
2. 1.5 % potassium ferricyanide.
3. 1 % osmium tetroxide.
4. 1.5 % magnesium uranyl acetate.
5. 70 % ethanol.
6. 90 % ethanol.
7. 96 % ethanol.
8. Absolute ethanol.
9. Epon.
10. Ultramicrotome for ultrathin sections.
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11. Glow discharged copper grids.
12. Blocking solution: PBS with 0.5 % BSA.
13. Protein A gold.
14. 0.3 % uranyl acetate.
15. Methyl cellulose.

3

Methods
A protocol for isolation and analysis of exosomes pre-enriched
using precipitated exosomes derived from cell culture bottles is
described. For some cell lines the release of exosome can be low.
An alternative to the cell culture bottles is the Integra CELLine
Culture System culture flasks, originally designed for hybridoma
cultures, have been used for enhancing the exosome yield. The
exosomes released showed identical morphology, phenotype, and
immune function [16]. A protocol for isolation and analysis of
exosomes pre-enriched using precipitated exosomes derived
Integra CELLine Culture System culture flasks is described.

3.1 Exosome
Enrichment
from Adherent Cells
(SW480) Using Cell
Culture Bottles

Adherent cells are cultured to 80–90 % confluency in RPMI 1640
with 10 % FCS (see Notes 3 and 4), and 1 mM Sodium pyruvate
in cell culture bottles (225 cm2) at 37 °C with 5 % CO2. The
medium is removed and 50 mL of fresh medium is added to the
culture. After 3 days the cell-conditioned medium is removed and
two centrifugation steps are performed on the pre conditioned
medium prior to pre-enrichment (300 × g for 10 min at 2–8 °C
and 2,000 × g for 30 min at 2–8 °C).

3.2 Exosome
Enrichment from Cells
in Suspension (Jurkat)
Using Cell Culture
Bottles

Pre-cultured Jurkat cells are seeded at a density of 0.4 × 106 cells
per mL in fresh RPMI medium and grown for 3 days at 37 °C with
5 % CO2. The cell suspension is subjected to two centrifugation
steps (300 × g for 10 min at 2–8 °C and 2,000 × g for 30 min
at 2–8 °C).

3.3 Exosome
Enrichment
from Adherent Cells
(SW480) Using Integra
CELLine AD 1000

Adherent cells are cultured to confluency in RPMI 1640 with 10 %
FCS and 1 mM Sodium pyruvate in Integra CELLine Culture
System bottles [16] at 37 °C with 5 % CO2. After culturing for 7
days the cell-conditioned medium is harvested. Two centrifugation
steps are performed on the medium before pre-enrichment (400 × g
for 10 min at 2–8 °C and 2,000 × g for 30 min at 2–8 °C).

3.4 Exosome
Enrichment from Cells
in Suspension (Jurkat)
Using Integra CELLine
CL 1000

3 × 107 cells in 15 mL medium are cultured in RPMI with 10 %
FCS in Integra CELLine Culture System bottles [16]. The cellconditioned medium is harvested after 7 days. The medium is centrifuged twice before pre-enrichment (400 × g for 10 min at 2–8 °C
and 2,000 × g for 30 min at 2–8 °C).
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3.5 Exosome
Pre-enrichment Using
Precipitation

1. Harvest cell culture media.
2. Centrifuge the cell media at 350 × g for 10 min at 2–8 °C.
3. Transfer the supernatant to a new tube.
4. Centrifuge the supernatant at 2,000 × g for 30 min at 2–8 °C.
5. Supernatant can be frozen at this stage.
6. Transfer the required volume of cell-free culture media to a
new tube and add 0.5 volumes of the Total Exosome Isolation
(from cell culture media) reagent.
7. Mix the culture media–reagent mixture well by vortexing, or
pipetting up and down until there is a homogenous solution.
8. Incubate samples at 2–8 °C ON.
9. Centrifuge the samples at 2–8 °C at 10,000 × g for 1 h (fixed
angle rotor).
10. Aspirate and discard the supernatant. Exosomes are contained
in the pellet at the bottom of the tube for swing-out rotors or at
the tube-wall near the bottom for fixed angle rotor (see Note 4).
11. To remove all the liquid leave the tube upside down on a filter
paper for 3–4 min.
12. Resuspend the pellet in a convenient volume of PBS (see Note 5).
13. Once the pellet is resuspended, the exosomes are ready for downstream analysis or further purification through affinity methods
or aliquotation and freezing in −80 °C (see Notes 5 and 6).

3.6 Isolation
of Exosomes Using
Magnetic Beads
for Downstream Flow
Analysis

Analysis of exosomes by flow cytometry is limited by the resolution provided by the instrument. The analysis of individual exosomes similar to cell analysis by flow cannot be done, while “swarm
analysis,” looking at many exosomes as one larger object is feasible. Such analysis will provide information about the average
expression level of the marker in question for the whole population. Magnetic beads (micrometer sized) used as solid support for
flow analysis of exosomes can serve several purposes: (1) the beads
are detected by the flow instrument and trigger data collection,
(2) enable easy washing/handling of the exosomes without the
need for UC, and (3) add an additional level of resolution to the
analysis if used.

3.7 Validation
of the Method

The protocol is based on isolation using 200,000 magnetic beads.
The protocol can be scaled up by increasing volumes and reagents
proportionally.

3.7.1 Preparation
of Pre-enriched Exosome
Sample

1. Titrate the volume of the pre-enriched exosome solution. Start
with approximately 25 μg of total protein (see Note 7).
2. Add Isolation Buffer to 100 μL final volume per 20 μL
magnetic beads (see Note 8).
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Day 1.
1. Resuspend the magnetic beads by mixing for >10 min or
vortexing for 30 s.
2. Transfer 20 μL magnetic beads into an appropriate tube
(see Note 8).
3. Wash the magnetic beads by adding 200 μL of Isolation Buffer
(see Subheading 2) and mix well.
4. Place the tube on the magnet for 1 min and discard the
supernatant.
5. Remove the tube from the magnet and add pre-enriched
exosome solution titrated with Isolation Buffer (100 μL final
volume) to the magnetic beads. Mix well (see Note 9).
6. Incubate the tube ON (18–22 h) at 2–8 °C with mixing
(see Note 10).
Day 2.
7. Centrifuge the tube for 3–5 s to collect the sample at the
bottom of the tube (see Note 11).
8. Wash the bead-bound exosomes by adding 300 μL of Isolation
Buffer. Mix gently by pipetting (do not vortex).
9. Place the tube on the magnet for 1 min and discard the
supernatant.
10. Remove the tube from the magnet and add 400 μL of Isolation
Buffer. Mix gently by pipetting.
11. Place the tube on the magnet for 1 min and discard the
supernatant.
12. Resuspend the bead bound exosomes in 300 μL Isolation Buffer.
The bead bound exosomes are now ready to be stained for
flow cytometry.
3.7.2 Staining
for Flow Cytometry

The staining antibody should be titrated for optimal signal to noise
ratio, starting with the manufacturer’s recommended concentration for staining 1 × 106 cells (Fig. 1).
1. Transfer desired staining antibodies to a flow tube (see Note 12).
2. Add 100 μL bead-bound exosomes to the tube. Mix gently by
pipetting (see Note 13).
3. Incubate for 45–60 min at RT protected from light on a sample
shaker (~1,000 rpm) (see Note 14).
4. Wash the bead-bound exosomes by adding 300 μL of Isolation
Buffer. Mix gently by pipetting (do not vortex).
5. Place the tube on the magnet for 1 min and discard the
supernatant.
6. Repeat the washing steps once and resuspend in the desired
volume of Isolation Buffer for flow cytometry analysis.
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Fig. 1 Flow cytometry analysis of exosome after specific isolation with magnetic beads. (a) Showing forward/
side scatter plot of bead-bound exosomes. (b–d) Illustrating staining with anti-human EpCAM, -CD81 and -CD9
after specific isolation using magnetic beads coated with anti-human EpCAM, -CD81 and -CD9 respectively. (e)
Demonstrating good correlation of microgram exosomal protein input and flow signal output (signal to noise).
(f) Showing the effect of increasing amount of PE-conjugated staining antibody used for flow analysis
3.7.3 Western
Immunoblotting Analysis
of Exosomes Isolated
with Magnetic Beads

Western immunoblotting analysis of pre-enriched exosomes prior
to magnetic isolation provides an overview of the total content of
proteins in the pre-enriched sample. Magnetic separation of exosomes offers advantages such as increased resolution by removing
potential protein aggregates or other non-exosomal vesicles and
isolation of potential exosome subpopulations for comparison
analysis. Analysis of exosomes by Western immunoblotting is a
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Fig. 2 Western immunoblotting analysis of exosomes isolated with magnetic
beads coated with anti-CD9 (A, B ) or -CD81 (C ) and processed for electrophoresis and Western immunoblotting. The blots were labeled for CD9 (A), CD63 (B ), or
CD81 (C) using antibody clones TS9, TS63, or M38, respectively. Lane 1 shows
pre-enriched exosomes prior to magnetic isolation. Lane 2–5 show exosomes
isolated with increasing amounts of magnetic beads

challenge in terms of sensitivity. Titration of the amount of
exosomes used and the amount of magnetic beads added to the
exosomes are important in addition to careful selection of high
sensitivity substrate (Fig. 2).
1. Titrate the volume of the pre-enriched exosome solution
(see Note 15).
2. Add Isolation Buffer (see Subheading 2) to 100 μL final
volume per 100 μL magnetic beads.
3. Resuspend the magnetic beads by mixing for >10 min or
vortexing for 30 s.
4. Transfer 100 μL magnetic beads into an appropriate tube
(see Note 16).
5. Wash the magnetic beads by adding 500 μL of Isolation Buffer
and mix well.
6. Place the tube on the magnet for 1 min and discard the
supernatant.
7. Remove the tube from the magnet, and add pre-enriched
exosome solution titrated with Isolation Buffer (100 μL final
volume) to the magnetic beads. Mix well.
8. Incubate the tube ON (18–22 h) at 2–8 °C with mixing.
9. Centrifuge the tube for 3–5 s to collect the sample in the
bottom of the tube.
10. Wash the bead-bound exosomes by adding 300 μL of Isolation
Buffer. Mix gently by pipetting (do not vortex).
11. Place the tube on the magnet for 1 min and discard the
supernatant.
12. Remove the tube from the magnet, and add 400 μL of Isolation
Buffer. Mix gently by pipetting (do not vortex).
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13. Place the tube on the magnet for 1 min and discard the
supernatant.
14. Add 10 μL of lysis buffer (e.g., 1× RIPA buffer with proteinase
inhibitor) to bead bound exosomes, mix well, and incubate at
2–8 °C for 15 min to lyse the exosomes.
15. Add 10 μL 2× SDS lysis buffer to the sample and mix well.
16. Add 1.5 μL Loading Buffer and mix well.
17. Incubate at 95 °C for 5 min (see Note 17).
18. Place the tube in the magnet (see Note 18) and load the supernatant on the gel (depending on well capacity) (see Note 19).
19. Transfer samples to PVDF membranes by wet transfer (100 V
for 1 h).
20. Block the membranes in 5 % nonfat dry milk or 5 % BSA in
TBS-T (see Notes 20).
21. Incubate ON at 2–8 °C with primary antibody diluted in 5 %
nonfat dry milk.
22. Wash extensively in TBS-T.
23. Incubate with HRP-conjugated secondary antibody for 60 min
at RT (see Note 21).
24. Detect signal by using for example SuperSignal West Dura or
Femto Substrate (Thermo Scientific) (see Note 2).
3.7.4 Ultrastructural
Analysis of Exosomes
Isolated
with Magnetic Beads

Exosomes isolated with magnetic beads can be visualized at the
ultrastructural level by electron microscopy. The exosomes on the
surface of the magnetic beads can also be subjected to stereological
analysis for estimation of the vesicle density on the bead surface.
Exosome isolation for downstream electron microscopy resembles
the magnetic isolation for downstream flow in terms of maximizing the amount of exosomes per magnetic bead (Fig. 3).
1. Mix 50 μL of magnetic beads coated with primary Ab with
250 μL of pre-enriched exosomes (see Note 16).
2. Incubate ON at 2–8 °C.
3. Centrifuge the sample shortly on a table centrifuge in order to
collect all material.
4. Wash the magnetic beads to remove unbound targets with
500 μL PBS with 0.1 % BSA followed by mixing.
5. Apply the tube to a magnetic field and remove the
supernatant.
6. Add 1 % glutaraldehyde in 200 mM cacodylate buffer (pH 7.4)
to immunomagnetic beads covered with exosomes for 1 h at
RT (see Note 22).
7. Wash repeatedly in dH2O.

Magnetic Bead-Based Isolation of Exosomes

475

Fig. 3 Ultrastructural analysis of exosomes isolated with magnetic beads from pre-enriched exosomes.
Exosomes were isolated with magnetic beads coated with anti-CD81 and processed for electron microscopy.
The micrographs show fractions of the magnetic bead surface and demonstrate magnetic isolation of exosomes pre-enriched from cell culture using ultracentrifugation (a), cell culture using precipitation (b), CELLine
using ultracentrifugation (c), or CELLine using precipitation (d). Arrows indicate exosomes on the surface of
magnetic beads. Bar, 200 nm

8. Incubated in cacodylate buffer containing 1.5 % Potassium ferricyanide and 1 % Osmium tetroxide for 1 h.
9. Incubate in 1 % tannic acid for 30 min at RT.
10. Incubate in 1.5 % magnesium uranyl acetate for 30 min at RT.
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11. Dehydrated the sample in 70 % ethanol for 10 min, 90 % ethanol
for 10 min, 96 % ethanol for 10 min and Absolute ethanol for
4 × 15 min.
12. Embed the samples in Epon.
13. Ultrathin sections are prepared using an ultramicrotome and
stained with lead citrate (see Note 23).
3.7.5 Western
Immunoblotting Analysis
of Pre-enriched Exosomes
from Cell Culture Prior
to Magnetic Isolation

1. 7.5 μL pre-enriched Exosomes (see Note 24).
2. 1.9 μL 5× RIPA.
3. 10 s of sonication.
4. Incubate for 15 min at 2–8 °C.
5. 9.4 μL 2× SDS lysis buffer with or without β-mercaptoethanol
to sample (see Note 25).
6. 1 μL Loading buffer with or without β-mercaptoethanol.
7. Incubate for 5 min at 95 °C (see Note 17).
8. Proceed with electrophoresis, Western immunoblotting and
labeling as described in Subheading 3.7.6.

3.7.6 Western Blotting
Analysis of Pre-enriched
Exosomes from CELLine
CL 1000/AD 1000 Prior
to Magnetic Isolation

1. 1 μL pre-enriched Exosomes (see Note 24).
2. 1 μL 2× RIPA.
3. 10 s of sonication.
4. Incubate for 15 min at 2–8 °C.
5. Add 2 μL 2× SDS lysis buffer with or without β-mercaptoethanol
to sample (see Note 25).
6. 0.5 μL Loading buffer with or without β-mercaptoethanol.
7. Incubate for 5 min at 95 °C (see Note 17).
8. Proceed with electrophoresis, Western blotting and labeling as
described in Subheading 3.7.6.

3.7.7 Ultrastructural
Analysis of Pre-enriched
Exosomes by Electron
Microscopy

Pre-enriched exosomes can be subjected to immunolabeling and
ultrastructural analysis using electron microscopy. The amount of
exosomes present, morphology, and the presence of surface markers can be investigated. The protocol is performed at RT on a clean
surface (Fig. 4) (see Note 26).
1. Adsorb exosomes by placing a carbon-coated copper grid to a
drop of pre-enriched exosomes (see Note 27) and incubate for
15 min.
2. Wash the grids briefly in PBS.
3. Move the grid to the blocking solution and incubate for
10 min.
4. Move the grid to a drop of primary antibody and incubate for
15 min.
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Fig. 4 Size comparison of exosomes pre-enriched using ultracentrifugation (a), cell culture precipitation (b),
and Integra CELLine CL 1000 precipitation (c). The size distribution is measured by the Nanosight® LM10
instrument. The profiles are essentially very finely segmented histograms, indicating the number of particles
per milliliter (in millions) for each size in bins of 1 nm increment from 0 to 1,000 nm. (d) Pre-enriched exosomes were transferred to glow discharged hexagonal copper grids and labeled with mouse anti-human CD81
or mouse anti-human CD63 (inset) followed by rabbit anti-mouse antibody and colloidal gold coated with
protein A (10 nm). Samples were stained with uranyl acetate and protected with methyl cellulose. Bar, 100 nm

5. Wash the grid on 4 drops of PBS for a total of 10 min.
6. If primary antibody is mouse origin move the grid to a drop of
rabbit anti-mouse secondary antibody for 15 min.
7. Wash grids on 4 drops of PBS for a total of 10 min.
8. Move the grid to a drop of protein A gold and incubate for
15 min (see Note 28).
9. Wash grids on four drops of PBS for a total of 15 min.
10. Wash grids on four drops of dH2O.
11. Move the grids to a drop of methylcellulose with 0.3 % uranyl
acetate and incubate for 15 min on ice (see Note 29).
12. Remove excess methyl cellulose and uranyl acetate (see Note 30).
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Notes
1. To find optimal signal titration dilution series of primary antibody is recommended. For targets with the similar size (kDa)
as heavy or light chain antibody TrueBlot® Ultra Ig HRP is
recommended (Rockland antibodies & assays).
2. It is recommended to use the most sensitive system available
for detection of small amounts of target proteins. Thermo
Scientific™ SuperSignal™ West Dura Chemiluminescent
Substrate is optimized for high sensitivity (mid-femtogram)
and long signal duration.
3. To ensure that the isolated exosomes originate from cells of
interest, including controls of medium with FCS alone is essential. FCS may contain exosomes that could contaminate the
cell derived exosomes. If contamination is a problem, exosome
depleted FCS should be used. An alternative is to grow the cell
line in the absence of FCS. Some cell lines can handle up to
12 h in media without FCS.
4. It is essential to have high cell viability to reduce the release of
apoptotic bodies.
5. Exosomes are contained in the pellet at the bottom of the tube
but not always visible. When using fixed angle rotor, it’s important to mark the tube’s position to retrieve the exosomes at the
“outer” part of the tube wall. For large scale pre-enrichment
24 mL of cell culture medium is mixed with 12 mL of Total
Exosome Isolation reagent. After incubation and centrifugation the pellet is dissolved in 500 μL PBS and transferred to a
new tube. In addition, 500 μL of PBS are added to the original
tube to collect any remaining exosomes and transferred to the
new tube. The pre-enriched exosomes are now in 1 mL PBS.
6. For short-term storage, exosomes can be left at 4 °C for up to
1 week. For long-term storage we recommend −80 °C. We
recommend to aliquot the exosomes into multiple tubes to
avoid freeze/thaw cycles, which may cause damage to the exosomes and reduce their numbers. Morphologically the
exosomes do not change upon storage at 2–8 °C. However,
changes in biological function might occur.
7. Exosomes, at 30–100 nm, are too small to be seen using a
regular microscope. There is a few options to determine the
concentration of exosomes in samples, e.g., the NanoSight and
Izon instruments. The Nanosight instrument enables counting
and sizing of nanoparticles (10–1,000 nm size) using light
scattering and browning motion, while the Izon instrument
accomplishes the same thing using nanopore analysis. Although
very different in methodology, both technologies allow one to
study particles at 10–1,000 nm in size.
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8. Maximum of 50 μL per 20 μL magnetic beads if sample is
prepared using the precipitation technique and maximum
100 μL per 20 μL magnetic beads if sample is prepared by UC.
9. The Dynabeads show linear capture efficiency up to 120 μg of
exosome input for exosomes pre-enriched with precipitation
measured by flow cytometry.
10. It is important to use tubes that allow proper mixing. V-Shaped
tubes are not recommended. The amount of Dynabeads used
during isolation depends on downstream application. For flow
cytometry few beads are used in order to ensure maximum
amounts of exosomes to dock onto the bead surface (same
apply for downstream electron microscopy). A maximum total
surface area for exosome docking is required for downstream
western blotting.
11. Good mixing is critical to successful exosome isolation.
12. For optimal binding of exosomes to the bead surface it is
recommended to incubate up to 21 h (reason for incubation
at 2–8 °C). Shorter incubation times can be applied if the
amount of exosomes pulled out of the solution is not critical.
13. To collect the sample after isolation, a short centrifugation step
is recommended using a bench top centrifuge.
14. In terms of volume of staining antibody it is recommended to
use the supplier recommendation for 1 × 106 target cells.
15. Start with approximately 25 μg of total protein. Maximum of
50 μL pre-enriched exosomes per 100 μL magnetic beads if
sample is prepared using precipitation technique and maximum 100 μL pre-enriched exosomes per 100 μL magnetic
beads if sample is prepared by ultracentrifugation. Estimation
of amount of protein can be performed by Micro BCA™
Protein Assay Kit (Thermo Scientific), qBit (Life Technologies),
or Bio-Rad protein assay.
16. More magnetic beads can also be added if complete exosome
depletion is required. The protocol can be scaled up by increasing volumes and reagents proportionally. To achieve greater
depletion of exosomes, increase the number of magnetic beads
by 2–25 times per 100 mL (final volume) of sample. In contrast
to flow cytometry that uses relatively few magnetic beads in order
to allow as many exosomes to dock onto each bead as possible,
the total bead surface provided is critical. A large total bead surface will ensure that a sufficient number of exosomes are docked
onto the bead surface to provide a strong signal for Western
immunoblotting. This translates into the use of more beads during immuno magnetic separation for downstream Western
immunoblotting compared to downstream flow cytometry.
17. Lower temperature might be tested if aggregation occurs.
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18. Exosome lysate with magnetic beads can also be loaded on the
gel. Magnetic beads will remain in the upper part of the gel
during electrophoresis. Some of the target can then be observed
at the top of the blot.
19. Such as 10 % or 12 % TGX SDS–polyacrylamide gels (Bio-Rad)
or NuPage Bis-Tris minigel (Life Technologies).
20. Other blocking solutions might be tested such as 5 % BSA in
TBS-T.
21. Presence of azide might inhibit the HRP reaction.
22. Magnetic beads with exosomes that have been exposed to
fixative (glutaraldehyde) need longer incubation time on the
magnet in order to collect the beads.
23. When contrasting Dynabeads coated with exosomes, lead
citrate might be excluded if the contrast is too strong. Iron
oxide grains can be seen as black spots evenly distributed
throughout the magnetic bead.
24. It is recommended to titrate the amount of exosome input in
order to find the optimal exosome input for the detection
system.
25. Many of the primary antibodies for labeling of tetraspanins (e.g.,
CD9, CD63, and CD81) require non-reducing conditions.
26. A clean surface can be obtained by using for example Parafilm.
27. Glow discharge carbon coated copper grids to improve adsorption by making the surface hydrophilic. The drop of preenriched exosomes can be as small as 5–10 μL. Cover the grids
during incubation with a lid to avoid any disturbance of the
grid.
28. For double labeling different sizes of protein A gold are used
(e.g., 5–20 nm).
29. In order to obtain the best possible contrast and resolution
several different solutions should be tested. (1) Aqueous uranyl acetate: A 1–3 % solution of uranyl acetate dissolved in
dH2O can be used to negatively stain many samples. The stain
has a low pH so this solution is not recommended for particles
that are unstable in acid conditions. (2) Neutral phosphotungstic acid: A 1–3 % solution of phosphotungstic acid is made up
in dH2O and the pH is adjusted to 7 using sodium hydroxide.
This is a useful stain for many samples but is especially good for
viruses that dissociate at low pH. The stain produces less contrast than the uranyl acetate. (3) Ammonium molybdate: Make
up a 1 % solution of ammonium molybdate in dH2O. This
solution has also been used to negatively stain thawed, thin
cryosections of fixed cells.
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30. Remove excess methyl cellulose and uranyl acetate by using a
filter paper and place the grid perpendicular to the filter paper.
Barely touch the grid to the filter paper and move the grid until
no methyl cellulose is removed. There should only be a thin
layer of methyl cellulose covering the exosomes on the grid.
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Chapter 28
Modified 2′-Ribose Small RNAs Function as Toll-Like
Receptor-7/8 Antagonists
Mouldy Sioud
Abstract
A subset of Toll-like receptors (TLRs) senses microbial nucleic acids in endosomal compartments.
Furthermore, under certain conditions TLRs can recognize self-RNAs leading to the induction and/or
perpetuation of inflammatory diseases. Recent studies have shown that the incorporation of modified
nucleotides into small interfering RNA suppressed unwanted immunostimulation. Interestingly, RNA harboring 2′-ribose modifications, particularly 2′-O-methyl not only evaded immune activation but also suppressed TLR signaling triggered in-trans by immunostimulatory RNAs. This new generation of TLR
antagonists may have utility as inhibitors of pathogenic inflammatory reactions mediated by TLR activation. Beyond their structural role, natural modifications in native eukaryotic RNAs may function as endogenous TLR antagonists as well. This chapter describes the characterization of short synthetic small RNAs
that suppress immunostimulatory activity in-trans.
Key words Suppressive oligonucleotides, RNA interference, siRNA, Chemical modifications,
Toll-like receptors, Innate immunity, Autoimmunity

1

Introduction
The recognition of pathogens by innate immunity is mediated by
host pattern recognition receptors (PPRs) that recognize a set of
conserved compounds, the so-called pathogen-associated molecular
patterns (PAMPs) [1]. Among the PRRs, Toll-like receptors (TLRs)
represent a unique system that links innate and adaptive immunity
[2, 3]. At present several ligands for distinct TLRs have been identified. For example, viral double-stranded RNA is recognized by
TLR3, lipopolysaccharide by TLR4, bacterial flagellin by TLR5,
viral single-stranded RNAs by TLR7 and TLR8, and bacterial and
viral DNA-containing unmethylated CpG motifs by TLR9 [1–4].
Although the activation of innate immunity via Toll-like receptors markedly enhances adaptive immunity, inappropriate control of
this natural defense mechanism is expected to contribute to chronic
disease progression ranging from autoimmunity to sepsis [5, 6].
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To regulate inflammation, immune cells use various counterregulative mechanisms including the production of immunosuppressive cytokines [7]. One potential therapeutic strategy for
limiting the activation of TLRs and the production of proinflammatory cytokines involves the use of suppressive RNA oligonucleotides. In this respect, we have shown that 2′-ribose modified RNAs
can block the production of proinflammatory cytokines triggered
by the activation of TLR-7/8 in human peripheral blood cells such
as monocytes and dendritic cells ([8, 9], see Chapters 1, and 19).
The tested 2′-O-methyl uridine modified RNAs abolished cytokine
response to immunostimulatory RNAs in human monocytes that
express TLR-8 and PBMCs that express TLR-7 and TLR-8.
Interestingly, the RNA containing 2′-O-methyl uridines inhibited
the activation of TLR-7 by different RNA sequences, indicating
that the observed antagonists’ effect is not sequence-dependent
[8]. This finding is also supported by the results showing a potent
antagonism with 2′-O-methyl modified RNAs as short as ten bases
in length (Fig. 1). In accordance with our results, Robbins and colleagues demonstrated that 2′-modified RNAs can also function as
TLR-7 antagonists [10]. This chapter describes the inhibitory
effects of 2′-modified RNAs on TLR-7/8 signaling in human
monocytes. Short synthetic RNA antagonists of TLR-7/8 were
also developed.
6000
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Fig. 1 A 10-mer 2′-O-methyl uridine modified RNA inhibited TNF-α production by
immunostimulatory RNAs. Human monocytes were transfected for 18 h with
unmodified 21-mer single-stranded RNA (21H) or with its 2′-O-methyl uridine
modified versions (Um), namely, 21-mer, 12-mer, and 10-mer. To test the immunosuppressive effects of the 2′-O-methyl modified RNAs on the activation of TLR-8 by
the unmodified 21-mer, monocytes were cotransfected with the unmodified
21-mer in combination with either the 21-mer Um, 12-mer Um, or 10-mer Um.
Subsequent to 18 h, TNF-α levels in culture supernatants were measured by
ELISA. All molecules were tested at 500 ng/mL. Shorter 2′-modified RNAs were
used in these experiments in order to define the part of the 21-mer oligonucleotide
that binds and inactivate TLR signaling (see Table 1). Notably, the 10-mer sequence
containing only five 2′-O-methyl modified uridines exhibited a strong inhibition of
TLR activation induced by the unmodified 21-mer parental RNA oligonucleotide.
The same results were obtained with PBMCs
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Materials

2.1 Isolation
of Mononuclear Cells

1. Buffy coat from healthy adult donors.
2. RPMI 1640 medium.
3. Complete RMPI 1640 medium: RPMI supplemented with
10 % fetal calf serum (FCS) and antibiotics (100 μg/mL penicillin, and 100 μg/mL streptomycin).
4. Lymphoprep™.
5. Pasteur pipettes.
6. Z1 Coulter Cell Counter.

2.2 Delivery of siRNA
into Human Monocytes
Using Cationic
Liposomes DOTAP

1. Unmodified and 2′-O-methyl uridine modified RNAs. See
Table 1.
2. N-[1-(2,3-Dioleoyloxy)propyl]-N,N,N-trimethylammonium
methylsulfate (DOTAP).
3. Transfection buffer: 20 mM HEPES, 150 mM NaCl, pH 7.4.
4. R-848, a synthetic ligand for TLR-7/8.
5. Human peripheral blood mononuclear cells (PBMC)
(see Note 1).
6. Human monocytes.

2.3

ELISA

1. Microplate reader.
2. Human TNF-α ELISA kit (see Note 2).
3. Coating buffer: 0.2 M sodium phosphate, pH 6.5. Dissolve
11.8 g Na2HPO4 and 16.1 g NaH2PO4 into 1 L distilled water
and then adjust pH to 6.5. Store at 2–8 °C.
4. Phosphate-buffered Saline (PBS): Dissolve 8 g NaCl, 1.16 g
Na2HPO4, 0.2 g KH2PO4, and 0.2 g KCl into 1 L distilled
water. Adjust the pH to 7.0 and autoclave.
5. Assay diluent: 10 % fetal calf serum (FCS) in PBS buffer.
6. Blocking buffer: 5 % FCS in PBS.

Table 1
RNA sequences used in this study
RNA

Sequence

21-mer RNA (27H)

5′-GUCCGGGCAGGUCUACUUUTT-3′

21-mer RNA 2′-O-Me U

5′-GUmCCGGGCAGGUmCUmACUmUmUmTT-3′

12-mer RNA 2′-O-Me U

5′-GGUmCUmACUmUmUmTT-3′

10-mer RNA 2′-O-Me U

5′-GGUmCUmACUmUmUm-3′
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7. Washing solution: 0.1 % Tween in PBS.
8. OptEIA TMB substrate reagent (BD Biosciences).
9. Stop solution: 2 M H2SO4.
10. 96-well EIA/RIA plates.

3

Methods

3.1 Isolation
of Peripheral Blood
Mononuclear Cells
(PBMCs)

1. Transfer the buffy coat into a 75-cm3 cell culture flask.
2. Add 50 mL RPMI and mix gently.
3. Carefully layer 20 mL of the diluted blood over 10 mL
Lymphoprep™ in a 50 mL Falcon tube. Alternatively,
Lymphoprep™ can be underlayered (see Note 3).
4. Centrifuge at 800 × g for 30 min in swing-out rotor.
5. Subsequent to centrifugation, the mononuclear cells form a
distinct band at the sample–medium interface.
6. Remove the cells from the interface using a Pasteur pipette.
7. Dilute the harvested cells with medium and pellet the cells by
centrifugation for 5 min at 800 × g.
8. Wash the cells twice with serum free RPMI 1640 medium or
sterile PBS.
9. Subsequent to washing, resuspend the cells in 50–100 mL
complete RPMI 1640 medium.
10. Dispense 50 × 106 cells per 25 mL complete medium into
75-cm3 cell culture flasks and then incubate at 37 °C for 1–2 h.
11. Carefully aspirate the medium and wash the adherent cells with
10 mL warmed RPMI 1640 complete medium.
12. Subsequent to washing, add 10–15 mL complete medium and
carefully harvest the cells by scraping.
13. Transfer the cells to 50 mL Falcon tubes, and then centrifuge
at 800 × g for 5 min.
14. Remove the supernatant, resuspend the cells in complete
RPMI 1640 medium, and then determine cell number.

3.2 DOTAP
Transfection of Small
RNAs

Mixing DOTAP with RNA results in spontaneously formed stable
complexes that can be added directly into the tissue culture
medium. We have recently demonstrated that small RNAs such as
siRNAs when delivered to the endosomes via DOTAP activated
TLR-7/8, resulting in the production of pro-inflammatory cytokines and type I interferon [11].
1. Prior to transfection, plate purified monocytes or PBMCs into
96-tissue culture plate at 1–2 × 105 cells/well/200 μl complete
medium and incubate at 37 °C for at least 1 h prior transfection.
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2. Mix in a 1.5-mL microcentrifuge tube, the desired concentration
of RNA (2–100 ng) and transfection buffer (1–8 μl) to yield the
desired RNA concentrations. For each concentration, the final
volume should not exceed 16 μl.
3. In a separate microcentrifuge tube, mix 2 μl of DOTAP and
8 μl transfection buffer.
4. Mix both solutions and incubate at room temperature for
15–30 min.
5. Subsequently, add the mixed solutions to the cells and carefully
rock the culture plate to ensure uniform distribution of the
DOTAP/RNA complexes (see Note 4).
6. In the case of competition experiments, mix TLR-7/8 RNA
agonists with 2′-modified RNA prior mixing with DOTAP
(see Note 5).
3.3

ELISA

1. The day of transfection, coat the desired number of wells with
100 μl/well of capture antibody.
2. Seal the plate and incubate overnight at 4 °C.
3. Aspirate the wells and wash two times with 200 μl/well with
the washing buffer. After the last wash, invert plate and blot on
absorbent paper to remove any residual washing buffer.
4. Add to each well 200 μl blocking buffer and then incubate the
plate at room temperature for at least 1 h.
5. Aspirate and wash the wells as in step 3.
6. Pipette 100 μl of each sample and standard into appropriate
wells and incubate the plate for 2 h at room temperature.
7. Aspirate and wash at least three times.
8. Add 100 μl of working detector to each well and incubate at
room temperature for 1 h. Protect from light.
9. Aspirate and wash five times.
10. Add 100 μl of the substrate solution to each well, and incubate
the plate for 10–30 min. Protect from light. If color change
does not appear uniform, gently tap the plate to ensure thorough mixing.
11. Add 50 μl of stop solution to each well and then read absorbance within 30 min using a microplate reader set to 450 nm
(see Note 6).
It should be noted that the antagonist effect of 2′-modified
RNAs was confirmed using microarray. As shown in Fig. 2, treatment of PBMCs with the 21-mer unmodified RNA (21-mer
U-OH) altered the expression of around 270 genes. In contrast,
co-treatment of the cells with the 2′-O-methyl uridine modified
RNA (21-mer Um) inhibited immune activation induced by the
unmodified RNA.
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Fig. 2 Global gene expression in monocytes in response to unmodified and modified 21-mer oligonucleotides.
The transcriptome changes after transfection with unmodified 21-mer (21H) alone or in combination with its
21-mer (Um) modified version were measured relative to DOTAP-treated cells using oilgo-microarrays. In
these experiments, cell pellets from two independent experiments were pooled before total RNA and probe
preparations. Two arrays (dye-swapped) were performed for each group. All molecules were tested at 500 ng/
mL. (a) Venn diagrams showing significantly (p < 0.001) upregulated and downregulated genes subsequently
to the treatments. Each circle represents one treatment protocol as indicated. The intersections give a number
of genes that are steadily differentially altered. (b) A cluster of 270 genes identified as differentially altered in
response to the unmodified 21-mer

4

Notes
1. Similar to monocytes, the same protocol can be used to
transfect human primary cells such as dendritic cells.
2. The OpEIA™ kit for human TNF-α contains a detailed protocol and the materials necessary for developing ELISA for
human TNF-α.
3. Avoid mixing of blood and Lymphoprep™.
4. The replacement of the culture medium prior to transfection is
not required in general, but may increase transfection efficiency, depending on the particular application.
5. Usually we incubate the cells with the DOTAP overnight.
However, incubation for only 6 h was found to be enough for
cytokine production and secretion into culture supernatants.
6. If wavelength correction is available, set to 540 or 570 nm. If
wavelength correction is not available, subtract reading at 540 or
570 nm from the reading at 450 nm. This subtraction will correct for optical imperfections in the plate. Reading made directly
at 450 nm without correction may be higher and less accurate.
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