Chapter 2
Synthetic Dicer-Substrate siRNAs
as Triggers of RNA Interference

Scott D. Rose and Mark A. Behlke

Abstract The first synthetic oligonucleotides used to suppress gene expression in
mammalian cells via RNA interference were 21-nucleotide (nt) RNA duplexes hav-
ing symmetric 2-nt 3'-overhangs and were designed to mimic the natural products
of Dicer processing of long RNA substrates. Synthetic RNA duplexes which are
longer than 23-nt length are substrates for processing by Dicer and can show
increased potency as artificial triggers of RNA interference, particularly at a low
concentration. Longer duplexes, however, can have variable cleavage patterns fol-
lowing Dicer processing which can adversely affect potency. Optimized synthetic
Dicer substrates are asymmetric duplexes having a 25-nt passenger strand and a
27-nt guide strand with a single 2-nt 3’-overhang on the guide strand and modified
bases at the 3'-end of the passenger strand. This modified design results in predict-
able patterns of Dicer processing and shows improved activity. The development of
this design strategy and use of Dicer-substrate RNAs to trigger gene suppression in
a variety of systems will be reviewed in this chapter.

2.1 Introduction

RNA interference (RNAI) is a highly conserved mechanism of gene regulation that
extends broadly across phyla [1]. RNAi encompasses two general mechanisms of
gene suppression, one where the target mRNA is degraded and a second where pro-
tein translation is inhibited [2, 3]. Both routes reduce levels of the protein product
made from the targeted gene. Translational suppression is typically mediated by
microRNAs (miRNAs), which form imperfect hybrids with the target mRNA [4].
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Degradative RNAI, on the other hand, is typically mediated by small interfering
RNAs (siRNAs), which form perfect or near-perfect hybrids with the target mRNA
[5]. There is substantial “cross talk” between the pathways, and miRNAs can lead
to mRNA degradation, and siRNAs can lead to translational suppression [6].

Endogenous siRNAs are symmetric 21-nt RNA duplexes having a 19-nt duplex
domain and 2-nt 3’-overhangs that are processed from longer double-stranded (ds)
RNAs by the endoribonuclease Dicer [7-9]. Dicer functions as a heterodimer with
a second RNA-binding protein, R2D2 in Drosophila or TRBP (the human
immunodeficiency virus transactivating response RNA-binding protein) in humans
[10-12]. Dicer is a large protein with multiple functional domains, including two
RNase H family nuclease domains, which perform substrate cleavage, and a PAZ
domain, which binds short single-stranded RNA overhangs [13, 14]. Binding of an
RNA overhang by the PAZ domain orients the substrate within Dicer. The first
nuclease domain is separated from the PAZ domain by a “connector helix,” which
determines the distance between the PAZ binding site and the cleavage site, which
is 21-22 bases for mammalian Dicer enzymes. Following cleavage, the nascent
siRNA remains associated with Dicer and TRBP. An Argonaute (Ago) family pro-
tein then associates with the complex, forming a functional RNA-induced silencing
complex (RISC) [15, 16]. The siRNA is transferred from Dicer/TRBP to the Ago
protein, where the siRNA is converted to single-stranded (ss) form by either cleav-
age/degradation of one strand or unwinding by a helicase activity [17-19]. The
ejected or degraded strand is called “the passenger strand,” and the retained strand
is called “the guide strand.” The guide strand directs the sequence specificity of all
subsequent gene suppression activity of the complex. Like Dicer, the Ago proteins
possess a PAZ domain which binds the 3'-single-stranded overhang of the siRNA
and orientates it within the complex [20]. There are four Argonaute proteins in
humans that perform different effector functions in RISC [21-24]. In particular,
Ago2 is an endoribonuclease which cleaves the target mRNA as directed by sequence
complementarity to the siRNA guide strand bound in RISC [25-27] and is the key
protein responsible for degradative RNAI.

The first generation of chemically synthesized siRNAs was designed to mimic
the natural products of Dicer, i.e., 21-nt RNA duplexes with 2-nt 3'-overhangs [28].
This design remains the dominant form of synthetic siRNAs in use today. During
the 10 years since this initial discovery, a variety of artificial designs have been
proposed to improve upon some aspect of the RNAi process, which were discussed
in a review by Chang and colleagues [29]. This chapter will review development
and use of Dicer-substrate siRNAs (DsiRNAs) as a trigger of RNAI.

2.2 Development of Dicer-Substrate siRNA Technology

Dicer is involved in RISC loading, so it is possible that using a synthetic RNA
duplex that is a substrate for Dicer and thus engages Dicer prior to RISC assembly
may show different properties as a trigger for RNAi rather than an RNA duplex that
mimics a Dicer product. This hypothesis was tested in a series of collaborative
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experiments performed in the laboratories of John Rossi at the Beckman Research
Institute of the City of Hope National Medical Center and at Integrated DNA
Technologies [30, 31].

2.2.1 Characterization of Synthetic Dicer-Substrate siRNAs

2.2.1.1 Duplex Length and Structure

A series of blunt-ended RNA oligonucleotide duplexes were tested for cleavage in
an in vitro dicing assay [30]. The synthetic dsSRNAs were incubated with recombi-
nant human Dicer, desalted, and subjected to electrospray ionization (ESI) mass
spectrometry. Duplexes as short as 23-nt length were cleaved to 21-nt length, and
duplexes from 23- to 30-nt length all showed efficient cleavage. Cleavage efficiency
decreased as length was extended to 35, 40, and 45 nts. Thus, synthetic RNA
duplexes can function as Dicer substrates, and the optimal length for in vitro dicing
was estimated to be in the 25-30-nt range.

The effect of duplex end structure was investigated, and Dicer cleavage occurred
whether the duplex had blunt ends, 5'-overhangs, or 3'-overhangs; however, func-
tional potency varied significantly with structure (see below). The effect of end
modification (i.e., the addition of non-nucleotide moieties) was investigated by
placing a bulky fluorescein group at the 5’-end, 3’-end, or both ends of each strand
of the duplex. 5'-modification was well tolerated, but dicing efficiency was mark-
edly reduced by the introduction of a single 3'-modification on either end of the
duplex. Cleavage was entirely blocked if the duplex was modified at both 3'-ends.
Functional potency in gene knockdown correlated with dicing efficiency. These
observations are consistent with a mechanism where the Dicer PAZ domain first
binds the substrate RNA at the 3'-end and then cleavage follows; any modification
of structure that interferes with 3'-end binding in these very short substrate RNAs
disrupts processing.

2.2.1.2 Optimized Design of Dicer-Substrate siRNAs

Functional potency of a series of anti-EGFP RNA duplexes was tested by transfec-
tion into EGFP-expressing HEK297 cells [30]. The length of the RNA duplexes was
varied from 21 to 30 nts, having either 5'-overhangs, 3'-overhangs, or blunt ends
[30]. All of the duplexes tested showed effective suppression of EGFP fluorescence
when used at a high concentration (50 nM), but only the longer duplexes showed
efficacy when the concentration used was reduced to subnanomolar levels (50—
200 pM). At this site, a 27-nt blunt duplex was the most potent compound tested,
and the EC, shifted from 20 nM for the 21-nt siRNA to 200 pM for the 27-nt blunt
duplex. A prolonged duration of silencing was also observed for the 27-nt duplex,
with detectable EGFP suppression increasing from 4 to 10 days; the increased dura-
tion of silencing may simply reflect the higher potency of the compound. Significant
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Fig. 2.1 Suppression of STATI expression. The ability of 21-nt siRNAs and 27-nt blunt dsRNA to
suppress STAT expression was studied at two sites. (a) STATI (NM_007315)-specific dSSRNAs were
transfected into HeLa cells at 1 nM or 0.1 nM concentration, and total RNA was isolated 24 h post-
transfection. RT-qPCR was performed on the STAT1 mRNA, and results were normalized to an inter-
nal HPRT1 control. (b) Sequences of the STAT 1-specific dSsSRNAs employed are shown with the 27-nt
duplexes aligned under the 21-nt siRNA. RNA bases are uppercase and DNA bases are lowercase

but less dramatic increases in potency were observed at other sites within the EGFP
gene and also within a set of dsSRNAs of varying length that targeted the Sjogren’s
syndrome antigen B (SSB) gene and the heterogeneous nuclear ribonucleoprotein
H1 (HNRNPHI) gene [30]. Thus, increased potency was observed using Dicer-
substrate siRNAs at multiple sites in three different genes in this study.

As the number of sites studied using this “first generation” blunt 27-nt design
was expanded, the situation become more complex. Inconsistent performance was
sometimes observed between sites such that some duplexes showed higher potency
in 27-nt blunt dSRNA form than in 21-nt siRNA form, others showed similar potency
between forms, while yet other sites showed higher potency in 21-nt siRNA form.
An example of this behavior is shown in Fig. 2.1, where functional potency of
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knockdown at two different sites in the STAT! gene are compared between a 21-nt
siRNA and two blunt 27-nt dsRNAs that overlap the 21-nt sequence. At site 1, one
of the two 27-nt blunt dsRNAs showed low potency, while the other showed high
potency, similar to a 21-nt siRNA at this site. At site 2, both of the 27-nt dsSRNAs
showed lower potency than the 21-nt siRNA.

To investigate these seemingly inconsistent results, an assay was developed at
Integrated DNA Technologies to study the products of Dicer processing of the syn-
thetic RNA duplexes, hoping to find some correlation between Dicer processing
patterns and functional potency. The synthetic dsSRNAs were incubated with recom-
binant human Dicer, desalted, and subjected to electrospray ionization (ESI) mass
spectrometry. Using these methods, single Dalton accuracy in mass measurement
was achieved, which, in most cases, permitted precise identification of the species
produced by Dicer cleavage [31]. It was found that blunt 27-nt substrate dSRNAs
were usually cleaved by Dicer into several products. Sometimes as many as five or
more different species were observed, which varied in size from 20 to 23 nts.
Furthermore, the precise pattern of cleavage could not be readily predicted from
sequence. Significant differences in potency are sometimes seen between siRNAs
that are shifted by as little as a single base along a target sequence; thus, small dif-
ferences in dicing patterns could account for large differences in observed potency.
These observations also imply that a direct comparison of potency between a blunt
27-nt dsRNA and the “cognate” 21-nt siRNA is really only possible if the dominant
21-nt siRNA produced by Dicer cleavage is identified by a mass spectrometry assay
(or other means). Without this information, there is no way to know which of the
possible 21-nt siRNAs that could potentially be cleaved from a 27-nt dsSRNA sub-
strate is the correct species to employ in a comparative study.

In summary, the mass spectrometry and functional studies discussed above indi-
cated that it was not possible to predict the potency of blunt 27-nt synthetic
dsRNAs; sometimes Dicer cleavage resulted in highly potent 21-nt siRNAs from a
substrate, and other times low potency species were produced. To improve on these
results, a thorough structure—activity relationship (SAR) study was performed where
duplexes of different length and design were studied for cleavage patterns and func-
tional potency with the goal of finding a dsSRNA substrate that gave predictable
results with Dicer processing.

The Dicer-substrate SAR studies identified a design that showed particular
promise [31]. The lead compound was an asymmetric dSRNA with a 25-nt sense
(passenger) strand and 27-nt antisense (guide) strand. This design has a single
3'-overhang which resides on the guide strand and is blunt at the other end; in addi-
tion, two DNA bases were placed at the 3'-end of the passenger strand. Dicer pro-
cessing of this substrate usually resulted in production of a single 21-nt siRNA
species which spanned from the original 3'-overhang in the substrate to a cleavage
point 21 bases away. Henceforth, this asymmetric 25/27-nt RNA duplex will be
called a “DsiRNA” (optimized Dicer-substrate siRNA). While it is not certain why
this design was so effective at encouraging uniform processing, the authors specu-
lated that the single 3'-overhang was bound by the Dicer PAZ domain which posi-
tions the substrate at a specific distance from the active endonuclease site, thereby
resulting in more uniform processing than was seen using blunt substrates where
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there is no 3’-overhang for PAZ binding. Further, the PAZ domain preferentially
binds RNA 3’-overhangs, and the inclusion of DNA bases at the 3'-blunt end may
further discourage PAZ binding at that end. These ideas are consistent with some of
the structural features and biochemistry of Dicer which were subsequently eluci-
dated [13, 14].

Note that an asymmetric 25/27-nt RNA duplex could be designed in two ways,
both of which overlap the desired target site and both of which are predicted to
produce the same final 21-nt siRNA after Dicer cleavage: one where the passenger
strand is 27 nt and one where the guide strand is 27-nt length. Both of these sub-
strate designs were tested at different sites in several genes using the mass spec-
trometry dicing assay, and it was verified that the same 21-nt siRNA was indeed
produced by Dicer processing from these two related but different substrates. For
convenience, the asymmetric 25/27-nt RNA duplex with the 27-nt sequence on the
guide strand was called the right (“R”) form (keeping with the convention that the
sense strand is “top,” the Dicer PAZ domain binds the single 3’-overhang on the left
side of the duplex, and cleavage proceeds to the right “R”). Conversely, the asym-
metric 25/27-nt RNA duplex with the 27-nt sequence on the passenger strand was
called the left (“L”) form (the Dicer PAZ domain binds the single 3’-overhang on
the right side of the duplex, and cleavage proceeds to the left “L”). In spite of the
fact that both forms result in the same 21-nt daughter siRNA species, very different
functional potencies were observed for actual knockdown of a target gene. The “R”
form was almost always more potent than the “L” form. An example of this interest-
ing observation is shown in Fig. 2.2, which is reprinted from Rose et al. [31]. A site
in EGFP was selected for study, and the potency of a 21-nt siRNA was compared
with “L” and “R” form asymmetric 25/27-nt RNA duplexes at the same site. The
duplexes were transfected into HEK293 cells that expressed EGFP, and fluorescence
was measured 24 h after transfection. The 21-nt siRNA and the “L” form 25/27-nt
duplex showed similar potency with around a 70% reduction in EGFP signal seen
using 2 nM duplex. In contrast, the “R” form 25/27-nt duplex showed much higher
potency, with almost 80% suppression of EGFP fluorescence signal seen at 200 pM;
EGFP fluorescence signal was nearly undetectable using a 2 nM concentration of
the “R” form duplex.

Using a luciferase-based assay where either a sense target or an antisense target
was cloned into the 3'-UTR of firefly luciferase, Rose and colleagues demonstrated
that the “L” and “R” forms of the 25/27-nt duplex exhibited differential loading of
the guide vs. passenger strands [31]. The 27-nt strand with the 3'-overhang gener-
ally shows a relative increase in RISC loading compared with the 25-nt strand.
Thus, the “R” form, where the 3'-overhang is on the guide (antisense) strand, gener-
ally shows higher functional potency for suppressing expression of the target gene
than does the “L” form, which has a loading bias in favor of the passenger strand.
These design features are schematically illustrated in Fig. 2.3. Interestingly, 3 years
later, a similar effect was reported for 21-nt siRNAs: use of an asymmetric design
with a single 3'-overhang on the guide strand improved loading of that strand and
increased functional potency [32]. A number of factors influence which strand of an
RNA duplex loads into RISC and functions as the guide strand and which strand is
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Fig. 2.2 “R” form duplexes are more potent than “L” form duplexes. (a) An EGFP expression
plasmid was transfected into HEK293 cells. Anti-EGFP or control dsSRNAs were transfected 24 h
later at the indicated concentrations. At 24 h post-transfection, relative fluorescence was measured
setting the control cultures at 100%. (b) The EGFP site | mRNA target sequence is shown at the
top with 21-nt and asymmetric 25/27-nt DsiRNAs aligned below. RNA bases are uppercase and
DNA bases are lowercase. “p” indicates a 5'-phosphate. Reprinted from Rose et al. [31] with per-
mission from Oxford University Press

ejected as the passenger strand. The primary feature contributing to loading bias
relates to thermodynamic end asymmetry [33-35]; it now appears that end structure
(3'-overhang vs. blunt) also plays a role [31, 32]. Interestingly, a recent report from
the Doudna group demonstrated that Dicer is integrally involved in strand selection
during RISC formation, lending additional credibility to the functional polarity
observed using Dicer-substrate siRNAs in the studies discussed above [36].

2.2.1.3 Functional Potency of DsiRNAs

A study was performed at the Bio-Rad laboratories by Eli Hefner, Teresa Rubio, and
colleagues to validate the performance of the newly optimized DsiRNA design [37].
A set of five genes were selected as targets, including ACTB, AKT1, RAFI, CDK2,
and TP53. For each gene, an asymmetric 25/27-nt DsiRNA targeting that gene and
the cognate 21-nt siRNA were compared for potency and duration of silencing.
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Fig. 2.3 Functional polarity is introduced by Dicer processing. Two forms of DsiRNAs are shown:
the “L” form duplex with the single 3'-overhang on the sense strand (S) and the “R” form duplex
with the single 3'-overhang on the antisense strand (AS). Sites of Dicer cleavage are indicated by
a gap in the sequence; R=RNA, D=DNA. A schematic image of Dicer showing the different
functional domains is overlaid on the dsRNA substrate, positioning the RNase III domains at the
staggered cut sites and the PAZ domain at the single 3'-overhang. The strand of the cleavage prod-
uct which is favored for loading into RISC as the “guide strand” is highlighted in bold, demonstrat-
ing how functional polarity could be introduced by differential positioning of the antisense strand
in Dicer between the “L” and “R” forms

Each RNA duplex was transfected into HeLa cells using the siLentFect™ cationic
lipid reagent at concentrations of 50 nM, 5 nM, 1 nM, and 100 pM. RNA was
extracted 24 h post-transfection, and RT-qPCR was performed to assess relative
knockdown of the target mRNA. In four of the five genes studied (ACTB, RAFI,
CDK2, and TP53), the DsiRNA showed higher potency than the cognate 21-nt
siRNA, especially at the lower doses. For the other target (AKT1), the DsiRNA and
siRNA showed identical potency. The dose response results for the anti-7P53
DsiRNA and siRNA are shown in Fig. 2.4a, and the sequences employed are shown
in Fig. 2.4c.

A comparison of the duration of silencing was also performed. The DsiRNA and
siRNA pairs were individually transfected into HeLa cells at 5 nM concentration,
and cultures were sampled at days 1, 2, 4, and 6 post-transfection. RNA was
extracted, and RT-qPCR was performed to assess relative knockdown of the target
mRNA. The results paralleled the dose-response data discussed previously, and, for
four of the five genes studied (ACTB, RAFI, CDK2, and TP53), the DsiRNAs
showed longer duration of silencing than their cognate siRNAs. For the other target
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Fig. 2.4 Comparison of potency of an anti-7P53 DsiRNA and the cognate siRNA. (a) An asym-
metric 25/27-nt DsiRNA and its cognate 21-nt siRNA targeting TP53 (NM_000546) were trans-
fected into HeLa cells at the indicated concentrations. RNA was isolated at 24 h post-transfection,
and RT-qPCR was performed to measure relative 7P53 expression levels normalized to an internal
control gene, GAPDH. NC=negative control. (b) The same DsiRNA and siRNA were transfected
into HeLa cells, and cultures were maintained for 1-6 days as indicated. RNA was isolated, and
RT-qPCR was performed to measure TP53 expression levels as before. (¢) Sequences of the
dsRNAs are shown; RNA bases are uppercase and DNA bases are lowercase. “p” indicates a
5'-phosphate. Adapted from Hefner et al. [37] with permission from the Association of Biomolecular
Resource Facilities (ABRF)
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(AKTI), the DsiRNA and 21-nt siRNA showed a similar duration of action. It is not
thought that the DsiRNA design conveys any specific benefit for duration of action;
rather, it appears that duration of action is largely dependent on the potency of the
silencing reagent and that for 4/5 of the cases studied here, the DsiRNAs were more
potent and therefore showed extended silencing over time. The time course of
silencing for the anti-7P53 DsiRNA and 21-nt siRNA are shown in Fig. 2.4b.

2.2.2 Chemical Modification of DsiRNAs

2.2.2.1 Chemical Modification and Nuclease Stability

Synthetic nucleic acids are readily degraded by nucleases present in serum and in
cells. In serum, the primary activity of concern is a 3'-exonuclease [38], whereas in
cell extracts endonucleases appear to play a greater role. Fortunately, antisense oli-
gonucleotides (ASOs), siRNAs, and DsiRNAs can be made using chemical
modifications which impart nuclease stability as well as improve their safety profiles
and general pharmacodynamic properties. Several comprehensive reviews of this
topic have recently been published, and readers are referred to these sources for
more details [39-41].

It is possible to heavily modify an RNA duplex so that it is almost completely
resistant to nuclease attack. Unfortunately, many of the modifications that convey
nuclease resistance also reduce the potency of the siRNA, presumably by altering
interactions with the various proteins that mediate RNAi in cells, such as Dicer and
Argonaute 2 (Ago2). In general, chemical modifications that impart nuclease resis-
tance either involve the internucleoside phosphate bonds or the sugar backbone of
the nucleic acid. The phosphorothioate modification (PS) substitutes sulfur for a
non-bridging oxygen in the phosphate internucleoside linkage. This conveys relative
resistance to many nucleases but can also make the oligonucleotide more “sticky” to
proteins and can significantly alter function in undesired ways [42]. While it is com-
mon practice to completely modify ASOs with PS bonds, this modification is usu-
ally used sparingly in siRNAs. SiRNAs with high PS content can perform poorly,
and altered interactions between the RNA and the protein machinery in RISC may
be implicated [43]. Selective incorporation of PS linkages near the ends of the duplex
and, particularly in the 3'-overhangs, helps protect these vulnerable sites and is a
modification strategy commonly used today [40]. Single-stranded RNA domains,
such as the siRNA 3'-overhangs, are highly susceptible to degradation. An inverted
dT base, PS bonds, or other modifications are often placed at this site.

Modification at the 2'-position of the ribose usually decreases the susceptibility
of the neighboring phosphate bonds to nuclease attack, and a wide variety of
2'-modified residues are routinely employed to modify siRNAs. In particular,
2'-O-methyl (2'-OMe) RNA is a naturally occurring chemical modification that is
found in mammalian tRNAs and rRNAs. This modification is relatively inexpen-
sive to incorporate into synthetic nucleic acids and has no known toxicity. Other
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2'-modifications in common use include 2’-fluoro (2'-F) or locked nucleic acids
(LNAs), which are a bicyclic nucleic acid with a methylene bridge linking the
2'- and 4'-positions in the ribose ring.

The 2’'-OMe modification can be placed in the sense strand, antisense strand, or
both strands of a siRNA [44—48]. Complete modification usually results in an inac-
tive siRNA, and use of alternating (or less) 2'-OMe groups is commonly employed.
Although not necessary, the 2’-OMe modification is often employed in conjunction
with other modifications, such as 2'-F residues. The 2'-F modification is not natural;
however, it appears to be generally safe to administer to cells or live animals and can
help stabilize siRNAs and improve function [49-52]. In particular, use of 2'-OMe
purines with 2'-pyrimidine residues can result in a highly stabilized siRNA with
improved performance in vivo [53, 54]. The relative potency of siRNAs having this
kind of extensive modification pattern shows sequence dependence and thus may
not work effectively at all sites. LNA modifications have an even greater impact on
structure and potency of siRNAs and thus are generally used sparingly as
modifications. Synthetic oligonucleotides that are heavily LNA modified can show
some hepatic toxicity in mice [55], although this effect appears to be sequence
dependent and some LNA-modified oligonucleotides are well tolerated [56-58].

The modification strategies discussed above were developed and validated using
21-nt siRNAs. Longer dsRNAs, such as DsiRNAs, appear to naturally show greater
resistance to nuclease degradation than short siRNAs [59, 60]. This may in part be
due to the higher thermodynamic stability seen for longer duplexes, which may limit
the amount of transient single-stranded character in AU-rich regions that are more
susceptible to attack by endogenous endoribonucleases, such as RNase A [61]. The
same modification strategies employed in 21-nt siRNAs can generally be directly
applied to DsiRNAs, except that a small internal domain needs to remain unmodified
for Dicer cleavage to occur (the only kind of nuclease attack that is actually desired).
It is possible to synthesize DsiRNA duplexes that show high levels of serum stability
while retaining the ability to be processed by Dicer. A structural map of the different
functional DsiRNA domains is schematically shown in Fig. 2.5. In this figure, the top
strand is the passenger strand, and sequence to the left of the Dicer cleavage site
comprises the final 21-nt siRNA. This region can generally be modified in ways
similar to other synthetic 21-nt siRNAs, as described above. Sequence to the right of
the Dicer cleavage site can also be modified; note that this short sequence is dis-
carded and is not part of the final product that enters RISC. As shown in Fig. 2.5, the
favored site to add bulky end modifications to a DsiRNA is at the 3'-end of the pas-
senger strand (labeled “ligand”); modifications can also be added to the 5'-end of the
guide strand. Using this approach, a bulky modifying group such as a fluorescent dye
or ligand that may aid delivery (such as cholesterol, cell-penetrating peptides, etc.)
can be attached to the RNA duplex in a way that it is “disposable”; any group con-
nected to this end is cleaved off the DsiRNA and discarded and so does not remain
on the mature siRNA and thus does not enter RISC and cannot affect RISC loading.

Collingwood and colleagues reported a systematic survey of various modification
patterns in DsiRNAs, focusing on the use of the 2’-OMe and 2'-F modifications
[62]. The initial survey was performed at a site in the human STAT] gene (corre-



42 S.D. Rose and M.A. Behlke

Dicer-cleavage Domain
do not modify

Disposable
siRNA Domain End-Domain
modifications modifications
permitted permitted

| {_A_\
[ |
57 RRRRRRRRRRRRRRRRRRRRRRRdd-Ligand
3’ RRRRRRRRRRRRRRRRRRRRRRRRRRR

i Dicer cleavage

57 RRRRRRRRRRRRRRRRRRRRR

3’ RRRRRRRRRRRRRRRRRRRRRp +

DR R
q
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case and DNA bases are lowercase; “p” indicates a 5'-phosphate

sponding to the STAT1 site 2 shown in Fig. 2.1). Like 21-nt siRNAs, some of the
more heavily modified duplexes showed significant impairment of functional
potency, while less highly modified patterns remained potent. 2'-OMe modification
of the sense and/or antisense strands in the “siRNA Domain” (Fig. 2.5) in an alter-
nating pattern was particularly effective, and this approach to modification was also
shown to work well at additional sites in the human HPRTI, mouse F3, and EGFP
genes. The mass spectrometry dicing assay was used to examine processing of a set
of anti-HPRTI-modified DsiRNAs, and as long as the modifications did not extend
into the Dicer-cleavage domain, the expected siRNA products were made following
in vitro dicing. Further, DsiRNAs modified with only 11 2'-OMe residues on the
antisense strand showed a significant improvement in stability when incubated in
serum compared to unmodified 21-nt siRNAs or 25/27-nt DsiRNAs. While this
simple modification pattern is often effective, it can impair potency in a sequence-
specific fashion at some sites, so additional optimization of the precise placement of
modified bases can be beneficial.

Nishina and colleagues described use of a modified asymmetric 27/29-nt DsiRNA
to suppress Apob expression in mouse liver [63]. 2’-OMe RNA residues and PS
bonds were placed at optimized locations in the sense and antisense strands, avoid-
ing modification of the Dicer cleavage domain. Vitamin E (a-tocopherol) was
attached to the 5'-end of the antisense strand via a phosphate linkage. The sequence
and modification pattern of this compound are shown in Fig. 2.6. The modification
pattern employed six 2'-OMe residues and a single PS bond in the sense strand and
nine 2'-OMe residues with five PS bonds in the antisense strand and achieved
sufficient stability to be used via direct naked intravenous injection in mice. The
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5 GUCAUCACACUGAAUACCAAU| GC U GG*A 37
3’ C*A*CAGUAGUGUGACUUAUGGUUA*CG*A*CC U-VitE 5’

Fig. 2.6 Chemical modification pattern of an anti-Apob DsiRNA. Sequence of a modified DsiRNA
targeting the Apob gene (NM_009693) is shown [63]. RNA bases are uppercase and 2’-OMe RNA
bases are underlined; “asterisk” indicates a PS (phosphorothioate) internucleotide linkage. Vitamin
E (a-tocopherol) was attached to the 5'-end of the antisense strand via a phosphate linkage. The
sites of Dicer cleavage are indicated

vitamin E group is a lipid-soluble antioxidant vitamin that can gain entry to all
mammalian cells. Similar to cholesterol, vitamin E associates with serum lipopro-
teins; the SCARBI1 scavenger receptor and LDL receptor are involved in cellular
uptake [64]. By attaching vitamin E to the 5'-end of the antisense strand of a
DsiRNA, the ligand became part of the disposable “end domain” of the DsiRNA,
which is cleaved off of the RNA duplex and does not remain attached to the mature
siRNA and, therefore, poses no risk to interfere with RISC entry. Apob mRNA lev-
els were reduced by 80% at a dose of 32 mg/kg using this approach.

Kubo and colleagues studied modification of the ends of DsiRNAs with an ali-
phatic amino modifier and found that addition of this simple group could improve
stability and potency of an otherwise unmodified duplex [65]. In particular,
modification at the 3'-end of the sense strand had favorable effects. Consistent with
the earlier finding reported by Kim [30], placement of a single modifying group at
the 3'-end of the antisense strand impaired Dicer processing, while modification of
both of the 3'-ends prevented Dicer cleavage. This group also conjugated palmitic
acid (C16) at the 3'-end of the sense strand, a location that permits removal of the
ligand so the modifier is not present in the mature 21-nt siRNA following Dicer
processing (see Fig. 2.5). The 3'-palmitic acid modification led to additional stabi-
lization of the duplex, and an otherwise unmodified DsiRNA survived 48-h incuba-
tion in 10% fetal calf serum. Addition of the C16 aliphatic chain also promoted
naked delivery of the modified DsiRNA to HeLa cells in tissue culture when used at
a relatively high dose (200 nM).

2.2.2.2 Chemical Modification and Immune Stimulation

The mammalian innate immune system employs a fixed repertoire of receptors
which recognize structures that are usually associated with pathogens (pathogen-
associated molecular patterns or PAMPs), such as bacterial flagella or bacterial
lipopolysaccharide. The innate immune system is also capable of recognizing
nucleic acids, including single-stranded and double-stranded RNA (ssRNA,
dsRNA); this system probably evolved as a fast-response pathway to viral infection.
Several members of the Toll-like receptor family (TLRs) recognize RNA, such as
TLR3 which binds dsRNA and TLR7 and TLR8 which bind ssRNA. TLR3, 7, and
8 primarily reside in endosomal compartments which limits their contact with
endogenous RNAs, helping to limit the risk of an autoimmune response. Further,
these receptors preferentially recognize unmodified RNA. RNAs bearing several



44 S.D. Rose and M.A. Behlke

modifications that are common in mammalian cells, such as 2'-OMe RNA, pseudou-
ridine, and others, typically help the RNA molecule avoid detection [66]. In fact,
2’-OMe RNA is a competitive inhibitor of TLR7 and can block recognition of
unmodified RNAs by this receptor, even in trans [67]. Thus, employing the 2'-OMe
RNA modification, even in only one strand, can block recognition of a siRNA by
TLR7. Other 2'-modifications, such as 2'-F and LNA, also help avoid immune
detection. Additional sensors exist in the cytoplasm that can also trigger a response
to foreign RNAs, such as PKR, OAS, RIG-I, and MDAS. Many mammalian cells
that have adapted to growth in cell culture have lost the ability to respond to foreign
nucleic acids; however, the risk of triggering an immune response in vivo, where all
cell types are present, is quite high. Strategies to evade immune detection are essen-
tial to all methods that use synthetic nucleic acids in mammals, including siRNAs.
The reader is referred to some excellent recent reviews on this topic for more
information [68, 69].

Like all synthetic RNAs, DsiRNAs can trigger an unwanted immune response
when introduced into mammalian cells. In fact, long RNAs are generally more
potent at stimulating an immune response than are short RNAs. Thus, there was
initially some concern that dsSRNAs in the 27-nt length range would present a greater
risk for triggering immune responses than traditional short siRNAs. In support of
this idea, Reynolds and colleagues studied the ability of different dSRNAs to trigger
immune responses in a variety of cell types and found that cell type, the length of
the synthetic RNA, and method of delivery were all contributing factors to immune
stimulation and other off-target effects [70, 71]. Reynolds studied blunt 27-nt dsSRNAs
and found that these structures showed a significantly higher propensity to trigger
immune responses in several cell types than 21-nt siRNAs (with a 2-base 3'-over-
hang on both ends). However, it later became evident that end structure is an addi-
tional important feature to consider in triggering immune responses. Marques and
colleagues reported that transfection of 27-nt dsSRNAs with 3'-overhangs on both
ends into T98G glioblastoma cells did not trigger an immune response while use of
blunt 27-nt dsRNAs resulted in a brisk immune response [72]. The optimized
DsiRNA design (asymmetric 25/27 nt with a single 3'-overhang on one side and a
blunt end with two 3'-DNA bases on the other end) was a relatively weak immune
trigger. Collingwood and colleagues further demonstrated that addition of 2'-OMe
residues to the optimized asymmetric 25/27-nt DsiRNA design prevented stimula-
tion of interferon-o. (IFN-av) secretion from human peripheral blood mononuclear
cells (PBMCs) [62]. PBMCs are considered a sensitive cell population to employ
when testing the potential for a synthetic nucleic acid to trigger an immune response
as PBMCs are a mixed population of cells which comprise a wide variety of normal
immune-competent white blood cells. Using cationic lipid-mediated transfection,
unmodified 21-nt siRNAs and 25/27-nt DsiRNAs both stimulated significant levels
of IFN-a. secretion in human PBMCs, whereas 2'-OMe-modified versions of the
same sequences did not. Thus, the combined use of chemical modification and opti-
mized end structure enabled safe use of 25/27-nt DsiRNAs.
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2.3 Studies Using DsiRNAs In Vivo

Many studies have been published that employ siRNAs in animals. The scientific
issues involved in conducting in vivo RNAI studies in mammals and overviews of
significant articles in this rapidly growing field have been well covered in recent
reviews [73, 74]. Some recent successes using DsiRNAs in vivo will be discussed
below. The in vivo studies discussed herein are summarized in Table 2.1.

Like all classes of synthetic dsRNAs, delivery is the most significant hurdle to
widespread use of DsiRNAs in vivo. While the systemic effects associated with
intravenous injection are often desirable, local administration is usually easier to
perform and suffers from fewer toxicity issues. Several studies have been performed
with DsiRNAs using local delivery, including intraperitoneal (IP) and intrathecal
(IT) routes of administration. Amarzguioui and colleagues described methods to
deliver DsiRNAs using an inexpensive commercially available cationic lipid in mice
via IP injection [85]. It was observed that the lipid TransIT-TKO™ was particularly
effective in delivering DsiRNAs into macrophages, both in cell culture and in vivo.
The peritoneal cavity is a reservoir for monocyte lineage cells, and IP injection
offers an opportunity to easily introduce DsiRNA reagents into this cell population
via local administration. Immune cells like macrophages are mobile: the transfected
macrophages can be recruited to sites of inflammation outside of the peritoneum,
thereby achieving systemic effects using a local administration strategy.

Lundberg, Cantin, and colleagues employed this strategy to suppress production
of tumor necrosis factor alpha (TNF-o) by macrophages during acute herpes sim-
plex virus (HSV) infection in the mouse central nervous system (CNS) [75]. Studies
were performed in C57BL/6, a strain of mice that normally survives herpes enceph-
alitis (HSE). TNF-a is an important factor in the resistance of this strain to HSE,
and C57BL/6 mice that are double knockouts for the two known TNF receptors
(p557"-, p757") show increased fatality following HSE. Mice were administered the
anti-Tnf DsiRNA DsiRNA complexed with the cationic lipid TransIT-TKO™ as a
single 2 pg dose (0.1 mg/kg) in 200 pL volume by IP injection immediately prior
to infection with HSV, then received five additional doses of 4 pg (0.2 mg/kg) on
days 1, 2, 4, 6, and 8 [for a total of six doses with a total cumulative dose of 22 ug
(or 1.1 mg/kg) of the DsiRNA]. Surprisingly, suppression of TNF-a production
using an anti-7nf DsiRNA resulted in significantly increased mortality rates, sug-
gesting that the presence of TNF-a somehow alters the pathophysiology of HSE
even in the absence of the two known TNF receptors. The mechanism of this unex-
pected observation remains under investigation. In this case, it is not believed the
IP administered DsiRNA directly entered the mouse CNS. Rather, the DsiRNA
were taken up by macrophages, which were subsequently recruited by the
inflammatory process ongoing in the brain due to the HSV infection, thereby
achieving CNS effects from IP administration of a compound that normally cannot
cross the blood brain barrier (BBB).

Lundberg, Cantin, and colleagues later used this same system (IP injection of
anti-Tnf DsiRNA complexed with TransIT-TKO™ to transfect macrophages) to
alter the course of fatal hepatic necrosis during endotoxin-induced “toxic shock™
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[76]. Bacterial lipopolysaccharide (LPS) binds the receptor TLR4 and triggers
release of a number of pro-inflammatory cytokines, including large amounts of
TNF-a by macrophages. The “cytokine storm” induced by LPS can lead to hypoten-
sion, shock, and death. One early sign of the severity of this shock state is hepatic
necrosis. Mice were administered the anti-7Tnf DsiRNA complexed with TransIT-
TKO™ as a single 5 pg dose (0.25 mg/kg) in 200 pL volume by IP injection imme-
diately prior to injection of the low dose LPS/D-GalN cocktail. Downregulation of
TNF-a production by peritoneal mononuclear cells following this treatment reduced
the magnitude of liver damage and delayed mortality. This study again demon-
strated the ability to achieve systemic effects in an inflammatory disease state using
IP administration of a DsiRNA targeting a cytokine expressed in macrophages.

Howard, Kjems, and colleagues employed this same strategy to treat collagen-
induced arthritis (CIA) in mice [77]. In this case, a novel chitosan-based nanopar-
ticle delivery system was employed [86]. The chitosan nanoparticles employed in
this study exhibit a net positive charge that may lead to serum-induced aggregation
after I'V injection but are ideal for use with IP injection and are efficiently taken up
by peritoneal macrophages. TNF-a secreted by macrophages is an important factor
in the development and pathophysiology of inflammatory arthritis, and anti-TNF-o
antibodies are presently employed to treat rheumatoid arthritis. Mice were immu-
nized with an anthrogen-CIA collagen emulsion and displayed the onset of arthritis
within 28-35 days postinjection, at which point DsiRNA treatments were initiated.
Mice received either 5 pg of chitosan-complexed unmodified anti-7nf DsiRNAs or
control DsiRNAs (0.25 mg/kg) or 2.5 pg of chitosan-complexed 2'-OMe-modified
anti-Tnf DsiRNA (0.125 mg/kg) in 200 pL volume by IP injection on days 1, 3, 5,
7, and 9. Arthritis scores were measured, and joints were examined by histopathol-
ogy. Suppression of TNF-o by IP administration of an anti-7nf DsiRNA reduced
joint swelling, and mice receiving this treatment showed minimal erosion of the
articular surfaces of affected joints, while control mice showed severe cartilage
destruction. Overall, use of 2'-OMe-modified DsiRNAs showed the most effective
biological responses.

The same group used the chitosan-based nanoparticle delivery system to treat
radiation-induced fibrosis (RIF) in mice using the IP administration route [78]. RIF
arises from damage and scarring within tissue exposed to high levels of ionizing
radiation and is characterized by reduced mobility, strictures, pain, and even tissue
necrosis. Morbidity from RIF can limit the dose of radiation that can be adminis-
tered in the treatment of various cancers, and methods to reduce or prevent RIF
would have significant value. There is some evidence to suggest TNF-a plays a
potentially significant role in this disease. The hind limbs of mice were given a
single 45-Gy dose of gamma radiation. Chitosan-complexed unmodified control or
anti-Tnf DsiRNAs were administered at a dose of 5 pg (0.25 mg/kg) in 200 puL
volume by IP injection for a varying periods of time, given 2 days prior to irradia-
tion, 1 day post-irradiation, and biweekly thereafter. Mice receiving anti-Tnf
DsiRNA therapy for <3 weeks all developed RIF, whereas none of the mice that
received continuous therapy for 3 weeks or longer developed RIF. All mice
that received the scrambled control DsiRNA developed RIF. This work suggests
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that intervention of TNF-a production is a valid therapeutic approach to prevent the
development of RIF during antitumor therapy.

Two groups have employed the cationic lipid iFECT™ to deliver DsiRNA into
the CNS via IT injection. The BBB presents an obstacle for delivery of large mol-
ecule compounds to the CNS using IV injection; direct injection into the CNS is the
most direct solution to this problem. Dore-Savard and colleagues used anti-Ntsr2
DsiRNAs to study the function of neurotensin receptor 2 (a GPCR) in thermal noci-
ception in rats [79]. Ntsr2 mediates analgesia, and administration of the synthetic
neurotensin-2 agonist JMV-431 reduces perception of pain. Downregulation of the
Ntsr2 receptor by anti-Ntsr2 DsiRNAs should block the expected analgesic effects
following JIMV-431 administration. The anti-Ntsr2 DsiRNAs were given as two IT
injections at spinal levels L5/6 1 day apart using a dose of 1 pg in iFECT™
(0.005 mg/kg). The neurotensin agonist JMV-431 was administered daily at days
1-4 following the DsiRNA injections, and the rats were studied for nociceptive
behavior using the thermal tail-flick test. Analgesic effects from the JMV-431 were
absent on days 1 and 2 and slowly returned to baseline over the next several days.
Reductions in both Ntsr2 mRNA and protein were observed, consistent with an
RNAi-mediated suppression of Ntsr2 gene expression.

LaCroix-Fralish and colleagues studied function of the 3 subunit of the Na*—
K*-ATPase pump (Afp1b3) in the pain response to formalin footpad burns in mice
[80]. The mouse strain C57BL/6 shows a higher pain response in this test compared
to the A/J strain. Traditional genetic approaches and QTL analysis had previously
implicated the Afp1b3 gene as possibly being involved in this interstrain variability;
however, no role for this gene in nociception had ever been demonstrated. Anti-
Atp1b3 DsiRNAs formulated in iIFECT™ were given by IT injection at a dose of
0.5 pg (0.025 mg/kg) once a day for 3 days, and the mice were, thereafter, studied
for pain responses to formalin footpad injection. Mice given the anti-Atplb3
DsiRNA showed similar pain responses between strains. Within the control DsiRNA
cohort, the C57BL/6 mice showed higher sensitivity than the A/J mice (i.e., a wild-
type response was seen). These results confirmed a role for Afp/b3 in nociception
in the mouse spinal cord.

Sato and colleagues used symmetric 27/27-nt Dicer-substrate siRNAs (with a
2-nt 3'-overhang on both ends) to treat hepatic cirrhosis in rats using a targeted
liposomal delivery system [81]. It is thought that collagen production by the hepatic
stellate cells is crucial to development of hepatic cirrhosis following acute or chronic
injury. Targeted liposomes were made using the Lipotrust lipid reagent system con-
jugated to vitamin A as a means to facilitate delivery to the stellate cells. Symmetric
Dicer-substrate siRNAs targeting the collagen chaperone heat shock protein 47 gene
(Serpinhl, gp46) were administered IV at doses up to 0.75 mg/kg three times
weekly. This treatment, in contrast to control reagents, reduced collagen production
by the stellate cells and prevented fibrosis in several different models of acute cir-
rhosis, including bile duct ligation and chemical injury with dimethylnitrosamine or
carbon tetrachloride.

Kortylewski and colleagues described use of a novel method to improve delivery
of DsiRNAs to cells expressing TLR9 known to bind “CpG-motif” DNA (an unm-
ethylated cytosine—guanine dinucleotide) [82]. TLRO is expressed by some immune
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cells, such as plasmacytoid dendritic cells and B cells. Mice also express TLR9 on
myeloid dendritic cells and monocytes. Like the RNA-binding receptors TLR3, 7,
and 8, TLRY primarily resides in the endosomal compartment. A DsiRNA targeting
Stat3 was conjugated to a phosphorothioate-modified single-stranded DNA sequence
termed CpG 1668, a known potent class B TLR9 agonist [87]. Stat3 expression is
increased in some tumors where it promotes cell division and tumor growth. It also
reduces local immune responses to the tumor, thereby further aiding tumor survival.
Thus, suppressing Stat3 could be beneficial and reduce tumor cell survival by sev-
eral mechanisms. The anti-Stat3+CpG DsiRNAs were taken up by cells into the
endosomal compartment via a TLR9-independent mechanism. Cells lacking TLR9
did not show any gene suppression effects. For cells expressing TLR9, some frac-
tion of the material escaped into the cytoplasm and led to suppression of Staz3. This
reagent was used to treat mice bearing subcutaneous implants of syngeneic B16
melanoma cells. Direct peritumoral local injections of the anti-Stat3+CpG DsiRNAs
were performed in the tumor nodules at a dose of 0.78 nmol per injection (20 pg, or
~1 mg/kg). After three daily injections, significant regression of the B16 tumor
implants was observed. Next, B16 tumor cells were injected IV, and the growth of
pulmonary nodules was measured over time (an established method to mimic the
behavior of metastatic melanoma). The anti-Star3+CpG DsiRNAs were adminis-
tered IV at a dose of 0.78 nmol per injection (20 pg, or ~1 mg/kg). The intravenous
injections were given every other day for 2 weeks and led to a significant reduction
of both the size and number of B16 implants detectable in the lungs of mice receiv-
ing the anti-Stat3 therapy but not in the control mice. Another example for ligand-
mediated delivery, Nishina and colleagues used direct IV injection of a highly
modified anti-Apob DsiRNA conjugated to vitamin E (o-tocopherol) to reduce
expression of apolipoprotein B in liver and reduce serum cholesterol levels [63].
Refer to discussion in Sect. 2.2.2.1 for additional details.

Aptamers are highly structured nucleic acid molecules which form conforma-
tions that can bind a target ligand with high affinity and specificity, much like anti-
bodies. Aptamers can be conjugated to other compounds to facilitate targeted
delivery. For more information, see recent review articles by Thiel [88], Zhou [89],
and Syed [90]. Aptamers have been employed to facilitate delivery of DsiRNAs
both in vitro and in vivo.

Zhou and colleagues developed an aptamer specific for the HIV-1 gp120 protein
expressed on the surface of HIV-infected cells [91, 92]. This anti-gp120 aptamer
was fused to a DsiRNA specific for the HIV tat/rev gene. The chimeric aptamer—
DsiRNA molecule was synthesized by in vitro transcription (IVT) using 2'-F pyrim-
idine bases to improve nuclease stability, thereby permitting use of the fusion
construct in serum without the necessity for additional protection. The aptamer
component was shown to target HIV-infected cells and facilitate DsiRNA uptake.
Following uptake, the aptamer and DsiRNA are separated by Dicer processing to
liberate an active 21-nt siRNA that directs suppression of the HIV fat/rev gene. Neff
and colleagues studied use of the gp120-aptamer anti-fat/rev DsiRNA fusion mol-
ecule to suppress HIV infection in a humanized mouse immune system [83]. The
humanized Rag2”yc™~ (RAG-hu) mouse is a rodent model system that allows the
study of sustained chronic HIV infection. Over time, infected mice show declining
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CD4* T cell numbers similar to what is seen in human HIV infection. The gp120-
aptamer anti-fat/rev DsiRNA fusion molecule was administered intravenously to the
RAG-hu mice at a dose of 0.25 nmol (0.38 mg/kg) given as daily injections for
2 days followed by weekly injections for 4 weeks. Mice were monitored for HIV
titers and CD4* T cell counts during therapy and for 3-9 weeks after treatment
ended. The anti-gp120 aptamer alone lowered viral titers; however, the DsiRNA
fusion construct showed the highest efficacy, reducing HIV titers by several logs
and preventing the decline of CD4* T cells. The beneficial effects persisted for sev-
eral weeks following the last dose. Zhou and colleagues employed the same anti-tat/
rev DsiRNA in RAG-hu mice with a poly(amidoamine) (PAMAM) dendrimer-
based nanoparticle to facilitate delivery [84]. DsiRNAs specific for HIV host factors
CD4 and TNPO3 were also employed. The DsiRNA/dendrimer particles were
administered IV at a dose of 0.25 nmol (DsiRNA) given as daily injections for
2 days followed by weekly injections for 4 weeks. Similar to earlier results using
aptamer-based delivery, IV administration of the anti-fat/rev DsiRNA in HIV-
infected humanized mice resulted in a significant reduction of viral titers. The most
promising results were obtained using a cocktail of all three DsiRNAs: an anti-tat/
rev plus anti-CD4 plus anti-TNPO3 DsiRNA mix. The PAMAM dendrimer nano-
particles were shown to accumulate in PBMCs and the liver without evidence for
toxicity.

2.4 Future Perspectives

Development of nucleic acid-based drugs to treat human disease is an area receiving
considerable attention today. RNAi-based therapeutics are currently under develop-
ment by a number of biotechnology and pharmaceutical companies. Recent reviews
by Davidson [93] and Burnett [94] provide a comprehensive overview of human clini-
cal trials that have been completed or are in progress as of mid-2011. Dicerna
Pharmaceuticals (Watertown, MA, USA) is specifically focusing on use of DsiRNA as
a platform technology for drug development. Working in partnership with the Japanese
pharmaceutical company Kyowa Hakko Kirin, oncology and immunological/
inflammatory diseases are current areas of focus. DsiRNAs have not yet been used in
humans; however, DsiRNA drug development is proceeding forward, and it is hoped
that some of the lead compounds will enter clinical trials in the not too distant future.

The DsiRNAs that move forward as therapeutic candidates will likely be more
highly modified than the compounds described in this chapter. In particular, more
extensive use of nuclease stabilizing groups such as 2'-OMe RNA will be employed
with modification of both the sense and antisense strands while still leaving an
unmodified Dicer cleavage site available (Fig. 2.5). Increasing the degree of
modification will improve half-life of the compounds and reduce risk of immune
stimulation. Given the known effects that sequence context has on which precise
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modification patterns are tolerated, it is likely that individual modification patterns
will be optimized for each clinical candidate rather than using a simple “one size fits
all” universal modification approach.

It is possible to suppress the expression of any desired gene using existing RNAi
methods in vitro. The single greatest impediment to widespread adoption of in vivo
use of these reagents for both research and medical applications is the availability of
effective delivery tools capable of carrying a highly charged anionic RNA duplex
across the cell membrane and deliver it intact in an active form to the cytoplasm
with low toxicity. A wide variety of delivery tools are under development which
may enable use of dsSRNAs as drugs. These methods and chemical compositions
have been the subject of numerous excellent reviews in recent years, and the reader
is referred to these sources for additional details [88, 95—105]. There is no reason to
believe that 21-nt siRNAs and 27-nt DsiRNAs will show any difference in their
relative efficiency of delivery using cationic lipid or polyplex nanoparticles, so the
same tools should be readily applied across both platforms. The DsiRNA platform,
however, may offer some advantages when used with some other delivery technolo-
gies. For example, it is possible to covalently conjugate carrier molecules to
DsiRNAs so that the modifier is removed by Dicer processing and does not remain
attached to the final mature 21-nt siRNA that actually enters RISC (e.g., at the 3'-
end of the sense strand, see Fig. 2.5). This may offer an advantage for using DsiRNAs
when employing delivery tools such as cell-penetrating peptides, aptamers, or other
high molecular weight ligands which might interfere with RISC entry. Indeed, pilot
in vivo studies discussed above in Sect. 2.3 demonstrated the successful use of
DsiRNAs covalently conjugated with both large aptamer and CpG-motif oligonu-
cleotides to facilitate delivery.

Synthesis of siRNA and DsiRNA duplexes is available from a variety of com-
mercial sources from very small scale to multi-gram scales to support all research
and preclinical needs. A smaller number of suppliers are certified to produce the
c¢GMP quality synthetic oligonucleotides needed for pharmaceutical use in humans.
Currently, most cGMP manufacturers employ commercially available synthesis
platforms, such as the GE Healthcare OligoPilot™ and OligoProcess™ synthesiz-
ers, or the Asahi Kasei TechniKrom® platform, which are capable of doing synthe-
ses in millimole to mole scales, resulting in greater than kilogram yields of final
product. Methods to produce ¢cGMP quality synthetic oligonucleotides are well
established, largely thanks to the many years of experience gained from clinical tri-
als done using single-stranded antisense oligonucleotides [106, 107].
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