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1. Introduction

Gene silencing in plants was reported back in 1990 by Jorgen-
sen and co-workers.[1] In their attempt to overexpress a pig-
mentation gene in petunia through the introduction of a trans-
gene, the group observed an unexpected loss of pigmentation
in the flowers of 42 % of the plants. This phenomenon was re-
ported to be caused by a decrease in messenger RNA (mRNA)
levels produced by the homologous natural gene through a
process termed “co-suppression”.[1] A similar post-transcription-
al gene silencing (PTGS) effect termed “quelling” was reported
in 1992; the authors observed that the introduction of exoge-
nous genes in Neurospora crassa results in the repression of
two genes critical for the albino phenotype.[2] In 1995, Guo
and Kemphues demonstrated the capacity of single-stranded
RNAs (ssRNAs) to induce PTGS in the nematode Caenorhabditis
elegans.[3] However, the role of double-stranded RNA (dsRNA)
in gene silencing was not evident in the effects discovered in
plants and C. elegans. Clear evidence for the participation of
dsRNA in PTGS was revealed in 1998 by Fire, Mello, and co-
workers, who reported that an externally introduced long
dsRNA could decrease the expression of a complementary
mRNA in C. elegans.[4] This PTGS mechanism was termed as
RNA interference (RNAi). Further research in this field brought
to forefront two important classes of gene regulators: small in-
terfering RNAs (siRNAs) and micro-RNAs (miRNAs).[5–7] Research
into the therapeutic applications of RNAi gained momentum
after the seminal discovery in 2001 by Tuschl and co-workers
that synthetic 21-nucleotide (nt) siRNAs could trigger RNAi in
mammalian cells.[8] The roles of protein assemblies in gene si-
lencing induced by both siRNAs and miRNAs also came to the
forefront. While enzymes belonging to the Dicer family were
shown to be important for dsRNA cleavage into small
RNAs,[9, 10] the Argonaute (Ago) family of proteins were shown
to be the core of silencing assemblies.[11] Both siRNA- and
miRNA-induced RNAi mechanisms progress by selective incor-
poration of one of the strands into a protein complex known
as the RNA-induced silencing complex (RISC) ; subsequent ac-
commodation of the target mRNA strand thus silences its ex-
pression.[12, 13]

The rapid advances in siRNA therapeutics are underscored
by the fact that the first clinical trial of an siRNA-based drug
started in 2004, just three years after the discovery of synthetic
siRNA-induced RNAi. Several siRNA-based drugs are currently
under clinical evaluation (Table 1).[14, 15] Along with the signifi-
cant potential benefits come numerous challenges associated
with the therapeutic application of siRNAs. Unmodified siRNAs
are not stable enough to persist unaided in the bloodstream[16]

and can induce an interferon response from the innate
immune system.[17] Another problem is their delivery to target
cells, while ensuring that they do not induce unwanted off-
target effects.[18–20] siRNA therapeutics must also be cost effec-
tive in order to be viable replacements for small-molecule
drugs. Appropriate chemical modifications are therefore re-
quired to decrease toxicity and to impart better pharmacoki-
netic and pharmacodynamic properties to siRNAs.[14, 21–23]

Recently reported crystal structures[24–26] and biochemical
studies[27] of the RISC have proven to be very important in the
context of the aforementioned therapeutic challenges. The in-
sight provided by these studies is helpful for determining the
critical properties of the siRNA–Argonaute2 (Ago2) complex,
and will be useful for determining appropriate modifications
for siRNAs. Herein we discuss the currently available chemical
modifications used in siRNAs from a structural perspective. We
also outline the advantages and disadvantages associated with
each modification. Additionally, we summarize the toxicity
emerging from off-target effects and innate immune respons-
es, and the ways in which these problems can be addressed
by judicious use of chemical modification. Advances in siRNA
delivery are also discussed, along with an overview of the best
available delivery strategies. Thus, the overall scope of this
review is to provide a set of comprehensive guidelines for the
design and evaluation of therapeutically appealing siRNAs.

RNA interference (RNAi) is a post-transcriptional gene silencing
mechanism induced by small interfering RNAs (siRNAs) and
micro-RNAs (miRNAs), and has proved to be one of the most
important scientific discoveries made in the last century. The
robustness of RNAi has opened up new avenues in the devel-
opment of siRNAs as therapeutic agents against various diseas-
es including cancer and HIV. However, there had remained a
lack of a clear mechanistic understanding of messenger RNA
(mRNA) cleavage mediated by Argonaute2 of the RNA-induced
silencing complex (RISC), due to inadequate structural data.
The X-ray crystal structures of the Argonaute (Ago)–DNA–RNA
complexes reported recently have proven to be a break-
through in this field, and the structural details can provide

guidelines for the design of the next generation of siRNA ther-
apeutics. To harness siRNAs as therapeutic agents, the prudent
use of various chemical modifications is warranted to enhance
nuclease resistance, prevent immune activation, decrease off-
target effects, and to improve pharmacokinetic and pharmaco-
dynamic properties. The focus of this review is to interpret the
tolerance of various chemical modifications employed in
siRNAs toward RNAi by taking into account the crystal struc-
tures and biochemical studies of Ago–RNA complexes. More-
over, the challenges and recent progress in imparting druglike
properties to siRNAs along with their delivery strategies are
discussed.
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2. Molecular Mechanism of RNA Interference

RNAi is induced by small (21–23-nt) dsRNAs, also known as
small interfering RNAs (siRNAs), which are produced intracellu-
larly by the action of Dicer on long dsRNAs (Figure 1 a).[28]

These siRNAs can also be produced intracellularly from short
hairpin RNAs (shRNAs), which in turn can be generated by the
transcription of externally introduced viral vectors.[29] Among
the two strands of siRNAs, the one that is complementary to
the target is called the guide or antisense strand, and the other
is known as the non-guide, sense, or passenger strand (Fig-
ure 1 b). The siRNA duplex binds a set of proteins such as
Ago2, Dicer, and transactivating response RNA binding protein
(TRBP) to form the RISC loading complex (RLC).[30, 31] Upon acti-
vation by ATP, the siRNA duplex is unwound; the passenger
strand is subsequently cleaved and separated, and the RISC is
formed.[32] The part of the RLC responsible for cleavage of the
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Table 1. Some siRNA drug candidates at various clinical trial phases.[14, 226]

Compound Condition siRNA Administration Phase

ALN-RSV01 (Alnylam) RSV Unmodified Nasal inhalation II
Sirna-027 (Allergan) CNV – Intravitreal injection II[a]

PF-4523655 (Quark) AMD/DME Alternate 2’-OMe Intravitreal injection II
QPI-1002 (Quark) Acute kidney injury Alternate 2’-OMe Intravenous saline injection II
Bevasiranib (OPKO Health) AMD Unmodified Intravitreal injection III[a]

PRO-040201 (Tekmira) Hypercholesterolemia – Intravenous SNALP-based injection I
CALAA-01 (Calando) Solid tumor Unmodified Intravenous polyplex injection I

[a] Terminated due to safety concerns.
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passenger strand is the endonuclease, Argonaute2 (Ago2).[33, 34]

Thermodynamic profiling of siRNAs that target several mRNAs
have shown that the siRNA strand with lower thermodynamic
stability at the 5’ end is incorporated as the guide strand
during the formation of RISC.[12, 13] Ago2 facilitates binding of
the RISC to the accessible regions of the target mRNA, which
is specifically complementary to the siRNA.[35] Ago2 also
cleaves the mRNA at the position opposite to nucleotide 10
from the 5’ end of the guide strand and thus inhibits gene ex-
pression.[6]

RNAi is also induced by miRNAs in target cells (Figure 1 a).[20]

Primary miRNAs (pri-mRNAs), which are formed in the nucleus
by transcription of miRNA genes, are cleaved by Drosha/
DGCR8 to form ~70-nt-long precursor miRNAs (pre-miRNAs).[36]

These pre-miRNAs are carried to the cytoplasm by Exportin-5
(XPO5) and are then cleaved by Dicer, resulting in mature
miRNAs.[37] The exact mechanism by which miRNAs induce
gene silencing is not yet established, but two of the proposed
mechanisms proceed as follows: In one pathway the miRNAs
are unwound, and the strand with less thermodynamic stability
at the 5’ end is picked up by Ago2 along with other proteins
such as GW182 and TRBP to form the micro-RNA-induced si-
lencing complex (miRISC), which results in site-specific cleav-
age if there is complete complementarity between the miRNA
and the target strand.[37, 38] In the second pathway, if the base
pairing is incomplete, but predominant pairing is present in
the seed region (nucleotides 2–8) of the miRNA with target
mRNA, miRNAs decrease gene expression levels by a mecha-
nism known as translational suppression followed by non-se-
quence-specific degradation of mRNA in P-bodies.[36] As a con-
sequence, target genes with partial complementarity are si-
lenced, and moreover, miRNAs can down-regulate the expres-
sion of several genes at a time, in contrast to siRNAs.[39] This
property can be used to effectively target cancer cells that are
prone to mutation and hence not amenable for targeting by
siRNA drugs.[39] Several miRNA targets in cancer have been
identified at this point, and this opens up opportunities for ex-
ploring their potential as cancer therapeutics.[40–42]

3. Mechanistic Interpretation of RNAi from
Structural and Biochemical Studies

It is evident from the RNAi mechanism that the Ago2 protein
forms the core of siRNA-mediated gene silencing. Studies on
the structure of Ago2 revealed that it consists of four distinct
structural components: N-terminal domain, PAZ domain, MID
domain, and PIWI domain.[43–47] Out of these components, the
MID, PAZ, and PIWI domains play an important role in the for-
mation of the RISC owing to their distinct properties. The PIWI
domain has structural similarities to the RNaseH enzyme due
to the presence of a catalytic triad of aspartic acid residues,
which impart endonuclease activity to this domain.[48–53] The
PAZ domain specifically recognizes the 3’ end of ssRNA.[54–57]

The MID domain has basic residues which are ideal for forming
electrostatic interactions with positively charged species.[58–60]

Cleavage is mediated by Mg2 + cations to generate two frag-
ments: the 5’ portion terminates in a 3’-OH and the 3’ part is

Figure 1. a) Detailed mechanism of RNAi in the siRNA and miRNA pathways.
Left : Long dsRNAs are cleaved by Dicer into siRNAs; these associate with
other proteins like Ago2, Dicer, and TRBP to form the RLC. Ago2 cleaves the
passenger strand of the siRNA duplex to form the RISC, which contains the
guide strand and Ago2 at its core. The target strand is incorporated into the
RISC followed by its endonucleic cleavage by Ago2 at the position opposite
from nucleotides 10–11 of the guide strand. Right: Endogenously expressed
pri-miRNAs are processed by Drosha and DGCR8 to form pre-miRNAs. Expor-
tin-5 transports these to the cytoplasm, where they are cleaved by Dicer
into mature miRNAs. These miRNAs associate with various cellular proteins
such as Ago2, GW182, TRBP, and Dicer to form the RLC. The RISC is formed
in a manner similar to its formation in the siRNA-mediated RNAi pathway; it
subsequently binds to the target sequence within the 3’ untranslated region
(UTR) complementary to the seed region of the active strand, with up to
two mismatches. This stops further mRNA translation, as it is removed from
the translational machinery and confined into P-bodies followed by degra-
dation. b) siRNA structure: A typical siRNA consists of two 21-nt guide and
passenger strands, with two 2-nt overhangs at the 3’ ends. Nucleotides 2–8
on the guide strand constitute the seed region of the siRNA. The sequence
of the seed region is involved in the initial binding of the guide strand to
the target mRNA.
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terminated by a 5’-phosphate group.[6, 59] Separate studies in
2005 by Patel and co-workers[58] and Barford and co-workers[61]

on the crystal structure of the PIWI protein from Archaeoglobus
fulgidus confirmed the anchoring of the 5’ end of the guide
strand in a basic binding pocket located in the MID and PIWI
domains.[58, 61] Previous studies have also revealed the impor-
tance of the A-type helical structure in the siRNA–mRNA
duplex for functional RNAi, which was shown to be the case in
structural studies.[62–65] The bases at positions 1 and 2 of the
guide strand are splayed apart, and this was seen as an indica-
tor of the absence of pairing of the first base of the guide
strand at the 5’ end with the first base of the target
strand.[58, 61] It was shown that the mRNA strand nucleates to
the 5’ end of the guide strand, and the whole duplex assumes
an A-type helical symmetry.[48, 58, 66] Structural features around
the 10–11 nt of the guide strand, which is located opposite to
the cleavage site of the target RNA, were also highlighted in
these studies.[48, 58, 67] Because the PIWI protein of A. fulgidus is
homologous to human Ago2, most of these results were ex-
pected to be verified in the Ago2 crystal structure. However, in
these studies the information on critical steps involved in rec-
ognition and cleavage of the mRNAs was not available. A
major breakthrough was reported by Patel and co-workers in
2008, when they successfully obtained a crystal structure of
T. thermophilus Ago bound to a 5’-phosphorylated 21-base
DNA guide strand at 3.0 � resolution.[24] Although the guide
strand was not an RNA due to experimental difficulties in ob-
taining a stable crystallizable complex, the X-ray structure pro-
vided ample information on how the mechanism exploits the
structural features of the Argonaute regions to effect efficient
and favorable loading of the guide strand.

The major insight provided by the Ago–DNA crystal struc-
ture is the strong anchoring of the 5’ and 3’ ends of the guide
strand in the respective MID and PAZ domains of the Ago
enzyme (Figure 2). It was observed that the phosphate group
of the 5’ end is coordinated with the Mg2 + ion of the MID
domain and the two lysine residues in the basic binding
pocket (Figure 2 a). Furthermore, the base of the 5’-terminal
nucleotide stacks on the aromatic side chains of the Tyr resi-
dues of Ago. There is hydrogen bonding between the oxygen
atoms of the 5’-phosphate and the hydrogen atoms on the
side chains of highly conserved residues of Ago.[24] The bases
at positions 1 and 2 are also splayed apart, as was observed in
previously reported crystal structures ;[58, 61] this results from
stacking of the base at position 1 over the side chain of
Arg 418 in the MID domain. The 3’ end is also anchored in the
binding pocket in the PAZ domain, with base stacking interac-
tions and hydrogen bonding serving as stabilizing forces, as
observed in earlier biochemical and structural studies (Fig-
ure 2 b).[24, 55] The binding pocket is primarily hydrophobic, and
the 3’-OH is hydrogen bonded to the neighboring amino acid
residues. The crystal structure gives a fair idea of the factors
that come into play when the target strand is incorporated
into this binary complex, and how the cleavage site is situated
10 nt downstream from the 5’ end. The guide strand in the
binary complex has a disruption around the cleavage site,
which leads to a kink-like structure. The kink is formed by

stacking of the guanidinium group of Arg 548 on the base at
position 10, making it orthogonal to the base at position 11
(Figure 2 c). Another residue, Arg 172, acts as a bridge between
residues at positions 9 and 11.[24] This disruption in the align-

Figure 2. Crystal structure of the binary T. thermophilus Ago–DNA complex
(PDB ID: 3DLH).[24] a) The 5’ end of the DNA strand is anchored in the basic
binding pocket of the MID domain. The interaction between the 5’-phos-
phate and the neighboring residues of Ago2 coupled with the Mg2 + cation
is electrostatic in nature. (DNA guide strand: red, phosphorus atoms: yellow,
ribose oxygen atoms: light-blue, nitrogen atoms of the surrounding resi-
dues: dark-blue). b) The PAZ domain residues in the immediate surroundings
of the 3’ end of the DNA strand. Hydrogen bonds between the 3’-OH and
the neighboring Ago residues along with base stacking interactions anchor
the 3’ end of the DNA strand in the PAZ domain. c) Disruption of the helical
geometry of the DNA strand in the binary complex is observed after posi-
tion 10. A kink is formed between nucleotides 10 and 11 due to the guanidi-
nium group of Arg 548 stacking on the base at position 10, making it or-
thogonal to base 11. Images were generated from PDB files using PyMol
(http://www.pymol.org).
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ment of the guide strand in Ago makes the binary complex
thermodynamically unstable. As a result, when the target
strand is incorporated into the binary complex, the kink is re-
leased, thus lowering the energy to form the stable ternary
complex.

The insight provided by these studies allows speculation on
the structural changes that may occur during the incorporation
of the target RNA strand into the Ago–DNA complex. Along
these lines, Patel and co-workers reported a 3.0 � crystal struc-
ture of the ternary complex containing a 20-nt RNA strand
bound to the guide DNA strand, which was phosphorylated at
the 5’ end (Figure 3).[25] To enable the study of the entire com-
plex, the RNA strand was incorporated with cleavage-prevent-
ing mismatches at the crucial base positions 10 and 11 nt from
the 5’ end, though this led to incomplete mapping of the
entire target strand beyond nt 11 in the crystal structure.[25] It
was observed that both ends of the guide DNA strand were
firmly bound to their respective anchors in the MID and PAZ
domains even with a target strand bound to it. This was not
expected after taking into account the formation of a double
helix in the ternary complex, but can be attributed to the ab-
sence of base pairing beyond the cleavage site (Figure 3 a). To
validate the importance of base pairing in the seed region of
the guide strand, the researchers studied the effect of mis-
matches in the DNA guide strand on gene silencing activity.[25]

Mismatches were well tolerated near the 3’ end of the guide
strand with little or no loss of silencing activity; however, alter-
ations in the seed region or the cleavage site proved detrimen-
tal for silencing activity.[25] When the 2’-H of the deoxyribose
ring was substituted with 2’-OMe, the modified nucleotides
were shown to decrease silencing when placed in the seed
region and adjacent to the cleavage site on the DNA strand.
The reason for the tolerance of mismatches near the 3’ end
could be the weak sugar–phosphate backbone interactions
with Ago residues near the 3’ end relative to the 5’ end.
Bulges introduced in the target RNA opposite to the seed
region did not show a considerable effect on gene silencing
because they have no interaction with the Ago2 domains (Fig-
ure 3 b).[25]

Patel and co-workers recently reported the crystal structures
of various ternary complexes of T. thermophilus Ago containing
a 21-nt 5’-phosphorylated DNA guide strand and RNA strands
of three different lengths: 12, 15, and 19 nt.[26] A key difference
in this study from the previous ternary complex study is that
the cleavage-preventing base mismatches were replaced by
single mutations in the catalytic triad (Asp residues 478, 546,
and 660) of the PIWI domain of Ago. As a result, these crystal
structures could map the target RNA strand even beyond the
cleavage site and hence provide detailed information on the
cleavage mechanism of the RISC. A 2.6 � crystal structure of a
21-nt DNA strand bound to a 12-nt RNA strand is quite similar
to the previous structure of the incompletely paired ternary
complex.[25] This complex contained an Asp 546!Asn 546 mu-
tation in the catalytic triad.[26] It was seen that the first nucleo-
tide of the guide strand is buried in the basic binding pocket
in the MID domain, with base stacking interactions and, more
importantly, N3 and O4 of the first nucleotide hydrogen

bonded to the neighboring Ago residues Met 413 and Asn 436
(Figure 3 c).[26] Due to these base-specific contacts, the nucleo-
tides at positions 1 and 2 of the guide strand are splayed
apart, which was also observed in the binary complex crystal
structure.[24] As a result, the base pairing between the guide
and target strands starts from the second nucleotide, and the
first nucleotide of the target strand is untraceable.[26] The
DNA–RNA base pairing is composed of an 11-bp duplex that
adopts a perfect A-type helical geometry, resolving the kink at
positions 10–11 of the DNA strand (Figure 3 d). A 3.05 � crystal
structure containing a 21-nt DNA strand bound to a 15-nt RNA
strand shows different structural features from those of the
previous ternary structures (Figure 3 e).[26] The most striking dif-
ference is that upon formation of the 14-bp duplex, the 3’ end
of the guide strand is released from the PAZ domain. Similar
features were observed in a 2.78 � crystal structure containing
a 21-nt DNA strand bound to a 19-nt RNA strand. Surprisingly,
in this crystal structure only one extra base pair was observed
after position 15 from the 5’ end of guide strand, with bases
17–19 of the target strand splayed apart from the guide
strand.[26] It was observed that the N-terminal domain of Ago
plays a key role in disrupting this base pairing beyond a 15-bp
duplex.[26] The base at position 16 of the guide strand is
stacked on the aromatic side chain of Tyr 43, whereas the base
at the opposite position on the target strand stacks with
Pro 44 (Figure 3 f). Hence, propagation of the A-form helix
stops beyond this point, and the guide and target are splayed
apart. Thus, base pairing is prevented by the time the target
strand reaches the PAZ domain of Ago; this supports the idea
that the PAZ domain plays a very limited role in the formation
of a competent guide–target duplex.[25, 26] Moreover, replace-
ment of the key residues of the N-terminal domain with muta-
tions caused abrogation of cleavage, showing that the N-termi-
nal domain is necessary for stabilizing the conformation of the
ternary complex.[26]

In all the ternary complexes, the DNA–RNA duplex is accom-
modated in the nucleic acid binding channel through rotations
of the N-terminal and PAZ domains with respect to the MID
and PIWI domains, leading to a wider binding channel.[25, 26] It
was also observed that when the duplex length varies from 11
to 14 bp, the conformations of loops in Ago change in a
manner to accommodate the duplex turn with the formation
of extra hydrogen bonds within the loops of Ago residues.[68]

In the previous ternary complex containing a 21-nt DNA–20-nt
RNA duplex,[25] strong base pairing was seen in the seed
region of the guide strand which is crucial in binding the
guide strand to the target strand.[69, 70] Moreover, mismatches
in the seed region or near the cleavage site abolished silencing
activity, but were well tolerated near the 3’ end of the guide
strand.[25] In the three mutant Ago crystal structures, the seed
region was found to be hydrogen bonded with the neighbor-
ing PIWI domain residues through its sugar–phosphate back-
bone.[26, 71] This is in agreement with the previous study by
Patel and co-workers, in which 2’-OMe modifications in the
seed region or near the cleavage site abrogated silencing,
which is due to disruption of guide strand interactions with
the neighboring Ago residues.[25] In contrast, the sugar–phos-
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Figure 3. Crystal structures of ternary T. thermophilus Ago–DNA–RNA complexes.[25, 26] a) Ternary complex of Ago with a 21-nt guide DNA (in red) and a 20-nt
target RNA (in blue); the four major Ago domains are shown in color surface representation. Phosphorus atoms are shown as yellow spheres. The guide–
target duplex has cleavage-preventing mismatches at positions 10–11 of the guide strand. The 3’ end of the guide strand is anchored in the PAZ domain.
(PDB ID: 3F73). b) A closer look at the seed region base pairing between the DNA guide strand and the target RNA strand with cleavage-preventing mis-
matches at positions 10–11. The guide strand residues interact strongly with the neighboring PIWI domain residues through the sugar phosphate backbone;
however, such interactions are absent for the target strand (PDB ID: 3F73). c) The first nucleotide of the guide strand has base-specific interactions with Ago,
with the base O and N atoms forming H bonds with residues M413 and N436 of the MID domain. As a result of this strong interaction with Ago, the first nu-
cleotide is buried in the basic binding pocket of the MID domain and is splayed apart from the second nucleotide; the base pairing starts from the second
nucleotide of the guide strand. This image corresponds to the crystal structure of the ternary complex of Ago (Asn 546, catalytically inactive mutant form)
with a 21-nt guide DNA and a 12-nt target RNA (PDB ID: 3HO1). d) The geometry of the DNA strands in the binary and ternary complexes are shown side by
side in silver and red, respectively; the respective distances between Arg 548 and nucleotide 10 of the DNA strand differ significantly between the two cases,
with the kink being resolved for the DNA strand in the ternary complex. This favors formation of the A-type helical duplex necessary for cleavage by the
RNaseH fold of the PIWI domain (cyan ribbon: binary, magenta: ternary; PDB IDs: 3DLH, 3F73). e) Ternary complex of Ago (Glu 546 catalytically inactive
mutant form) with a 21-nt guide DNA (in red) and a 15-nt target RNA (in blue) with the four major domains shown in color surface representation. The
Asp 546!Glu 546 mutation results in abrogation of cleavage. It can be seen that the 3’ end of the guide strand is no longer anchored in the PAZ domain in
this complex (PDB ID: 3HJF). f) View of the extra observable base pair beyond position 15 of the guide strand in the ternary complex of Ago (Asn 478 catalyti-
cally inactive mutant form) with a 21-nt guide DNA and a 19-nt target RNA. Only a single extra base pair is formed, resulting in a 15-bp duplex, as the target
strand length is varied from 15 to 19 nt, as residues Tyr 43 and Pro 44 block further formation of the duplex beyond position 16 (PDB ID: 3HK2). g) A closer
look at the 14-bp duplex between the DNA guide strand and the target RNA strand in the Ago (Glu 546) catalytically inactive mutant form. Cleavage is initiat-
ed from the nucleotide closest to the catalytic triad consisting of Asp 478, Asp 546, and Asp 660. This corresponds to the 10–11 step of the target strand.
Oxygen atoms of the Asp residues are also shown in red (PDB ID: 3HJF). h) A closer view of the cleavage site in the Ago–DNA–RNA ternary complex of wild-
type Ago with a 19-nt target RNA from crystals grown in a solution containing 80 mm Mg2 + . Oxygen atoms are shown in red, while nitrogen atoms are
shown in light blue. Asp 660, Asp 478, and Asp 546 of the PIWI domain along with the Mg2 + ions (purple) are responsible for cleavage of the RNA target
strand at the 10–11 position (PDB ID: 3HVR). Images were generated from PDB files using PyMol (http://www.pymol.org).
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phate backbone of the target strand, and not the guide
strand, spanning positions 10’–13’ was seen in hydrogen bond-
ing contact with the neighboring Ago scaffold.[26] The catalytic
residues of the PIWI domain are therefore positioned in a com-
petent geometry along the cleavage site at the target strand
(Figure 3 g). Cleavage is also mediated by a pair of Mg2 + cat-
ions in the PIWI domain, with one cation facilitating nucleo-
philic attack at the phosphodiester backbone cleavage site,
and the other stabilizing the transition state and leaving group
(Figure 3 h).[26]

In the previous ternary complex study, a 9-nt DNA guide
strand showed effective cleavage of a 20-nt target RNA at
55 8C.[25] An explanation for this result may be that the DNA–
RNA duplex adopts a stable A-type helical symmetry,[25, 61, 65]

which is crucial for the RNaseH-like PIWI domain of the Ago2
protein to initiate cleavage of the target RNA.[50, 51] Earlier stud-
ies by Rana and Chu in 2008 demonstrated that a 16-nt siRNA
duplex can lead to more efficient silencing of a target mRNA
than can the wild-type 19-nt siRNA duplexes.[72] It was ob-
served that a 16-nt siRNA duplex can lead to the formation of
a greater amount of RISC than can other siRNA duplexes, sug-
gesting that the process has more to do with the better pro-
gramming of the RISC by these siRNAs rather than the higher
activity of the RISC itself.[72] This can be interpreted in terms of
better clearance and removal of the passenger strand during
RISC formation for these short RNAi triggers. Moreover, the au-
thors suggested that a 42 � A-form helical geometry, which
amounts to ~1.5 turns, is sufficient for dsRNAs to trigger
RNAi.[72] Patel and co-workers tried to underpin a structural
basis for the minimum target strand length required to medi-
ate efficient silencing. They found that a DNA target 16 nt in
length is efficiently cleaved by a 21-nt guide DNA strand, while
shorter targets lead to a decrease in cleavage capacity.[26] This
result supports the structural observation that the maximum
length of the duplex formed between the guide strand and
the target strand is 15 bp, and guide strand residues beyond
that do not play a major role in RISC cleavage activity.[26] An-
other key observation is that pairing of nucleotides 4’–16’ of
the target strand to the guide strand is sufficient for target
cleavage.[26]

The tolerance for chemical modifications in the target DNA
strand along the critical 10’–13’ position was also studied by
Patel and co-workers.[26] The 2’-OH modification at position 11’
of the target strand showed decreased silencing, while the 2’-
OMe modification at the same position completely abrogated
silencing. However, a 2’-fluoro modification at the cleavage site
showed a pronounced increase in silencing activity, which is
due to its ability to stabilize the 3’-OH leaving group when
cleavage takes place.[26] 2’-OH and 2’-OMe modifications also
showed decreased cleavage at position 9’ of the target strand.
The absence of residues in T. thermophilus Ago that can form
hydrogen bonds with the target strand at position 11’ means
that it cannot distinguish whether the target is a DNA or an
RNA strand.[26] However, this may not be the case with human
Ago2. Moreover, the effect of phosphorothioate modifications
in the target strand was most prominent between positions
10’–11’.[26] Out of the two diastereomers of phosphorothioate,

the Sp form was more sensitive to the cleavage mechanism,
thereby implying that a pro-Sp oxygen atom is paired to both
Mg2 + cations and plays a key role in stabilizing the transition
state during cleavage. On the other hand, a pro-Rp oxygen is
only paired to one Mg2+ cation, and its activity upon substitu-
tion with a sulfur atom is easily restored by a Mn2+ cation.[26]

These ternary complex crystal structures provide detailed in-
sight into the cleavage mechanism of the target strand by a
two-step model, which involves anchoring of the guide strand
into Ago followed by release of the 3’ end of the guide strand
from the PAZ domain during nucleation of the target RNA.[73]

Moreover, base pairing can only take place up to position 16
of the guide strand, meaning that chemical modifications at
the 3’ end of the guide strand are better tolerated than at the
5’ end, and that the PAZ domain does not play a significant
role in the cleavage activity.[26] This can also explain why a 36-
nt DNA guide strand showed efficient silencing of a target
RNA strand in the previous study.[25] Although the guide strand
in these cases was DNA, the structural features of the com-
plexes are expected to follow a similar pattern for an siRNA
guide strand. It is not completely certain that the mechanism
of target RNA cleavage emerging from the structural studies is
also valid for the passenger strand cleavage during RISC forma-
tion. This is because the passenger strand in the RLC is part of
the preformed siRNA duplex, unlike the target RNA of the
duplex in the RISC, which forms as a result of the nucleation of
the guide strand, supported by the two-step model.[26]

A recent detailed biochemical study by Lima and co-workers
on the cleavage and binding specificities of human Ago2 pro-
vides more insight into the structural and functional require-
ments of RNAi machinery.[27] The research group employed
two different human Ago2 proteins: one was immunoprecipi-
tated from HeLa cells using an HA antibody (HA-Ago2), and
the other was a recombinant GST–Ago2 protein; the authors
studied their binding properties toward a combination of
siRNAs in order to gather information on how the guide strand
directs cleavage of a target strand.[27] One of the key outcomes
of this study is that the Ago2 showed very weak binding affini-
ty for pre-formed guide RNA–target RNA duplexes relative to a
single-stranded guide RNA, which was 19 nt in length. The two
pre-formed duplexes studied consisted of a 19-nt guide
strand–19-nt target strand duplex and a 19-nt guide strand–
40-nt target strand duplex. The pre-formed duplexes showed
very weak binding to Ago2 due to very slow association and
rapid dissociation relative to the single guide strand studied.[27]

Ago2 was subsequently unable to cleave the target strand
from the preformed duplex, while the single guide strand
mediated efficient cleavage of the target strand. This result is
consistent with previous studies on the binding affinities of
Ago2 toward various motifs, showing that the binding affinity
decreases on moving from ssRNA to an RNA duplex.[43] A valid
question here is whether Ago2 can cleave the target strand in
the preformed duplexes with the help of additional proteins.
To answer this, the group studied the effect of the TRBP, which
forms a part of the RISC in humans.[5, 55, 74, 75] It was observed
that although TRBP plays a crucial role in binding to and stabi-
lizing the PIWI domain of Ago2, it is itself unable to load the
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siRNA duplex into the HA-Ago2, thereby preventing the target
cleavage.[27] Therefore, the authors suggested that additional
factors in the cellular medium are responsible for loading the
siRNA duplex into the RISC.

To confirm that Ago2 interacts with the 5’ terminus of the
guide strand, which was apparent in the crystal struc-
tures,[19, 24–26, 58] the group studied the effect of 5’-end modifica-
tions on the binding affinity of the guide strand to Ago2. Re-
placing 5’-phosphate with a hydroxy group decreased binding
affinity by two orders of magnitude and showed poor cleavage
of the target strand.[27] This has been attributed to the lack of
coordination of the phosphate by divalent metal ions and the
basic amino acid residues in the binding pocket of Ago2. Be-
cause the heterocyclic bases at the 5’ end stack on the aromat-
ic side chain of Tyr residues in the basic binding pocket of
Ago2,[58] modifying these bases with abasic modifications leads
to decreased binding. The base stacking is one of the key fac-
tors in stabilizing the electrostatic interaction between the ter-
minal phosphate and the divalent cation, which has been vali-
dated by experimental results using abasic modifications. A
guide strand modified with abasic nucleotides showed weak
association with Ago2.[27] Subsequently, such abasic guide
strands showed decreased cleavage of the target strands, the
effect being most pronounced for modification at the second
nucleotide from the 5’ end.

Structural studies have shown that disruptions in the inter-
action between Ago2 residues and the seed region can lead to
inefficient cleavage of target RNA.[25] To verify this, Lima and
co-workers studied the effect of 2’-methoxyethyl (MOE) modifi-
cation at position 2 from the 5’ end of the guide strand. As an-
ticipated, this resulted in decreased target RNA cleavage.[27]

Moreover, cleavage was also reduced when the modification
was placed at nucleotide 13 or 14 from the 5’ end. This has
been attributed to a disruption in binding of the catalytic triad
of the PIWI domain with the guide strand, which could affect
the formation of the kink-like structure at the nt 10–11 region
of the guide strand.[24, 34, 58] The nature of the cation present
also influences the binding and cleavage activities of the guide
siRNA. Replacement of Mg2+ with Mn2+ led to improved bind-
ing and cleavage activity of the Ago2–guide siRNA complex.[27]

This could be due to the difference in coordinating properties
between Mg2+ and Mn2+ , with Mn2 + forming a smaller coordi-
nation sphere with the 5’ end residues.[76]

The structural and biochemical studies reported so far pro-
vide crucial information on the mechanism of, as well as vari-
ous requirements for, RNAi machinery. The structural features
of the seed region and the region surrounding the cleavage
site have been determined to be important for cleavage activi-
ty of siRNAs.[25, 26] The sites in the guide strand that may not be
able to tolerate modifications have also been identified.[25–27]

More insight may be gathered as soon as the crystal structure
of the siRNA duplex with human Ago2 is obtained. However,
with the existing structural and functional information, chemi-
cal modifications can be designed and used in a manner to en-
hance the binding of siRNAs to Ago2, leading to stable RISC
formation and potent RNAi in vivo.

4. Challenges Involved in siRNA Therapeutics
and Opportunities for Using Chemical
Modifications

Although the application of siRNAs sounds useful in therapeu-
tic practice, unmodified siRNAs have a variety of limitations.[15]

In addition to their vulnerability toward nuclease activity in
serum,[16] one of the biggest problems unmodified siRNAs face
is that they act as potent triggers of the innate immune re-
sponse,[17] particularly when associated with delivery vehicles
that facilitate intracellular uptake. Unmodified siRNAs can also
induce off-target effects, as they interfere with natural miRNA
pathways.[14, 20] Delivery of siRNAs is another substantial chal-
lenge, as these molecules cannot easily pass through cell
membranes owing to their size and negative charge.[21] Cur-
rently, the most mature therapeutic approach using RNAi is
the use of chemically modified siRNAs, which can address
some of the problems discussed above.[14]

4.1. Imparting nuclease resistance without loss of RNAi
activity

Unmodified siRNAs have a half-life of less than ~15 min in
serum, which makes them impractical for use in RNAi-based
therapeutics.[77] Recently, high-resolution mass spectrometry
studies in rat and human serum have shown that the guide
strand is more susceptible to degradation by exonucleases and
the passenger strand is preferentially degraded by endonu-
cleases.[78] The passenger strand has also been shown to be de-
graded by exonucleases in liver microsomes.[78] The most
viable method to address the nuclease vulnerability of siRNAs
is the use of various chemical modifications; however, the chal-
lenge here is to do so while retaining RNAi activity.

Broadly speaking, chemical modifications used in siRNAs fall
into four classes: backbone, sugar, base, and terminal modifica-
tions (Figure 4). The backbone modifications involve alterations
to the phosphate ester linkages in the nucleic acid (Figure 4 a).
One of the more common modifications of this type is the
phosphorothioate (PS) modification, in which one of the non-
bridging phosphate oxygen atoms is replaced by sulfur to give
a PS group.[79] This modification is widely used in antisense oli-
gonucleotide therapeutics and is now being employed in
siRNAs, as it provides improved nuclease resistance and favora-
ble pharmacokinetic properties.[22, 63, 80, 81] However, the PS modi-
fication has a tendency to bind nonspecifically to cellular
membrane proteins, which can lead to toxicity.[63, 80] These
modifications are also known to lower the melting tempera-
ture (Tm) values for siRNA duplexes, with a decrease of ~0.5 8C
per modification.[64, 80] Tuschl and co-workers reported the cyto-
toxicity of siRNAs in which every second nucleotide was modi-
fied with PS (50 % PS content).[80] The toxicity can be decreased
by restricting the use of this modification to the two ends of
the siRNA and by reducing the overall PS content to the mini-
mum.[80] It has been reported that incorporation of PS modifi-
cations at positions 3, 5, and 17 from the 5’ end of the passen-
ger strand enhances the silencing activity of the modified
siRNA by improving the RISC loading of the guide strand.[82]
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The PS modification is not well tolerated if used heavily in the
guide strand, and therefore a useful strategy is to use one or
two PS modifications in the passenger strand in combination
with sugar modifications in the guide strand.[64, 80]

Another backbone modification used in siRNA is the borano-
phosphate modification, in which one of the non-bridging
oxygen atoms of the phosphate moiety is replaced with a
borane (BH3) group (Figure 4 a).[83] This modification is known
to improve nuclease resistance by >300-fold relative to native
siRNAs.[83, 84] Boranophosphate-modified siRNAs have also been
shown to be more potent than those modified with PS.[83]

Studies have also shown that boranophosphate
modifications slightly increase the Tm value of the
siRNA duplex by 0.5–0.8 8C per modification.[83] The
boranophosphate modification is hydrophobic in
nature which can lead to a change in the RNA–Ago2
interactions around the modified site.[85] As with PS, it
is important that the boranophosphate modification
is not placed in the cleavage region of the guide
strand; its presence in the guide strand should also
be minimized, as it might interfere with the residues
Ago2.[83]

A rather unconventional backbone modification
used in siRNA is the peptide nucleic acid (PNA; Fig-
ure 4 a).[86] PNAs are oligonucleotide mimics that have
a peptide backbone rather than the sugar–phosphate
backbone of RNA and DNA. Messere and co-workers
have shown that a siRNA–PNA chimera can be used
for efficient silencing along with improved serum sta-
bility and persistent activity.[87] The PNAs were conju-
gated to thymine dimers in the 3’ overhang of one
or both strands of the siRNA. The siRNAs having PNA
monomers at the passenger strand overhangs
showed efficient gene silencing and also showed per-
sistent silencing activity relative to other siRNAs
tested. Chimeras consisting of siRNA–PNA can there-
fore be used as potent RNAi tools with the passenger
strand preferably modified as outlined in this study,
although the synthesis and purification of these du-
plexes can be a tedious process.[15] Morpholino-modi-
fied siRNAs with the modification present at the 3’
overhangs of the passenger strand have also given
similar results, with the siRNAs showing efficient
cleavage of the target strand at low concentra-
tions.[88] These siRNAs also exhibited rather high re-
sistance to nuclease degradation, showing that modi-
fications in the overhangs can avoid exonuclease
degradation of the siRNA duplexes.[88]

The most widely used sugar modifications in
siRNAs are the 2’ modifications to the sugar ring,
namely 2’-OMe,[89, 90] 2’-fluoro,[90] and 2’-O-methoxy-
ethyl (2’-MOE)[90] (Figure 4 b). Due to their ability to
favor the 3’-endo sugar conformation, all these modi-
fications are expected to form thermally stable A-
type siRNA duplexes once they are introduced into
siRNAs. 2’-OMe-modified siRNA duplexes exhibited
enhancements of 0.5–0.7 8C in Tm per modification

relative to unmodified duplexes.[91] The 2’-OMe modification
has been shown to improve nuclease resistance to a certain
extent and to enhance silencing activity.[89, 90] An siRNA in
which either the guide or both strands are fully modified with
2’-OMe abolished silencing, which can be attributed to ineffi-
cient loading of the guide strand into the RISC.[91] Notably, pas-
senger strands fully modified with 2’-OMe units were compati-
ble with the RNAi machinery.[91] Although 2’-MOE modification
improves the Tm values and nuclease resistance of siRNAs over
2’-OMe-modified siRNAs, this modification is generally not well
tolerated in the guide strand relative to the passenger strand

Figure 4. Selected chemical modifications used in siRNAs: a) Backbone modifications,
b) sugar modifications, and c) base modifications.
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of siRNAs.[90] This may be due to their bulky structure, which
can cause steric clashes with Ago2 residues, thereby prevent-
ing guide strand loading into the RISC.[27, 90] The 2’-fluoro modi-
fication is very well tolerated in both the guide and passenger
strands of siRNAs.[90] Even modifications at the cleavage site of
the passenger strand were very well tolerated.[26, 90, 92] Incorpo-
ration of the 2’-fluoro modification results in an increase in Tm

by ~1 8C per modification.[93] The drawbacks of using individual
2’ modifications in isolation lay in their inability to render suffi-
cient nuclease stability and pharmacokinetic properties, which
are crucial for in vivo applications. When used along with the
PS modification, the 2’-OMe modification shows a considerable
synergistic enhancement in binding affinity of the guide strand
with the target mRNA along with increased nuclease resistance
without compromising the silencing activity.[91] It has also been
demonstrated that an siRNA duplex containing nucleotides al-
ternately modified with 2’-OMe and 2’-fluoro exhibited up to a
500-fold increase in silencing potency over the unmodified
siRNA.[93] The use of 2’-fluoropyrimidines with 2’-methoxypur-
ines can also result in siRNA duplexes with extreme resistance
to nuclease activity in human serum (guide strand half-life up
to three days).[94, 95]

Another important 2’ modification employed in siRNAs is
the 2’-fluoro-b-d-arabinonucleotide (FANA; Figure 4 b).[77] Incor-
poration of FANA increases the Tm of the siRNA duplex by
~0.5 8C per modification.[96] An siRNA duplex with a 3’ over-
hang in the guide strand and the entire passenger strand
modified with FANA showed a 24-fold increase in serum half-
life over unmodified siRNAs.[77] FANA differs from the other 2’
modifications because it is based on an arabinose sugar; the
stereochemistry is opposite to that of a ribose 2’-fluoro group.
Because FANA is structurally similar to DNA (2’-endo conforma-
tion), the placement of FANA modifications in an RNA duplex
is bound to result in structural distortions.[77] Therefore, this
modification is less tolerated in the guide strand.[77] However,
the modification shows a considerable enhancement in RNAi
potency when placed throughout the passenger strand and at
the 3’ end of the guide strand.[77] Lingel and co-workers have
shown that the PAZ domain forces the nucleotides at the 3’
overhangs into a DNA-like sugar pucker and an anti base con-
formation.[97] This implies better recognition of the FANA 3’
overhang by the Ago PAZ domain, and could hence be pre-
ferred over C3’-endo RNA as an overhang.[77, 97]

The locked nucleic acid (LNA) modification is a specialized
modification in which the 2’ and 4’ positions of the ribose ring
are linked through a methylene bridge (Figure 4 b).[98, 99] The
furanose ring of this modification is locked in a 3’-endo confor-
mation, giving it the structural resemblance of a standard RNA
monomer. The rigidity of the conformation of this modification
also leads to better organization of the phosphodiester back-
bone, which enhances base stacking interactions as a result of
stronger hybridization of the guide strand with the target
strand.[100] A single LNA modification can bring about an in-
crease of 5–10 8C in the Tm of the RNA–RNA duplex.[101] The
modifications are position sensitive, and extensive modification
with LNA in either strand is not tolerated by the RNAi machi-
nery.[101, 102] This arises due to the large gain in thermal stability,

which probably interferes with duplex unwinding and/or re-
lease of the target RNA after its cleavage.[103] Moreover, RNAi
activity is abrogated if the LNA is introduced at positions 10,
12, and 14 of the guide strand.[103] This must be due to the
steric and conformational changes brought about by LNA
modification near the cleavage site. LNA modifications at the
3’ overhangs of siRNA protect the duplex from 3’ exonucleases,
which are particularly active in serum.[101, 103] On the other
hand, a related modification, 2’-O,4’-C-ethylene thymidine (eT),
which belongs to the ethylene bridge nucleic acids (ENAs),
completely abrogates RNAi when introduced at the 3’ end of
either passenger or guide strand.[104] Mook and co-workers
showed the efficacy of LNA-modified siRNAs to induce silenc-
ing activity in a murine xenograft cancer model.[102] However,
extensive use of LNA-modified siRNAs in vivo warrants caution,
as LNA-containing antisense oligonucleotides show profound
hepatotoxicity.[105]

The 4’-thio modification involves substituting the oxygen
atom of the ribose ring with a sulfur atom (Figure 4 b).[106] Stud-
ies have shown that 4’-thio-modified siRNAs have considerable
stability against nuclease activity and improved binding to the
target mRNA.[106] These modifications are much better tolerat-
ed in the passenger strand than in the guide strand. The cleav-
age efficiency of this modification is highly position dependent
when placed in the guide strand.[106] The C�S bond is longer
than a C�O bond which may result in a different spatial con-
formation of the ribose ring.[107] This feature of 4’-thio-modified
ribose may possibly confer nuclease stability to these modified
siRNAs. Prakash and co-workers have shown that in order to
take full advantage of the favorable properties of the 4’-thio
modifications such as nuclease stability and biodistribution
while improving silencing activity, it is advisable to use the 4’-
thio modification along with 2’-sugar modifications like 2’-OMe
or 2’-MOE.[108] In their studies of the nuclease stability of 2’-
modified-4’-thio RNAs (Me-SRNA and F-SRNA) Matsuda and co-
workers reported considerable synergistic effects of both modi-
fications in the modified oligonucleotides.[109] These modifica-
tions assist the hybrid siRNAs to bind the target RNA strand
with greater affinity than the guide strand made of only DNA
moieties, due to the formation of a stable A-type helical struc-
ture.[109] F-SRNA modifications result in the formation of du-
plexes with moderately high Tm values (~1 8C per modifica-
tion), but this modification does not render the duplexes nu-
clease resistant in human plasma. Duplexes modified with F-
SRNA show less stability in human plasma than duplexes modi-
fied with 2’-OMe nucleosides. On the other hand, Me-SRNA
modifications do not give noticeable increase in Tm values, but
render the duplexes with approximately fourfold greater nucle-
ase resistance than duplexes modified with 2’-OMe nucleo-
sides.[109] Damha and co-workers explored the use of 4’-thio
modifications along with FANA modifications (4’S-FANA) in
RNAi.[96] The introduction of 4’-thio in FANA results in a confor-
mational switch to the North-type, and hence this modification
was expected to be compatible with the RNAi machinery. In-
corporation of 4’S-FANA modifications in siRNA duplexes re-
sults in a decrease in Tm by ~1–1.4 8C per modification.[96] The
authors demonstrated that the use of one or two 4’S-FANA
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modifications in either the guide or passenger strand imparts
duplexes with RNAi potency similar to that of unmodified du-
plexes. A passenger strand completely modified with FANA,
leaving five unmodified RNA units at its 3’ end, was shown to
be the most potent combination for a guide strand with one
or two 4’S-FANA modifications.[96]

Manoharan and co-workers examined the effects of non-can-
onical base pairing in siRNA duplexes on RNAi potency.[110] A
1’-(2,4-difluoro-5-methylbenzyl)ribonucleotide (rF) was used as
a substitute for a U or C moiety in the guide strand of the
siRNA at various positions to determine its effect on silencing
ability and serum stability (Figure 4 c).[110] In the case of rF sub-
stitution for U, the silencing activity was the same as that of
the unmodified duplex when placed at the 5’ end as well as
positions 7 and 10 from the 5’ end of the guide strand. The rF
modification is destabilizing (~5.5 8C decrease in Tm per modifi-
cation) relative to unmodified duplexes, but was shown to pro-
tect the siRNA duplex from endonuclease cleavage in human
serum when modified at position 16 from the 5’ end, although
silencing activity was decreased to half.[110] Compared with the
rF:A base pair, an rF:G pair showed complete loss of silencing,
which is due to its structural similarity to a U:G wobble pair.[111]

The crystal structure of an rF:G mismatch duplex shows a wid-
ening of the duplex, and the resulting structural distortion
near the cleavage site may explain the poor interaction with
the neighboring Ago2 residues and decreased endonuclease
cleavage of the passenger strand in RISC formation.[111] It has
been observed that if more than one U is substituted by rF, si-
lencing is completely abolished.[111, 112] Kool and co-workers
have also shown that modifications in the major groove at po-
sition 7 from the 5’ end of the guide strand, which differ in
Watson–Crick base pairing properties from natural nucleobases
but resemble them sterically, exhibit silencing activity similar
to that of wild-type siRNAs.[113]

In a recent study, Kool and co-workers modified the major
groove of an siRNA using 5-methyluridine (m5U) and 5-propy-
nyluridine (5-pU) in both the guide and passenger strands (Fig-
ure 4 c).[114] The 5-pU modifications can lead to an increase in
Tm for the siRNA strand by as much as 1.3–1.8 8C per modifica-
tion.[114] Due to their bulky size, 5-pU modifications are not tol-
erated in the 5’ region of the guide strand, but have dimin-
ished effect on silencing activity when placed at the 3’ end.[114]

This confirms that the major groove of the guide strand–target
RNA duplex is highly sensitive to modifications in the 5’ region
of the guide strand, which can interfere with the stabilizing in-
teraction of the crucial seed region with the PIWI domain of
Ago2.[26, 115] In contrast to the 5-pU modification, modifying the
5’ and 3’ regions of the guide strand with m5U led to an in-
crease in RNAi activity, which can be explained by the smaller
size of m5U.[114] In a related study reported earlier, Rana and
Chiu demonstrated the deleterious effects of the 3-methyluri-
dine (m3U) modification, which affects the hydrogen bonding
near the cleavage site in the guide strand on RNAi activity.[63]

This contradicts the tolerance of the rF modification reported
in the guide strand near the cleavage site, and an explanation
for this anomalous observation is difficult to discern from the
available structural and biochemical studies. Both the 5-pU

and m5U modifications lead to an increase in serum stability
of the siRNA duplex when placed in the guide strand, and the
m5U modification should be further evaluated to explore its
potential application in therapeutics.

Other base modifications that have been tested for their
RNAi-inducing potencies are 2-thiouridine (s2U), pseudouridine
(Y), and dihydrouridine (D) (Figure 4 c).[116] The s2U and Y

modifications do not result in noticeable changes in Tm, where-
as the D modification shows a 3–5 8C decrease in Tm per modi-
fication. This must be because dihydrouridine preferably
adopts the C2’-endo conformation, while s2U and Y support
the formation of an A-type helical geometry. Use of s2U and Y

modifications at the 3’ end or a D modification at the 5’ end of
the guide strand results in a 25–50 % increase in RNAi potency
relative to unmodified siRNA.[116] However, placing the s2U and
Y modifications at the 5’ end of the siRNA duplex leads to a
50 % decrease in potency relative to the unmodified version.
The positional effects on silencing activity can be attributed
partially to the thermodynamic asymmetry imparted by these
base modifications. The Y modification at position 10 or D
modifications at positions 8, or 10 of the guide strand also
result in decreased activity. Another important observation is
that the effect of a wobble pair on siRNA activity can be nulli-
fied by placing an s2U modification at the position 3’ adjacent
to the wobble pair. This effect has been attributed to confor-
mational changes brought about by an s2U modification at
the site adjacent to a wobble pair, which eventually favors the
A-type helical structure in the resulting duplex.[116] The limited
ability of an s2U modification to form a wobble pair may assist
in the design of siRNAs with high target specificity. Notably,
the nuclease stability of base modifications such as s2U can be
enhanced by their use in conjunction with other 2’-sugar
modifications like 2’-F or 2’-OMe.

In a recent study reported by a collaboration between vari-
ous European research groups, several pairs of guide and pas-
senger siRNA strands modified with 21 different modifications
were used to generate a total of 2160 siRNA duplexes, which
were studied for silencing activity and cell viability.[117] It was
found that the thermodynamic asymmetry of the duplex and
the 3’ overhangs are the major factors that affect silencing ac-
tivity.[117] Stabilizing the 3’ end of the guide strand or the 5’
end of the passenger strand (by the use of 2’-OMe, 2’-fluoro,
HNA, ANA, ALN, LNA, etc.), and destabilizing the 5’ end of the
guide strand or the 3’ end of the passenger strand (by the use
of DNA, OXE, AP, EA, CE, UNA, etc.) resulted in improved RNAi
activity due to improved strand selection.[12, 117] However, if the
seed region is strongly destabilized, the corresponding weak-
ening of the interaction between the guide strand and the
target mRNA results in decreased silencing activity.[117] The
highly stabilized duplexes were also shown to have decreased
silencing activity.[117] It was thus suggested that destabilizing
the 3’ end of the passenger strand is an optimal way of de-
signing the desired efficient siRNAs. Certain favored 3’ over-
hangs (5’-LNA-LNA-RNA-3’) in the guide strand and disfavored
3’ overhangs (5’-RNA-UNA-RNA-3’ and 5’-RNA-HM-3’) in the
passenger strand had been identified, which affect strand se-
lection irrespective of the thermodynamic asymmetry of the
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duplex.[117] The passenger strand was found to be more toler-
ant to modifications than the guide strand. However, it has
been found that most of the highly active siRNAs are toxic,
whereas most relatively less active siRNAs are nontoxic. The
authors speculated that the toxicity emerges from either com-
petition with the endogenous RNAi machinery or from partici-
pation in the endogenous miRNA pathways.[117] The distinctive
exceptions are duplexes that contain single modifications such
as unlocked nucleic acid (UNA) and hydroxymethyl (HM) in the
seed region. Therefore, the authors concluded that fine tuning
the thermodynamic properties of a duplex, the use of modified
overhangs, and the exclusive use of UNA and HM in modified
siRNAs are strategies to be considered for designing highly ef-
ficient siRNAs.[117]

Rossi and co-workers recently published their reports on a
new class of dsRNAs called Dicer-substrate siRNAs (DsiR-
NAs).[118] These 27-bp RNAs have been shown to yield the 21-
bp siRNA duplex upon Dicer cleavage, and have been found to
be more effective in silencing the target gene than the 21-bp
siRNAs.[118] It was also reported that 27-nt dsRNAs are more
stable than 21-nt siRNAs in serum. An important outcome of
this study is that the DsiRNAs show efficient cleavage at sub-
nanomolar concentrations; this was not observed in the case
of 21-bp siRNA duplexes.[118] This is highly advantageous in
considering the toxicity associated with high dosages of siRNA
drugs. In another study based on longer RNAs being processed
into 21-bp duplexes by Dicer, Hannon and co-workers reported
that 29-bp short hairpin RNAs (shRNAs) can yield efficient RNAi
activity at lower concentrations than the 21-bp siRNA duplex-
es.[119] These are promising results, which should lead to more
research into the role of chemical modifications in improving
the activity of these RNAs even further.

4.2. Minimizing off-target effects of siRNAs

siRNAs are known to suppress the expression levels of unrelat-
ed genes in two ways. They can either participate in unwanted
miRNA-like pathways,[120–122] or they can lead to the involve-
ment of the passenger strand in gene silencing.[123]

Involvement in miRNA pathways results in the translational
suppression of genes having up to two mismatches in the
seed region corresponding to the matches in the 3’-untranslat-
ed region (UTR) of the mRNAs.[18, 19, 124–129] The mechanism of
off-target down-regulation via miRNA pathways is not com-
pletely understood. Sharp and co-workers reported that most
of these off-target effects might arise from Ago2-independent
mRNA degradation processes.[130] Recently, Vickers et al.
showed that the off-target mRNA silencing is Ago2-cleavage
independent; nevertheless, interaction with either Ago1, Ago2,
or the RLC is essential for off-target gene silencing.[131] Also, de-
pletion of P-body-associated proteins was found to result in
decreased off-target effects. This is because off-target mRNA
degradation is a result of decapping and exonucleolytic proc-
essing, rather than endonucleolytic cleavage, and is hence P-
body associated.[131] To address the involvement of siRNAs in
miRNA pathways, a thorough seed region homology screening
in the 3’-UTR of mRNAs can be done. However, this method

might not be sufficiently sensitive to pick up all the sequences
with relevant partial homology.[132] The chances of finding a
six-base match corresponding to the seed region are very
high, and thus more diverse methods must be applied to
tackle off-target effects. Placing a single 2’-OMe modification
at position 2 from the 5’ end of the guide strand can signifi-
cantly decrease off-target effects.[133–135] While this modification
improves siRNA specificity, it does not alter the silencing of
perfectly matched targets.[133] Such sharp position dependence
of the modification implies a particular role for position 2 of
the seed region in the mechanism of translational suppression
by miRNAs.[133] Considering that perfectly matched targets are
silenced efficiently, the modification does not affect siRNA in-
corporation into the RISC and consequent separation of the
passenger strand.[133] However, it has been speculated that the
2’-OMe modification results in conformational changes in
neighboring PIWI residues of Ago2 that makes the guide
strand inefficient at cleaving target strands with one or two
mismatches.[133]

Ui-Tei and co-workers recently pointed out that the off-
target effects of siRNAs can be correlated to the Tm of the
duplex in the seed region, the Watson–Crick base pairing be-
tween the guide and the target strand, and the siRNA concen-
tration.[70] The off-target effects were minimal for duplexes
with low seed Tm values and negligible at lower siRNA concen-
trations.[70] It was also noted that the introduction of a G:U
wobble pair in the seed region completely offset off-target ef-
fects, indicating that such structural features as Watson–Crick
base pairing form an integral part of the molecular machinery
associated with miRNA pathways.[70] Along these lines, it was
reported that the incorporation of rF or 1’-(2,4-dichlorobenzyl)-
ribonucleotide (rL) modifications (Figure 4 c), which lack
Watson–Crick paring, instead of U at position 7 from the 5’
end of the guide strand resulted in improved sequence selec-
tivity relative to the unmodified siRNAs.[113] Ui-Tei and co-work-
ers had earlier demonstrated that the replacement of the seed
region of siRNAs with corresponding DNA nucleotides resulted
in complete loss of off-target effects, while the on-target gene
silencing was not substantially affected.[136] This supports the
above conclusion, as the Tm of the seed region of the DNA-, rF-
, and rL-modified siRNAs are considerably lower than those of
unmodified siRNAs. Furthermore, a base mismatch at siRNA
nt 16 was found to be the key to designing siRNAs that can
distinguish between genes differing by a single nucleotide.[137]

This is consistent with the results of structural and biochemical
studies, which demonstrate that siRNA activity is decreased for
siRNAs of lengths less than 16 nucleotides.[26, 72]

One can address the problem of unwanted incorporation of
the passenger strand into RISC by altering the thermodynamic
asymmetry of the duplex.[117] This can be easily achieved by
the judicious use of stabilizing and destabilizing chemical
modifications, as outlined in the studies on the effects of vari-
ous chemical modifications on siRNAs reported recently.[117]

Stabilizing modifications such as LNA at the 5’ end of the pas-
senger strand favor incorporation of the guide strand into the
RISC.[102, 103] On the other hand, even if the passenger strand is
incorporated, LNA modifications prohibit phosphorylation of
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the 5’ end, which results in inactivation of the RISC.[102] The 5’-
OMe modification blocks phosphorylation or affects the 5’-
phosphate recognition of the siRNAs by cellular kinases.[138] A
5’-OMe modification at the passenger strand blocks its incor-
poration into the RISC without hindering the incorporation of
the guide strand, and this effect outweighs the strong strand
preference for the passenger strand of an asymmetrically load-
ing siRNA duplex.[138] However, whether RNAi is completely
abolished by modification of one of the 5’-phosphate oxygen
atoms of the guide strand is a matter of debate.[62, 80, 89, 138] To
explain the reported activity of 5’-phosphate-modified siRNAs,
it has been suggested that the other unmodified oxygen atom
of the 5’-phosphate continues to bind to the RISC depending
on the bulk of the modification and its ability to avoid a steric
clash with the RISC.[139]

To address the selective incorporation of the guide strand, a
recent report outlines the use of novel siRNAs with an intact
guide strand and two segmented passenger strands 9 and
13 nt in length, termed sisiRNAs (’small internally segmented
RNAs’).[140] These sisiRNAs are degraded in vivo, but when used
along with LNA residues, they are imparted with sufficient
serum stability.[140] This design can result in the incorporation
of heavily modified guide strands that are otherwise not incor-
porated into the RISC if used as standard siRNAs.[140]

4.3. Combating the immunostimulatory effects of siRNAs

One of the major challenges in siRNA-based therapeutics is the
undesired activation of the innate immune system in vivo.[21]

The immune system has evolved to differentiate between viral
or bacterial RNA and endogenously expressed RNAs.[141] The
immunostimulatory effects of dsRNA are mediated primarily
through three of the 13 Toll-like receptors (TLR3, TLR7, and
TLR8),[142–144] and by proteins such as retinoic acid inducible
protein (RIG-1), oligoadenylate synthetase (OAS), dsRNA-re-
sponsive kinase (PKR), and melanoma differentiation associated
protein (MDA-5).[145–149] All these immunostimulatory receptors
identify different forms of dsRNA and can potentially induce in-
terferons such as IFNa/b, cytokines such as tumor necrosis fac-
tor a (TNFa), and interleukin-6 (IL-6) depending on the nature
of the synthetic dsRNA.[144, 150] Release of such inflammatory cy-
tokines and interferons poses a significant toxicological hurdle
in the development of RNAi therapeutics.[142] This demands the
testing of various siRNAs against all the aforementioned recep-
tors for assessing their immunostimulatory effects.

It is known from various studies that the activation of TLR7
and 8 is sequence dependent, whereas TLR3 activation de-
pends primarily on the length of the siRNA.[151] TLR3, 7, and 8
are present within the endosomal compartments, and thus ex-
posure to these receptors is maximized with the use of deliv-
ery vehicles that facilitate cellular uptake.[142] Upon endosomal
acidification and release of siRNAs, the corresponding receptor
pathways are activated.[152, 153] Apart from the endosomal com-
partments, TLR3 is also found on the surface of certain cell
types.[142] TLR3 is usually activated by dsRNAs longer than 21–
23 nt; however, this length threshold varies among different
cell types.[151] It has also been suggested that GU-rich motifs

act as agonists for both TLR7 and 8, whereas AU-rich motifs ac-
tivate only TLR8.[142] Although specific stimulatory motifs such
as GUCCUUCAA and UGUGU have been identified, it is not yet
possible to predict immunostimulatory potential from the
siRNA sequence alone.[144, 150]

The selective incorporation of as few as two 2’-OMe modifi-
cations at either uridine or guanosine residues in highly immu-
nostimulatory siRNAs has been shown to significantly decrease
the activation of TLR7 and 8.[154] Moreover, the effect of 2’-de-
oxyuridine was more significant than other 2’-deoxynucleoti-
des in decreasing immunostimulation.[155] On the other hand,
5-methylcytidine and 7-deazaguanosine nucleotides do not
affect IFNa secretion, indicating that recognition does not in-
volve sites in the major groove of the siRNA.[155] The exact
mechanism by which this recognition occurs is not known;
however, it has been generally suggested that the 2’ position
of the ribose sugar and uridine nucleotides play a crucial role
in dsRNA recognition by TLR7 and 8.[156] The 2’-OMe modifica-
tion renders protection such that only the passenger strand
modification suffices to block immune activation, and the
effect is independent of the position of the modification in the
siRNA.[154] It has been demonstrated that 2’-OMe nucleotides
act as competitive inhibitors by directly binding to TLR7 and
posing as TLR7 antagonists.[157] A more robust approach would
be to selectively modify both the guide and passenger strand
with 2’-OMe nucleosides to completely block any potential
minor activation of TLR7.[158] The LNA modification is also
known to decrease TLR activation; however, unlike the 2’-OMe
modification, the presence of this modification in both the
guide and passenger strands is necessary.[142, 157] Replacement
of the uridine with 2’-fluoro-modified nucleotides also abro-
gates activation of TLR7 and 8.[159] However, Judge and co-
workers pointed out that the use of 2’-fluoro and 2’-deoxy
alone has an unpredictable effect on the immunostimulatory
activity of siRNAs depending on the siRNA sequence as well as
the position and extent of the modification.[142] Thus, the use
of 2’-OMe is evidently the best way to deal with TLR7 and 8 ac-
tivation, whereas the activation of TLR3 is not inhibited by this
modification.[142, 151]

The TLRs may have evolved to be preferentially deactivated
by modifications that occur naturally in endogenously ex-
pressed human RNAs and that are absent in pathogenic
RNAs.[141] Some of the naturally occurring modifications that
have been tested for protection against TLR activation are N6-
methyladenosine (m6A), m5U, s2U, and Y (Figure 4 c).[141]

These modifications provide protection against either TLR7 or
8, and the extent to which immunostimulatory activity is sup-
pressed is directly proportional to the number of such modi-
fied nucleosides present.[141] The s2U and m6A modifications
have been shown to protect against TLR3 activation.[141] Con-
sidering the fact that all these are base modifications, it is clear
that factors other than site recognition in the minor groove
and recognition of the ribose sugar ring may be responsible
for the activation of TLR7 and 8.

The dsRNA binding domains in PKR can interact with
dsRNAs as short as 11 bases, although PKR was previously con-
sidered to be activated only by dsRNAs >30 bases long.[147]

ChemMedChem 2010, 5, 328 – 349 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemmedchem.org 341

siRNA Therapeutics

www.chemmedchem.org


However, it has been demonstrated that 21-nt siRNAs with 3’
overhangs were able to induce some degree of PKR activa-
tion.[160–162] For long dsRNAs, the crystal structure of PKR in
complex with dsRNA reveals that RNA–protein interactions are
present largely in the minor groove, with water-bridged con-
tacts to the 2’-OH group of the dsRNA, while the phosphates
in the major groove are engaged by fewer water-bridged hy-
drogen bonds.[163] Thus the interaction between PKR and long
dsRNAs is not sequence specific, and hence the absence of hy-
drogen bonding in the case of the 2’-deoxy modification ham-
pers PKR activation.[163] In the case of 2’-fluoro-modified
siRNAs, the 2’-fluoro group can serve as a hydrogen bond ac-
ceptor which results in PKR activation.[163] Thus, if PKR is likely
to be activated by siRNAs, any modification that alters the hy-
drogen bonding interactions in the minor groove may de-
crease PKR activation, whereas major groove modifications
may have little effect.[163] Also, modifications that disrupt the
Watson–Crick base pairing and hence the A-type helical geom-
etry were also shown to decrease PKR activation by long
dsRNAs.[163]

Activation of cytoplasmic RIG-1 is independent of dsRNA se-
quence.[148, 149] It increases as the dsRNA length increases from
21 to 27 nucleotides, but decreases in the presence of over-
hangs.[162] It has been shown that blunt-ended dsRNA can also
bind to and activate RIG-1.[162] RIG-1 is also activated by
dsRNAs containing uncapped 5’-triphosphate, which is charac-
teristic of viral and bacterial RNAs.[148, 149] However, RIG-1 is not
activated by endogenously expressed RNAs with a monophos-
phate or a 7-methylguanosine (m7G) cap.[148, 149] It has been re-
ported that the 2’-OMe modification is capable of inhibiting in-
terferon induction by RIG-1 resulting from stimulatory
RNAs.[142, 164, 165] This may serve as a good strategy to decreases
RIG-1-mediated activation of siRNAs.

Ambati and co-workers recently demonstrated that siRNAs
inhibit choroidal neovascularization (CNV) by TLR3 activation in
a sequence-independent fashion rather than RNAi activity.[151]

Earlier clinical trials focusing on CNV inhibition using siRNAs
targeting either the vascular endothelial growth factor-A
(VEGFA) or its receptor (VEGFR1) were thought to be based on
RNAi activity.[151] However, only siRNAs with a minimum length
of 21 nucleotides could induce such TLR3-mediated CNV inhib-
ition. In a more recent report, Ambati and colleagues have also
shown that siRNAs suppress blood and lymphatic neovasculari-
zation in murine models via TLR3 activation.[166] This raises con-
cerns of the undesirable effects of the presence of siRNAs on
blood and lymphatic circulatory systems due to TLR3 activa-
tion.[151, 166] Similarly, the anti-influenza properties of siRNAs
in vivo, as demonstrated earlier, are now attributed to have
arisen from immunostimulation.[167–169] The fault in the earlier
conclusions arose from the use of a negative control siRNA tar-
geting the green fluorescent protein (GFP), which has an un-
usually low immunostimulatory potential relative to most
active siRNAs.[167] These unintended immunostimulatory prop-
erties of siRNAs warrant greater vigilance in the design of
bona fide siRNAs and in the selection of appropriate control
siRNAs. In an effort to address these serious issues associated
with the therapeutic development of siRNAs, a recent report

has shown the use of stable nucleic acid–lipid particle (SNALP)-
formulated 2’-OMe modified siRNAs as antitumor therapeu-
tics.[158] Thorough evaluation by various techniques has con-
firmed RNAi as the primary mechanism of action of these
modified siRNAs. This is one of the first reports that has dem-
onstrated the antitumor effects of siRNAs that are not attribut-
able to their immunostimulation.[158]

4.4. Addressing siRNA delivery

Along with the rapid progress made in the design of efficient
siRNAs, much effort is being directed at finding an appropriate
delivery vehicle for siRNAs.[14, 21] Naked siRNAs are much larger
than small-molecule drugs, can be easily degraded in the
bloodstream by endogenous enzymes, and are unable to cross
the cellular membrane due to their negative charge.[170, 171]

However, naked siRNAs have been delivered in vivo using
what is known as ’local delivery’, in which the siRNAs are ad-
ministered through an injection or passed through the respira-
tory tract directly to the affected tissues.[172–176] Clearly, this ap-
proach is only appropriate for organs such as lungs and eyes.
Localized injection of unmodified siRNAs to the vitreal cavity in
the eye has been shown to be beneficial in wet AMD-related
complications; the drug has entered phase III clinical
trials.[177–180] A similar approach is being taken in which the epi-
thelial cells in the lung are targeted for the treatment of respi-
ratory syncitial virus (RSV) ; the drug is currently in phase II clin-
ical trials (ALN-RSV01, Alnylam Pharmaceuticals ; Table 1).[181, 182]

Not all cells of the human body, however, can be accessed
through localized delivery, owing to the problem of the nega-
tive charge on siRNAs. In most cases, systemic delivery of
siRNAs is essential. Systemic delivery involves intravenous in-
jection of the siRNAs along with a delivery agent, which
should be able to propagate in the bloodstream to the desired
organ or tissue without being degraded or taken up by non-
target tissues in the process.[183] A systemically injected siRNA
has to undergo a series of processes before it can enter the
cell and produce the desired result. The siRNA–delivery com-
plex should be able to avoid kidney filtration, which will
remove it from the bloodstream.[184, 185] It should also be able
to avoid uptake by phagocytes present in the body;[186] phago-
cytes are natural scavengers that are very potent at recogniz-
ing foreign particles in the blood and eliminating their harmful
effects. After evading the phagocytes, siRNA complexes should
be able to penetrate through the endothelial membrane in
order to enter the targeted tissue. This is another hurdle, as it
depends on the particle size. Diffusing through the endosome
in order to reach the cytoplasm is difficult due to the viscosity
of the vast network of polysaccharides and fibrous proteins.[187]

This leads to problems with fluidity of the delivery package
which may lead to elimination, and can also halt the delivery
process. If they escape nuclease cleavage in the cell, siRNAs
can finally be released to perform their task inside.

An appropriate delivery vehicle should be able to overcome
all these hurdles and effectively release the siRNA in the cyto-
plasm of the target cell. To achieve this, it should possess the
appropriate physical properties. As the cellular membrane is
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negatively charged, an ideal delivery particle should be posi-
tively charged at the surface to ensure easier uptake.[188] This
has been established through studies in murine graft models.
However, the human serum itself is negatively charged, and
will therefore form a complex with the siRNA–delivery complex
and render it ineffective.[171] A way to address this is to increase
the particle size by adding poly(ethylene glycol) (PEG) to the
surface of the delivery vehicle, which can conjugate and pre-
vent particle aggregation in serum.[189] PEG can also protect
the delivery package from phagocytes and endogenous nucle-
ases by surrounding it with a protective covering.[190, 191] In-
creasing the particle size also prevents discharge of the naked
siRNA through renal excretion and prevents its accumulation
in certain organs such as the lung or spleen.[185] The most im-
portant factor, however, is the toxicity of the delivery vehicle.
A toxic delivery particle will only compound problems. Viral
vectors have been shown to harbor high levels of toxicity and
are not considered ideal delivery vehicles for siRNAs.[192] These
vectors have genes that express the siRNA sequences and can
initiate a series of unwanted RNAi effects through prolonged
gene expression in the targeted area; this can lead to a serious
immune response from the body.[193]

Two known approaches for systemic delivery are ’complexa-
tion’ and ’conjugation’.[171] The complexation method involves
formation of complexes of siRNAs with motifs that bind to
their negative charges. The techniques used for this include
lipids and liposomes such as stable nucleic acid–lipid particles
(SNALP), antibody complexes, polycationic peptides known as
peptide transduction domains (PTDs), and polycationic poly-
mers based on PEG and poly(ethylene imine) (PEI). The conju-
gation approach involves attaching the siRNA to the delivery
vehicle and has shown success in targeting cell types that are
specific to the siRNAs.[194–196] The conjugation approach is also
useful, as the passenger strand can be conjugated to the deliv-
ery vehicle, leaving the guide strand to perform its desired
function once the delivery vehicle is cleaved away.[197] Conju-
gates currently in use include lipophilic species such as choles-
terol, as well as peptides and aptamers.[170]

siRNA delivery through complexation with liposomes is
being widely explored these days.[168] A more recent develop-
ment in this area is SNALP, which has been tested to target
hepatitis B virus (HBV) RNA in mice, reported by Morrissey and
co-workers.[95] Earlier studies on SNALP had proven its potency
in efficiently delivering siRNAs to the ApoB target in mice and
monkeys.[150, 198] Alnylam Pharmaceuticals, in collaboration with
Tekmira Pharmaceuticals, are using SNALP-based siRNA deliv-
ery for their liver cancer drug development program, and the
drug candidate is currently in phase I trials (Table 1). The
SNALP is composed of multiple layers of cationic lipids which
complex with the bilayer membranes, PEG to increase circula-
tion in the bloodstream, and cholesterol to provide lipophilici-
ty to the delivery complex.[199] Anderson and co-workers have
also synthesized a new lipid-like delivery molecule called Lipi-
doid for delivering siRNAs.[200] A library of ~1200 lipidoids was
created, from which the best lipidoid–siRNA complexes were
identified through in vitro delivery. In vivo tests have also been
carried out in rats and Cynomolgus monkeys. Persistent silenc-

ing was observed in the primates with no treatment-related
toxic effects.[200] Advanced reports on lipidoid-mediated deliv-
ery have suggested that in vivo efficacy depends on factors
such as particle size, degree of PEG anchoring length, and
siRNA loading.[201] The researchers used 98N12-5(1), which was
identified as a superior lipidoid particle in the previous study
along with PEGylation for bio-circulation and cholesterol for
outer conjugation.[201] The final nanoparticle complex, called
LNP01, was formulated and tested for efficacy in delivering
siRNAs to the liver. The nanoparticle complex showed good
stability in serum and efficient distribution of siRNAs in liver
with no side effects on repeat delivery.[200] These results show
that formulations of lipid-based particles are efficient in deliv-
ering siRNAs to the target tissues. Further studies should test
the capacity for in vivo delivery in more complex target tissues,
which may lead to potential therapeutic application of lipi-
doids.

Peptide complexes for siRNA delivery can offer several ad-
vantages. An example of such a complex involves peptide
transduction domains (PTDs) or cell penetration peptides,
which were shown to successfully deliver siRNAs to a large
population of cells with high in vivo efficiency.[202, 203] siRNA–
PTDs can cross the cellular membrane, even though they are
relatively large in size, and their cytotoxicity is low.[203] Recent
studies have shown optimal siRNA release in primary cells
when conjugated with a PTD–dsRNA binding domain fusion
protein.[204] A shortfall with this strategy is that the endosomal
release of the siRNA from the PTD complex is incomplete, lead-
ing to low activity.[205] Antibodies have also been shown to
serve as efficient delivery vehicles for siRNAs.[206] A combination
of protamine–antibody fusion protein has been used to target
a series of cells via the HIV envelope protein gp160.[206] The
siRNA is attached to the positively charged protamine and is
delivered to the cells expressing the specific receptor. The
siRNA–antibody complex is internalized, releasing the siRNA to
down-regulate the targeted protein.[206]

Niidome and co-workers recently showed that an siRNA tar-
geting the ApoB-related mRNA in mice complexed with a
sixth-generation dendritic poly(l-Lys) effects efficient delivery
of the ApoB-targeting siRNA in liver cells.[207] The intravenous
injection of siRNA at 2.5 mg kg�1 body weight showed negligi-
ble levels of hepatotoxicity; however, the silencing activity was
lower than that observed with lipid-based delivery systems.
This has been attributed to the greater size of this dendritic
complex, which makes cell membrane permeation difficult.[207]

Another strategy is to use cationic polymers for siRNA deliv-
ery.[208–212] A lot of work on this approach is based on the fact
that these polymers can efficiently bind to the siRNAs and con-
dense them into stable nanoparticles; they can also facilitate
endosomal movement, which overcomes a major hurdle.[213]

However, significant toxicity can result from a high dose of
polymer-complexed siRNAs or by increasing the molecular
weight of the complex.[214]

Conjugation to lipophilic molecules such as cholesterol has
been well documented in the delivery of siRNAs in murine
models and has shown desirable results.[194] The 3’ end of a
passenger strand was conjugated to cholesterol with the aim
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to target the ApoB protein in mice.[194] The conjugated siRNA
escaped kidney filtration, remained in circulation for a long
period of time, and showed efficient silencing of the target
gene. A disadvantage of this strategy is the high dosage re-
quired (50 mg kg�1).[194] Gao and co-workers have also shown
that cholesterol-conjugated siRNAs have improved pharmaco-
dynamic properties and stay in circulation longer than unmodi-
fied siRNAs.[215] Other lipophilic species studied for siRNA con-
jugation are vitamins E and A.[216, 217] A vitamin E–siRNA conju-
gate was systemically delivered to the liver and showed effi-
cient delivery into the target tissues without any interferon re-
sponse.[216] An aptamer-based approach works along similar
lines.[195, 218] The siRNA was conjugated to an aptamer that tar-
gets prostrate-specific membrane antigen (PSMA), which is
abundant on prostrate cancer cells ; the package efficiently de-
livered siRNAs into the tumor cells, leading to desirable silenc-
ing.[195, 218] However, aptamer-based ligands are susceptible to
nuclease degradation, and this limits their use in systemic de-
livery.[197] To overcome this problem, Giangrande and co-work-
ers recently developed an optimal siRNA–aptamer chimera
that targets PSMA-expressing cells. This conjugate showed
potent silencing and good bio-distribution in the body
through systemic delivery.[219] The aptamer length was short-
ened to 39 nt from the previous 71 nt, and various siRNA de-
signs were tested, of which the presence of 3’ overhangs was
shown to be critical for improved activity. In vivo tests in xeno-
graft models involving a 2’-fluoro-modified siRNA–aptamer
conjugate coupled with PEG showed potent RNAi activity in
the tumor cells with no observable toxicity.[219] However, the
dosage was very high, with 10 daily injections of the conjugate
at 0.7 mg kg�1 body weight.[219] There are also a few reports of
covalent siRNA–PTD conjugates that have shown desirable si-
lencing in vitro, but which failed in vivo.[220]

The conjugation of peptides to siRNAs has been used to
target the Japanese encephalitis virus.[221] The conjugated pep-
tide belongs to the rabies virus glycoprotein, which binds to
the neuronal cell acetylcholine receptor. An intravenous injec-
tion efficiently silenced the targeted gene in 80 % of the treat-
ed mice. This study is important, as it shows that a peptide–
siRNA conjugate can successfully deliver siRNAs across the
blood–brain barrier.[221] Yu and co-workers recently published a
study showing the efficacy of TLR9 agonist CpG oligonucleo-
tides conjugated to siRNAs in silencing the tumor suppressor
gene Stat3 in mice.[222] Both localized and systemic delivery of
conjugate siRNAs showed potent antitumor activity. Another
recent in vitro study by Anderson and co-workers demonstrat-
ed the use of PEG-modified gold nanoparticles (AuNP) as con-
jugation agents for siRNA delivery.[223] The siRNAs were conju-
gated to the nanoparticles using disulfide linkages, and the
particles were complexed with end-modified poly-b-amino
esters (PBAEs). These AuNP–siRNA conjugates complexed with
PBAEs showed efficient delivery without significant toxicity.[223]

Further studies should be carried out to test the efficiency of
these delivery systems in vivo, and also to detect any toxicity
that may result from the premature decomposition of the
complex. A report published very recently has shown that
siRNAs can be efficiently delivered to mammalian cells using

cationic spermines as conjugates.[224] A total of 30 spermine
molecules were conjugated to the 5’ end of the passenger
strand, leading to a net positive charge on the conjugated
siRNA.[224] These modifications are promising considering the
relative ease of delivering these conjugated siRNAs as naked
entities versus the use of bulky complexes.

The field of siRNA delivery has undergone major improve-
ments in recent years. New delivery methods are being tested,
and some of the results are indeed very encouraging for ad-
dressing the issues associated with siRNA delivery. However, a
perfect delivery vehicle that can overcome all associated hur-
dles has yet to be developed. Moreover, the viability of the ex-
isting delivery vehicles and strategies in clinical settings have
yet to be evaluated. A comprehensive overview of siRNA deliv-
ery strategies can be found in recently published re-
views.[170, 171, 225, 226]

5. Guidelines for the Design and Use of
Chemical Modifications in siRNAs

By scrutinizing the available literature on the use of chemical
modifications in siRNAs as well as structural and biochemical
studies of RNA–Ago complexes, a set of guidelines can be for-
mulated which may be useful for the rational design and test-
ing of siRNAs in in vitro and in vivo settings:

1. Bulky modifications that influence the minor groove envi-
ronment (e.g. , MOE, ENA) in the seed region (particularly
at position 2 of the guide strand) as well as at the cleav-
age site affect the Ago2 interactions. Hence, such modifi-
cations should be avoided at these positions.[27, 117]

2. Modifications at the 3’ overhangs of the guide strand are
well tolerated due to the limited role of the PAZ domain
interaction in the silencing mechanism, as the base pairing
of the guide–target duplex effectively ends at position 16
from the 5’ end of the guide strand.[25–27] Therefore, most
of the modifications can be incorporated at this position
without risking loss of RNAi activity.

3. Modifications are generally well tolerated in the passenger
strand. Modifying the 5’ end of the passenger strand with
stabilizing modifications (e.g. , LNA, 5-pU) can alter the
thermodynamic asymmetry of the duplex leading to spe-
cific recognition of the 5’ end of the guide strand by
Ago2.[101]

4. Bulky chemical modifications that are able to impart ther-
modynamic stability, high nuclease stability, and lipophilic-
ity to siRNAs, but which cannot induce RNAi can be effec-
tively used employing sisiRNA design strategies.[140]

5. Backbone modifications that do not affect siRNA structure
(e.g. , PS, boronophosphate) can afford protection against
nuclease activity.[22, 84] However, modifications that distort
the siRNA structure (e.g. , PNAs and morpholino) should
be placed only at the 3’ overhangs of the passenger
strand.[87, 88]

6. Because position 7 of the guide strand from the 5’ end
has been shown to tolerate non-hydrogen-bonding modi-
fications (e.g. , rF, rL, and m3U) without considerable loss
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of silencing activity and also to improve target strand se-
lection, this position can be altered with base modifica-
tions that affect the hydrogen bonding.[110, 113]

7. The desired siRNA strand could be made to be selectively
incorporated into the RISC by altering the thermodynamic
asymmetry of the siRNA duplex. The most basic approach
is to have C:G base pairs at the 3’ end and U:A pairs at
the 5’ end in order to alter the thermodynamic stability
during unwinding.[13] Chemical modifications that prevent
phosphorylation, such as 5’-OMe, can be introduced at the
5’ end of the passenger strand of the siRNA duplex to en-
hance guide strand selection during formation of the
RISC.[138] This may also be achieved by using the sisiRNA
design.[140]

8. To offset the unwanted off-target effects arising from
siRNA participation in miRNA-like pathways, the siRNA
should have the minimum possible seed region homology
with the 3’-UTRs of various other mRNAs. A 2’-OMe modifi-
cation may be included at position 2 of the guide strand
to prevent the unintended but probable partial homology
of the seed region of the siRNA with other mRNAs.[133, 134]

In addition, guide strands that are likely to form a low-Tm

seed duplex with the target strand should be favored.[70]

9. Immunostimulation by siRNAs depends on the structure
and sequence of the siRNA as well as the delivery vehicle
used. The most useful approach to avoid these undesired
effects is to use 2’-OMe-modified uridine residues (at least
three) in both the passenger and guide strand of siRNA
duplex.[142, 154, 157]

10. Most chemical modifications can lead to improved utility
when used as a combination in siRNAs (e.g. , Me-SRNA, S-
FANA).[96, 109] This can help secure the maximal advantage
of the synergistic effect of the two modifications. Even
combinations such as backbone modifications at the over-
hangs and sugar modifications at the 2’ position can
offset problems like nuclease resistance and off-target ef-
fects.

11. The structural and biochemical studies on the optimum
length required for the formation of a potent RNAi trig-
ger[26, 72] call for testing 16-bp siRNA duplexes for their abil-
ity to silence a variety of targets in vivo. Such a design
may also serve as a better alternative to avoid off-target
effects and immunostimulation.

12. Target site accessibility has been shown to play a crucial
role in effective RNAi; both experimental and computa-
tional approaches may be used in tandem in order to
design the most efficient siRNA against a target.[227]

13. The issue of biodistribution should not be overlooked in
the design of new modifications for siRNA therapeutics.
One way to achieve this is by the incorporation of sulfur
in the modification[108, 109] or combining with the required
number of PS moieties in the siRNA backbone.[22]

14. Care must be taken in in vitro studies such that any
immune activation does not go unnoticed. Errors in stud-
ies arise from the use of non-responsive cell lines and
from reaching a conclusion based on assay time points
that miss the rapid induction of cytokines.[167] It is also nec-

essary to test for different cytokine classes to evaluate the
overall immunostimulation effects.[167]

15. The use of control siRNAs, such as the one that targets
GFP with low immunostimulatory activity, should be
avoided.[167] It is therefore necessary to characterize control
as well as active siRNAs for their immunostimulatory po-
tentials. It is important to ascertain that the desired effect
results from RNAi and not from immunostimulation. This
can be done by performing 5’ RACE PCR and DNA se-
quencing studies, which aid in detecting the mRNA cleav-
age products.[167, 194]

6. Outlook

RNA interference has come a long way since its ground-break-
ing discovery in 1998. This is clearly evident from the fact that
more and more siRNA-based drug candidates are entering clin-
ical trials (Table 1). An important challenge is to establish that
the silencing activity results from RNAi-mediated target cleav-
age rather than immunostimulation, which has been proven to
be the case with a drug candidate in advanced clinical
trials.[228] The improved design of siRNAs will be crucial, as the
ideal drug should address such challenges as nuclease stability,
immunostimulation, off-target effects, and delivery. More struc-
tural studies on human Ago–RNA complexes will certainly help
in the design of better siRNA therapeutics. Notably, there is no
clear understanding so far on the transition from the RLC to
the RISC, as the passenger strand cleavage, its removal, and
the geometry of the guide strand subsequent to these events
cannot be deciphered from the available Ago–DNA crystal
structures. The new designs being proposed to improve nucle-
ase stability and potency such as DsiRNAs and 29-bp shRNAs
should be evaluated with greater stress on their immunostimu-
latory potential.[165] Potential off-targeting may also result from
the siRNAs produced by the cleavage of these long RNAs, as
many different siRNA products are possible. Clearly these de-
signs are in their nascent stage of development, and more
in vivo studies are required to ascertain their full potential. Im-
portantly, a majority of chemical modifications employed in
siRNAs so far were originally devised for antisense technology.
Although these modifications have proven useful to a certain
extent, efforts to explore novel modifications for siRNAs are
warranted, as their structural and functional requirements are
different from those of antisense oligonucleotides. Improved
delivery strategies can help in delivering siRNAs to a wide
range of targets. Recent developments in PTDs and SNALP-
based delivery methods are very promising, and much effort is
being devoted to these aspects of delivery. Although it will
take many more breakthroughs in structural studies and deliv-
ery, there is an overall excitement about the wider applications
of siRNA therapeutics. Needless to say, with the amount of re-
search being put into their development, the future of siRNA
therapeutics looks very bright.
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