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ABSTRACT

Small hairpin RNAs (shRNAs) with 19-base-pair, or shorter, stems (short shRNAs [sshRNAs]) have been found to constitute a class
whose mechanism of action appears to be distinct from that of small interfering RNAs (siRNAs) or longer shRNAs. These sshRNAs
can be as active as canonical siRNAs or longer shRNAs. Their activity is affected by whether the antisense strand is positioned 59
or 39 to the loop (L or R sshRNAs, respectively). Dicer seems not to be involved in the processing of sshRNAs, although the
mechanism of target gene suppression by these hairpins is through Ago2-mediated mRNA cleavage. In this study, the effects of
chemical modifications on the potency, serum stability, and innate immune response of sshRNAs were investigated.
Deoxynucleotide substitution and 29-O-methyl (29-OMe) modification in the sense strand and loop did not affect silencing
activity, but, unlike with siRNAs, when placed in the antisense strand these modifications were detrimental. Conjugation with
bulky groups at the 59-end of L sshRNAs or 39-end of R sshRNAs had a negative impact on the potency. Unmodified sshRNAs in
dimer form or with blunt ends were immunostimulatory. Some modifications such as 39-end conjugation and phosphorothioate
linkages on the backbone of the sshRNAs could also induce inflammatory cytokine production. However, 29-OMe substitution of
sshRNAs abrogated the innate immune response and improved the serum stability of the hairpins.
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INTRODUCTION

RNA interference (RNAi) is an evolutionarily conserved,
highly specific pathway whereby double-stranded RNA
(dsRNA) causes sequence-specific inhibition of gene expres-
sion. RNAi has been heavily used as a research tool in vitro
as well as in vivo. Its potential as a therapeutic approach has
also been widely pursued (Elbashir et al. 2001; Xia et al.
2002, 2004; Dorsett and Tuschl 2004; Harper et al. 2005;
Wang et al. 2005; Amarzguioui et al. 2006; Behlke 2006;
Bernards et al. 2006; Chang et al. 2006; Fewell and Schmitt

2006; Vlassov et al. 2007). A variety of RNA structures
can be used to induce RNAi, including siRNAs, ‘‘Dicer-
substrate’’ RNAs of z24–30 base pairs (bp), long dsRNAs,
and small hairpin RNAs (shRNAs), either in synthetic or
expressed form. Among synthetic RNAi triggers, we (and
others) have found a special class of shRNA, short shRNAs
(sshRNA), that have identical, or in some cases, better
efficacy than siRNAs that target the same sequences (Li et al.
2007; Vlassov et al. 2007). These sshRNAs have a stem
length of 19 bp or less, a connection of 0–10 nucleotides (nt)
between the antisense strand and the sense strand, and
optionally a 2-base 39-overhang (Ge et al. 2010). The con-
nection or loop is sometimes preferred at the 39-end of the
antisense strand to have better RNAi activity (L sshRNAs,
as compared with R sshRNAs that contain the loop at
the 59-end of the antisense strand) (McManus et al. 2002;
Harborth et al. 2003; Ge et al. 2010). Dicer seems not to be
involved in the processing of sshRNAs (Siolas et al. 2005; Ge
et al. 2010). 59-RACE analysis suggests that the target gene
suppression by sshRNA is via RNAi-mediated messenger
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RNA cleavage (Ge et al. 2010). These sshRNAs are of interest
for several reasons: first, in some important model systems,
they have been shown to be more potent than correspond-
ing siRNAs (Vlassov et al. 2007); second, being shorter than
standard shRNAs, they are less costly to manufacture; and
finally, their high potency despite not being substrates for
Dicer has implications for the mechanism of action of both
siRNAs and shRNAs.

A number of studies have demonstrated the potential
for synthetic siRNAs and shRNAs to activate mammalian
immune responses (Kariko et al. 2004; Kim et al. 2004;
Hornung et al. 2005; Judge et al. 2005; Sioud 2005; Marques
et al. 2006; Schlee et al. 2006; Judge and MacLachlan 2008;
Robbins et al. 2008). Toll-like receptors (TLR3, TLR7, and
TLR8), protein kinase R (PKR), and the cytosolic RNA
helicase retinoic acid-inducible gene-I (RIG-I) are involved
in the recognition of synthetic dsRNAs and their activation
of the innate immune response (Judge and MacLachlan
2008; Robbins et al. 2009). Several features of RNA, in-
cluding length, sequence, and structure, could be involved in
the recognition by these receptors (Hornung et al. 2005;
Judge et al. 2005; Forsbach et al. 2008; Robbins et al. 2009).
Although some level of inflammatory cytokine expression
may be beneficial to antiviral or even antitumor therapeutics
(Poeck et al. 2008), the toxicities associated with excessive
cytokine release and associated inflammatory syndromes
would be an undesirable side effect for most applications.
Chemical modifications have been found to reduce the
immune stimulatory capability of RNA duplexes (Morrissey
et al. 2005; Behlke 2008; Judge and MacLachlan 2008; Watts
et al. 2008; Robbins et al. 2009). Chemical modifications
have also been developed to improve pharmacological
properties of siRNAs, including stability against nucleases
found in biological fluids and improved cellular uptake
(Bumcrot et al. 2006; Debart et al. 2007).

While chemical modifications of siRNAs and Dicer-
substrate RNAs have been extensively studied (Nawrot
and Sipa 2006; Zhang et al. 2006; Collingwood et al. 2008;
Robbins et al. 2009), synthetic sshRNAs have not been
similarly studied. Because of their different structures and
probable differences in how they are processed by the RNAi
machinery, modifications that have proven effective for
siRNAs or Dicer-substrate RNAs may not necessarily be
effective with sshRNAs. We therefore undertook an in-
vestigation of the effects of different chemical modifications
on the potency of sshRNAs, their ability to stimulate innate
immunity, and their stability against enzymatic degradation
in serum. We find that chemical modifications have dif-
ferent impacts on the efficacy of L and R sshRNAs. For
L sshRNAs, RNAi activity was reduced when 29-O-methyl
(29-OMe) or 29-deoxy modifications were introduced into
nucleotides of the antisense strand or when bulky chemical
groups were conjugated at the 59-end of the hairpin. On the
other hand, 29-OMe or 29-deoxy modification of nucleo-
tides in the sense strand and loop, 39-end conjugation, or

phosphorothioate (PS) bonds at the open ends of the
hairpin or in the loop did not affect the potency of
L sshRNAs. For R sshRNAs, a certain degree of 29-OMe
modification on the antisense strand was tolerated, but
39-end conjugation decreased their efficacy. sshRNAs in
dimer form or with blunt ends are immune activators.
Cytokine expression was also found to be up-regulated by
the addition of modifications such as 39-end conjugation
and PS linkages on the hairpins. Modification with 29-OMe
improved the serum stability of sshRNAs and minimized
their activation of the innate immune response.

RESULTS AND DISCUSSION

29-O-methyl modification of the antisense
strand affects the activity of sshRNAs

An O-methyl group at the 29-position of the ribosyl ring is
a modification that occurs naturally in mammalian ribo-
somal and transfer RNAs. It has been shown that 29-OMe
modification can bring various benefits to siRNAs and
Dicer-substrate RNAs with little effect on potency, depend-
ing on the precise modification pattern employed (Behlke
2008). For instance, 29-OMe modification of alternate
nucleotides in both strands of siRNAs resulted in increased
serum stability without loss of RNAi activity (Czauderna
et al. 2003; Allerson et al. 2005; Choung et al. 2006).
Selected uridine, guanosine, or adenosine in both strands
of siRNA could be 29-O-methylated to abrogate immune
stimulation without affecting efficacy (Kariko et al. 2005;
Judge et al. 2006). Even a single 29-OMe substitution at
position 2 (from the 59-end) of the antisense strand sig-
nificantly reduced antisense strand-mediated off-target ef-
fects (Jackson et al. 2006).

Here we have investigated whether the advantages of
29-OMe modification could be also applied to sshRNAs
without affecting their activity. In addition to examining
effects on the sense and the antisense strands, modification
of the loop was also studied. A firefly luciferase (fLuc)
reporter plasmid whose expression is driven by the HCV
internal ribosome entry site (IRES) was cotransfected with
anti-HCV sshRNAs into human 293FT cells. Reduction of
fLuc expression due to the IRES-specific sshRNAs (com-
pared with controls without sshRNA or with a scrambled
sshRNA) reflects their efficacy. No difference in fLuc ex-
pression was found between the no-sshRNA control and
the scrambled control (data not shown).

Modifications of a synthetic, blunt-ended L sshRNA
(SG105) were studied first, with an unmodified siRNA
targeting the same HCV IRES mRNA sequence (si19-3)
used for comparison. We used sshRNAs that were blunt-
ended rather than with 39 extensions because, at least for
SG105, there was no potency benefit to adding the extra
two nucleotides (Ge et al. 2010). Modification at every
second nucleotide of the antisense strand (beginning with
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the 59-terminal nucleotide) severely compromised activity
(Fig. 1, SG216). In striking contrast to the situation with
siRNAs, similar impairment was seen with sshRNAs whose
antisense and sense strands were both modified, either at
alternate nucleotides or at all uridines (SG203 and SG205).
However, when alternating 29-OMe and 29-OH nucleotides
were placed only in the sense strand (SG204), the efficacy
was not affected and even appeared to be slightly better
than the unmodified parent sshRNA (SG105) and the con-
trol si19-3. The dinucleotide UU that connects the 39-end
of the antisense and the 59-end of the sense strands of these
sshRNAs could be also 29-O-methylated on both uridines
without affecting activity (SG202). When the UU sequence
and the sense strand were both modified, again there was
no loss of efficacy (Fig. 1B, SG224). Since the base pair
immediately adjacent to the UU dinucleotide that connects
the antisense and sense strands may not actually be base-
paired due to the potential strain from a 2-nt loop, we also
examined whether 29-OMe modification of the CUUG
sequence (Fig. 1C, mCUmUG [where ‘‘m’’ represents
29-OMe]) could be combined with a modified sense strand
(SG217). As seen in Figure 1C, the IC50 of SG217 (IC50 =
6.5 pM) was only about twofold higher than the un-
modified SG105 (3.5 pM). Similarly, with a special L
sshRNA that contains a 19-nt antisense strand directly

connected to a 17-nt sense strand without any linking nucle-
otides (SG119), alternate modifications in the sense strand
(SG235) did not affect efficacy, but modification in the
39-end of the antisense strand (which in this construct forms
the loop) slightly reduced the activity (Fig. 1D, SG236).

Interestingly, although siRNAs are known to fully toler-
ate modification at the second nucleotide from the 59-end
of the antisense strand (Jackson et al. 2006), the same
strategy (intended to reduce immune stimulation) reduced
the potency of L sshRNAs somewhat (Fig. 1B, SG225,
SG226). In contrast to L sshRNAs but like siRNAs, when
the loop was placed at the 39-end of the sense strand (R
sshRNA), the sshRNA with modification at position 2 of
the antisense strand and alternate nucleotides on the sense
strand (SG233) proved to be as active as its unmodified
version (SG68) (Fig. 2A).

To test whether the patterns of 29-OMe modification
found in SG105 and its derivatives also hold for L sshRNAs
with other sequences, dose responses for two sshRNAs
targeting sequences different from SG105 (SG118 and
SG108) were compared in the presence or absence of
29-OMe modification. Modification at alternate nucleotides
on the sense strand and both uridines of the loop, but no
part of the antisense strand (SG237), provided similar
potency compared with its unmodified parent, SG118

(Fig. 2B). In addition, single modifica-
tions at positions 15 and 17 resulted in
little or no reduction in activity (data
not shown). Thus, it appears to be true,
independent of targeting sequence, that
L sshRNAs maintain high potency when
modified with 29-OMe at the loop (if it
is not part of the antisense sequence)
and on alternate nucleotides or selected
uridines of the sense strand.

Deoxyribonucleotide substitutions
in the antisense strand affect
the activity of sshRNAs

It was reported that the seed region of
the antisense strand and its complemen-
tary sequence on the sense strand could
be substituted with deoxyribonucleotides
without affecting the target gene knock-
down activity of siRNAs. Moreover, off-
target effects were significantly reduced
with this pattern of DNA substitution
(Ui-Tei et al. 2008). We tested whether
this pattern of modification could also
be applied to sshRNAs. As with 29-OMe
modification, 29-deoxy substitution of
the first six nucleotides from the 59-end
of the antisense strand of L sshRNAs
(SG206 and SG208) resulted in lower

FIGURE 1. Comparison of the activities of L sshRNAs with 29-OMe modifications in the stem
and/or loop regions. The sshRNAs were compared for their potency of suppressing the
expression of HCV IRES-fLuc reporter in 293FT cells, by cotransfecting them in triplicate with
the reporter DNA. Unmodified si19-3, specific for the same target, was used as a positive
control. (A–C) Comparison of SG105 and its derivatives containing 29-OMe modifications in
the stem and/or loop. (D) Comparison of SG119 and its derivatives containing 29-OMe
modifications in the stem and loop. Each construct is identified by sequence number and
a short-hand notation for the region modified; for example, as-2 means 29-O-methylated at
position 2 of the antisense strand; ss-alt means 29-O-methylated at every other nucleotide of
the sense strand.
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efficacy than when the same substitution was introduced at
the 39-end of the sense strand (SG207) (Fig. 3).

Phosphorothioate linkages at the open end
of sshRNAs are well tolerated

39-Exonuclease is one of the primary classes of nucleases
present in mammalian serum, and modifications at the
39-end of DNA oligonucleotides and siRNAs have been
shown to slow the degradation of these molecules in serum
(Eder et al. 1991; Amarzguioui et al. 2003; Braasch et al.
2003; Chiu and Rana 2003; Harborth et al. 2003). Spe-
cifically, the phosphate backbone can be stabilized by
phosphorothioate (PS) or boranophosphate modifications.
29-Modifications of the ribose sugar also provide some
degree of nuclease resistance. Hence we investigated whether
the addition of PS modifications at the 59-end of the
antisense strand and the 39-end of the sense strand would
affect the efficacy of L sshRNAs (SG211). SG211 was found
to be fully as active as its unmodified parent, SG105 (Fig.
4A). The further introduction of alternate 29-OMe modi-
fications to the sense strand (SG212) also did not affect the
potency of the PS-modified sshRNA.

Conjugation with multi-atom groups at free ends
of the antisense strand reduces the activity
of sshRNAs

End conjugation of siRNAs with cholesterol or a-tocopherol
has been shown to facilitate their delivery to the liver
(Soutschek et al. 2004; Nishina et al. 2008). Other delivery
agents such as peptides, lipid nanoparticles, or antibodies
could be also conjugated to the end of siRNAs. To evaluate
whether such a strategy affects the activity of sshRNAs,
a group containing a disulfide linkage (Fig. 4D) was
conjugated to either the 59- or 39-end of the hairpin, and
target knockdown was measured. As shown in Figure 4B,

conjugation at the 59-end of the antisense strand (SG143)
completely abolished the activity of an L sshRNA, whereas
conjugation at the 39-end of the sense strand (SG144)
resulted in retention of full efficacy. The antisense strand
is at the 59-end of L sshRNAs, and the presence of a
59-phosphate is essential for binding to Dicer and/or Ago2
in RISC. Since 59-conjugation presumably blocks the phos-
phorylation of 59-OH ends of synthetic RNAs that normally
occurs upon their transfection into the cell, the loss of RNAi
activity by this modification is not surprising (Jinek and
Doudna 2009). A similar phenomenon was observed with
siRNAs when end conjugation occurred at the 59-end of the
antisense strand (Amarzguioui et al. 2006).

R sshRNAs were also tested for the influence of end-
conjugation on their activities. Unlike with L sshRNAs,
conjugation of a C3 group (Fig. 4E) at the 59-end of the
sense strand (SG146) of an R sshRNA did not significantly
affect its efficacy, whereas conjugation of this group at the
39-end of the antisense strand (SG147) was more detri-
mental (Fig. 4C). This activity loss might be due to alter-
ation of the overhang at the 39-end of the antisense strand,
which interacts with the PAZ domain of Ago2 to facilitate
RISC loading (Jinek and Doudna 2009).

29-OMe modification can improve the serum
stability of sshRNAs

Although dsRNAs are more stable than single-stranded
RNAs (ssRNAs), sshRNAs without chemical modification
are still very sensitive to nucleases. An unmodified sshRNA
with a 5-nt loop (SG68) was largely degraded within 5 min
upon incubation in 10% human serum at 37°C (Fig. 5).
Faint bands with sizes z20–30 nt were detected in de-
naturing polyacrylamide gels, suggesting that the loop of
the hairpin may be the most vulnerable region for serum
nucleases. Interestingly, an sshRNA with a 2-nt UU loop
and no 39-overhang (SG105) was stable for up to 2 h of

FIGURE 2. Comparison of the activities of L and R sshRNAs with
29-OMe modifications in the stem and/or loop regions. (A) Compar-
ison of R sshRNAs with and without 29-OMe modifications in the
antisense and the sense strands. (B) Two L sshRNAs with target
sequences different from si19-3 and from each other were compared
for their target (IRES-fLuc) knockdown with and without 29-OMe
modifications in the stem and loop.

FIGURE 3. Comparison of the activities of L sshRNAs with DNA
substitutions in the duplex region. sshRNAs against the same target
were compared for their potency of suppressing the expression of
HCV IRES-fLuc reporter in 293FT cells. The sshRNAs with and
without modifications were cotransfected in triplicate with the re-
porter DNA. Unmodified si19-3, specific for the same target, was used
as a positive control.
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incubation in 10% human serum. 29-OMe modification of
the UU loop (SG202) did not increase its stability. Because
the major degradation product seen for SG68, appearing after
5 min of incubation, corresponds to a half-molecule (21–
23 nt) (Fig. 5), and in the case of SG105
it appears only after 2 h, we conclude
that minimizing the loop size appears to
confer nuclease resistance. With 29-OMe
modification at alternate nucleotides of
the sense strand and each nucleotide in
the UU loop, the molecule (SG224 and
SG204) remained largely intact for up to
6 h in 10% serum (Fig. 5).

For in vivo application, although
formulation into lipoplex or other com-
plexes may insulate the RNA from nu-
cleases to various degrees, it is likely
that most or all formulations will ben-
efit from additional stabilization of the
RNA by chemical modification.

29-OMe modification can reduce
the innate immune response

Numerous results have demonstrated
the capability of unmodified shRNAs
and siRNAs to induce the undesired
expression of proinflammatory cyto-

kines such as type I interferon (IFN),
IL-6, and TNF-a (Robbins et al. 2009).
TLR3, TLR7/8, dsRNA-dependent PKR,
and RIG-I are involved in the recogni-
tion and activation of the innate im-
mune response (Reynolds et al. 2006;
Behlke 2008; Judge and MacLachlan
2008; Robbins et al. 2009). Although
sshRNAs have a duplex length of 19 bp
or less, shorter than common shRNAs
and 21-bp siRNAs, they may still be
immune activators if they contain cer-
tain sequences or structural features.
We thus evaluated the cytokine-inducing
ability of sshRNAs with and without
various chemical modifications.

Freshly purified human peripheral
blood mononuclear cells (PBMCs) and
human fetal lung fibroblast (MRC-5)
cells were used in these experiments.
PBMCs are a mixed immune cell pop-
ulation that are representative of the
natural spectrum of immune receptors
in vivo (Judge et al. 2006). Unlike many
other cell lines, which may have defects
in the IFN response pathway, MRC-5
cells are known to remain sensitive to

immunostimulatory oligonucleotides (Marques et al. 2006).
Poly(I:C) (Pharmacia) and a T7-transcribed shRNA were

used as positive controls (Hornung et al. 2006), the former
because it is a well-known inducer of proinflammatory

FIGURE 4. Effect of PS modification and end conjugations. sshRNAs against the same target
were compared for their dose responses against the reporter DNA HCV IRES-fLuc in 293FT
cells. The sshRNAs with and without modifications were cotransfected in triplicate with the
reporter DNA. Unmodified siRNA, si19-3, specific for the same target, was used as a positive
control. The experiments were repeated at least twice. (A) Comparison of L sshRNAs with
phosphorothioate modifications at the end of the stem opposite the loop. (B) Comparison of L
sshRNAs with a disulfide-containing group conjugated to the 59- or 39-end. (C) Comparison
of R sshRNAs with a C3 group conjugated to the 59- or 39-end. (D) disulfide-containing group.
(E) C3 group.

FIGURE 5. Serum stability of sshRNAs. sshRNAs with and without 29-OMe modifications
were incubated with 10% human serum (Sigma-Aldrich) for various times at 37°C. At each
time point, an aliquot was taken out, mixed with gel loading buffer (Ambion), and im-
mediately stored in �80°C. The samples were analyzed by 12% denaturing PAGE (12%
polyacrylamide, 20% formamide, and 8 M urea) and were stained with SYBR Gold
(Invitrogen).
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cytokines, and the latter because, like all products of
transcription by phage polymerases, it has an IFN-inducing
59-triphosphate group (Robbins et al. 2009). Indeed, both
controls showed induction of OAS1, IFN-b, IL-6, and
TNF-a in PBMCs and MRC-5 cells (Fig. 6; Table 1; data
not shown). In addition to proinflammatory cytokines, we
also examined the expression of innate immune response
mediators such as TLRs, RIG-I, and PKR. As shown in
Table 1, Poly(I:C) strongly up-regulated all the mRNAs
tested, especially the TLRs and RIG-I. The induction of
TLR7 and TLR8 mRNAs in MRC-5 cells by Poly(I:C) is un-
expected since both are believed to express only on im-
mune cells. T7-transcribed shRNA specifically up-regulated
RIG-I transcription (Robbins et al. 2009). Interestingly,
this RNA molecule also stimulated the expression of TLR3
(Table 1).

Since the sshRNAs used in this study have maximum
target gene knockdown (HCV IRES-fLuc reporter model)
at concentrations of 0.3–10 nM, we used 20 nM shRNAs in
the initial PBMC experiment to examine their capabilities
to up-regulate OAS1 and IFN expression. A high concen-
tration of 100 nM of sshRNAs was later used in all MRC-5
cell transfections to make sure that we could detect even
very modest immunostimulatory properties.

Synthetic L sshRNAs against three target sequences were
investigated (SG142, SG108, and SG118). SG142 did not
trigger an inflammatory cytokine response unless the 39-
overhang was removed (in Fig. 6 and Table 1, cf. SG142
[with overhang] and SG105, SG117, SG119 [without over-
hang]; additional data not shown), indicating a RIG-I-
mediated IFN induction by blunt-ended hairpin (Takeuchi
and Akira 2009). Indeed, the mRNA level of RIG-I, but not
TLRs or PKR, was significantly up-regulated in MRC-5
cells when SG119 was transfected (Table 1). 29-OMe mod-
ification of alternate nucleotides in the sense strand (SG204
and SG235) significantly reduced or abolished the up-
regulation of cytokines and RIG-I (Fig. 6; Table 1).

It has been reported that the selection of the time used
to detect the inflammatory cytokine effect is important
because the cytokine response to siRNA is transient,
peaking between 2 and 8 h after administration (Robbins
et al. 2008). Since the detection time we chose was 24 h
after transfection of PBMCs and MRC-5 cells, to rule out
the possibility that SG142 (negative in cytokine induction
at 24 h) induces the innate immune response at earlier
times, we compared the expression of IFN-b and TNF-a in
MRC-5 cells at 6 and 24 h after the transfection of SG142.
As shown in Table 2, cytokines were nearly negative at both
time points when SG142 was examined. When SG118 was
transfected, the expression of these cytokines was much
higher at 24 h than at 6 h. The positive control, Poly(I:C),
up-regulated TNF-a with similar kinetics, peaking at 24 h.
However, IFN-b expression level did not increase after 6 h
(Table 2). The kinetics of Poly(I:C)-induced cytokine
expression in MRC-5 cells are different from what has
been reported for PBMCs (Gonzalez-Gonzalez et al. 2009),
probably due to differences in the cell types and their
immune response mediators (Robbins et al. 2009).

Two other L sshRNAs, SG118 and SG108, stimulated
PBMC and MRC-5 to express OAS1, IFN-b, TNF-a, and
IL-6 even when the 39-overhang was present (Fig. 6; Table
1). This implies that the sequence itself may contain
a sequence motif such as GU that may be stimulatory to
TLRs or other mediators of innate immune responses to
RNA oligonucleotides. The RNA duplex length may also
play a role in the sshRNA-induced immune response.
Indeed, the synthetic sshRNAs tested in this study are
present as a mixture of monomers, dimers, and even
trimers (Q Ge, H Ilves, A Dallas, P Kumar, J Shorenstein,
SA Kazakov, MA Behlke, and BH Johnston, in prep.).
Although containing a bulge in the middle, the duplex
length of a dimer sshRNA is well over 30 bp and thus
a good candidate for PKR recognition (Manche et al. 1992).
The dimer and trimer sshRNAs can be largely converted to
monomers by heating (95°C for 4 min) and snap-cooling
(ice-water bath). Upon comparing the innate immune
responses of SG118 before and after this treatment, we
found that the cytokine induction was high when multi-
mers were present but nearly absent with monomers alone
(before treatment, IFN-b, 33.58 6 1.43, TNF-a, 2426.48 6

364.31; after treatment, IFN-b, 2.23 6 0.22, TNF-a, 2.84 6

1.03), indicating that the presence of dimers and/or tri-
mers, but not the monomer or the sequence of SG118, is
mainly responsible for immune stimulation. This also
supports the findings that the recognition and activation
of some immune mediators requires a minimal length
(Robbins et al. 2009). dsRNAs with a duplex length of 19
bp or less are less capable of inducing inflammatory
cytokines. Modification of sshRNAs with 29-OMe in the
loop and alternate nucleotides of the sense strand (SG218
and SG219) again abrogated cytokine-inducing activity
(Table 1).

FIGURE 6. Type I IFN-responsive gene OAS1-induction by sshRNAs
in human PBMCs. sshRNA with and without 29-OMe modifications
(20 nM) were transfected in triplicate into freshly purified human
PBMCs. Equivalent amounts of T7 transcribed shRNA or poly(I:C)
were transfected as positive controls. The transfection reagent DOTAP
alone was used as negative control. The cells were harvested 24 h post-
transfection, and the mRNAs of OAS1 and GAPDH were measured by
quantitative RT-PCR. The relative level of OAS1 mRNA is shown,
normalized to GAPDH.
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29-OMe modification has been found to be particularly
effective in preventing the recognition of siRNAs by TLR7/
8 and RIG-I (Hornung et al. 2006; Judge et al. 2006;
Robbins et al. 2007, 2009). The modified groups interact
with TLR7 without triggering signaling cascades, antago-
nizing TLR7-mediated activation by both RNA and small-
molecule TLR7 agonists (Cekaite et al. 2007; Robbins et al.
2007). As shown in Table 3, substitution of as few as two of
42 native ribonucleotides in SG118 (without heat and snap-
cool treatment) was sufficient to inhibit IFN-b and TNF-a
up-regulation, suggesting that 29-OMe modification pre-
vents or antagonizes the recognition of dimer SG118 by
PKR or perhaps some other immune response mediator. It
should be noted that the majority of innate immune re-
sponse experiments were performed in MRC-5 cells, a
human fibroblast cell line. This cell line likely expresses
several innate immune response sensors such as TLR3,
RIG-I, and PKR. Thus, whether or not sshRNAs activate
TLR7 and TLR8, which are exclusively expressed in im-
mune cells, was not thoroughly studied. Nevertheless, our
results show that 29-OMe modification efficiently removes
the immunostimulating properties of sshRNAs.

Certain modifications can induce innate immune
responses in MRC-5 cells

Conjugation of a bulky group at their 39-end (SG144) or
introduction of PS linkages (SG211) in the stem did not
affect the potency of L sshRNAs (Fig. 4A,B). Since the
parent sshRNA SG105 induced low levels of IFN-b and
TNF-a expression in MRC-5 cells even after heating and
snap-cooling, we examined whether these modifications
would change the cytokine expression profile. The heat and
snap-cool treatment was given to all the sshRNAs before
transfection to remove dimers and multimers. As shown in
Table 4, both addition of 39-end conjugation and PS
linkages induced high levels of IFN-b and TNF-a expres-
sion, unlike the parent molecule, SG105. TLR3 and RIG-I
were up-regulated by SG144 and SG211 more profoundly
than by SG105 (data not shown). In particular, a significant
amount of RIG-I mRNA was detected with SG144-trans-
fected cells, suggesting specific activation and up-regulation
of RIG-I by the presence of the 39-end conjugation on the L

sshRNA. Interestingly, the up-regulation of cytokines and
RIG-I was not seen when the same group was conjugated to
the 59-end of SG105 (data not shown). It has been shown
that dsRNAs with protruding termini bind RIG-I weakly
and do not stimulate the activation of RIG-I efficiently in
cells (Takeuchi and Akira 2009). It is not clear how the
activity of RIG-I was affected differently by a disulfide
group conjugated to the 39- or 59-ends of a blunt-ended
RNA hairpin.

The presence of many PS bonds in oligonucleotides can
result in cytotoxicity, and the ability of PS oligonucleotides
to nonspecifically bind to proteins may explain some if not
all of their toxicity (Levin 1999; Kurreck 2003). The addition
of as few as three PS bonds in sshRNAs caused significant
induction of cytokines, particularly of TNF-a (Table 4).
Since the hairpin has blunt ends, one possibility is that PS
linkages may enhance the interaction between RIG-I and
blunt-ended sshRNA. However, some single-stranded oli-
gonucleotides with PS backbone have been shown to inhibit
the signaling of TLR3 and RIG-I induced by Poly(I:C)
(Ranjith-Kumar et al. 2009), suggesting that the immune
activation by PS-modified dsRNAs may reflect different
recognition mechanisms of RIG-I for single- and double-
stranded oligonucleotides (Ranjith-Kumar et al. 2009). The
up-regulation of TLR3 and RIG-I may be either an indirect
effect of the release of inflammatory cytokines or the direct
recognition of the modification.

29-OMe ribosyl substitution in the sense strand (at
alternate nucleotides) largely removed the innate immune

TABLE 3. Immunostimulatory properties of shRNAs with various
numbers of 29-OMe modifications (24 h after transfection)

Construct IFN-b TNF-a

SG118 (no 29-OMe) 33.58 6 1.43 2426.48 6 364.31
SG239 (2 nt 29-OMe) 0.92 6 0.17 1.93 6 1.05
SG240 (4 nt 29-OMe) 1.40 6 0.20 0.55 6 0.24
SG241 (6 nt 29-OMe) 2.75 6 0.43 0.45 6 0.20

The experiment was performed and data are presented as in Table
1. 100 nM sshRNAs with and without 29-OMe modification
(without heating and snap-cooling) were transfected into human
MRC-5 cells in triplicate. RNA was extracted from cells 24 h after
transfection, and quantitative RT-PCRs were performed.

TABLE 2. Cytokine expression at 6 and 24 h after shRNA transfection into MRC-5 cells

Construct

IFN-b TNF-a

6 h 24 h 6 h 24 h

Poly(I:C) 2031.45 6 440.62 1092.63 6 168.72 48,972.85 6 4878.69 104,812.57 6 11,067.82
SG142 2.05 6 0.57 1.42 6 0.20 0.54 6 0.07 7.33 6 2.19
SG118 1.03 6 0.18 72.55 6 8.65 15.41 6 6.87 7328.79 6 768.16

The experiment was performed and data are presented as in Table 1. 100 nM sshRNAs and equivalent amounts (on a mononucleotide basis) of
positive control [poly(I:C)] were transfected into human MRC-5 cells in triplicate. RNA was extracted from cells 6 and 24 h post-transfection,
and quantitative RT-PCRs were performed.

Chemical modification of short hairpin RNAs
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responses induced by SG144 and SG211 (data not shown).
Phosphorothioate modification is commonly used to sta-
bilize oligonucleotides, and further addition of 29-OMe
allows the use of P-S without triggering an innate immune
response.

dsRNA-induced innate immune response
in 293FT cells

The induction of type I IFN can down-regulate the ex-
pression of many genes in a nonspecific manner. To test
whether this affected the target gene knockdown experi-
ments that were performed in 293FT cells, sshRNAs were
transfected into 293FT cells without prior heating and
snap-cooling. Twenty-four hours later, total RNA was
extracted to measure cytokine mRNA levels. Unlike with
MRC-5 cells, where IFN-b was highly up-regulated after
transfection of SG117 and SG118 (Table 1; data not
shown), IFN-b was not detected in 293FT cells that had
received the same sshRNAs (Table 5). The control
[poly(I:C)] induced IFN-b up-regulation in 293FT cells.
Interestingly, RIG-I, but not TLRs or PKR, was significantly
up-regulated in 293FT cells after transfection of Poly(I:C)
[the relative induction by Poly(I:C) treated versus un-
treated was RIG-I: 322.98 6 7.52; TLR3: 6.50 6 1.74; TLR7:
3.75 6 2.15; TLR8: 7.39 6 5.18; PKR: 7.50 6 1.48]. This
contrasts drastically with the results obtained from MRC-5
cells (Table 1), suggesting that 293FT cells might be de-
ficient in certain innate immune response capabilities.

In addition, if the target gene suppression was non-
specifically mediated by type I IFN, modifications to
abrogate the inflammatory cytokine induction by sshRNAs
would result in less target down-regulation. However, we
found nearly identical dose response curves (Fig. 1B)
between modified (SG204 and SG224, negative in cytokine
induction as shown in Fig. 6 and Table 1) and unmodified
sshRNAs (SG105, positive in OAS1 induction as shown in
Fig. 6). This indicates that the suppression of target gene
expression in 293FT cells is a specific, on-target effect.

Summary

Chemical modification affects the potency of L and R
sshRNAs in different ways. L sshRNAs can tolerate de-

oxyribonucleotide substitution or 29-OMe modification at
the sense strand and loop, 39-end conjugation, or PS bonds
at the open ends of the hairpin, but not modifications in
the antisense strand or conjugation of a bulky group at the
59-end of the hairpin. The activity of R sshRNA is affected
by 39-end conjugation but can accommodate some 29-OMe
modifications in the antisense strand. L-sshRNAs, like
siRNAs, have antisense strands with free 59-ends. They
are thus available to 59-phosphorylation, whereupon they
can presumably bind in a pocket between the MID and
PIWI domains of Ago2 (Jinek and Doudna 2009). This
process cannot occur if the 59-OH is blocked, for example,
through conjugation. In R-type sshRNAs, on the other
hand, the 59-end of the antisense strand is linked to the
loop and cannot play the same role unless it is freed by
cleavage of the backbone at precisely the right position. The
greater tolerance of R than L sshRNAs for 29-O-methyla-
tion at nucleotide 2 of the antisense strand might reflect
such a different role. It remains to be determined why
siRNAs but not sshRNAs can tolerate 29-O-methylation on
alternating nucleotides of the antisense strand. Further
studies of the mechanism of action of sshRNAs will be
reported separately (Q Ge, H Ilves, A Dallas, P Kumar, J
Shorenstein, SA Kazakov, MA Behlke, and BH Johnston, in
prep.).

Unmodified shRNAs can be immune activators, espe-
cially when in dimeric form or if they are blunt-ended.
Certain modifications such as 39-end-conjugation and PS
linkages can exacerbate this effect. Monomer sshRNAs are
less capable of activating the innate immune response than
their dimeric forms, probably reflecting the influence of
mediators such as PKR that are sensitive to duplex length.
Importantly, as few as two 29-OMe substitutions can re-
duce the innate immune response to background levels. As
an added benefit, 29-OMe modifications confer improved
serum stability on sshRNAs.

MATERIALS AND METHODS

Preparation of shRNAs

shRNAs with and without chemical modifications were chemically
synthesized and HPLC-purified by Integrated DNA Technologies

TABLE 5. Cytokine induction by RNAs in 293FT cells

Construct Poly(I:C) SG117 SG118

IFN-b 5797.98 6 150.07 3.64 6 2.78 2.51 6 2.08
IL-6 53.20 6 22.40 Not measured Not measured
TNF-a 3379.65 6 332.74 Not measured Not measured

The experiment was performed and data are presented as in Table 1.
100 nM unmodified sshRNAs (without heating and snap-cooling)
and an equivalent amount of positive control [poly(I:C)] were
transfected into 293FT cells in triplicate.

TABLE 4. Immunostimulatory properties of L sshRNAs with
39-end conjugation or PS bonds

Construct IFN-b TNF-a

SG105 (unmodified) 5.03 6 0.62 319.25 6 81.48
SG144 (39-conjugation) 53.05 6 1.76 7863.85 6 635.85
SG211 (PS linkages) 22.05 6 1.08 7735.61 6 1113.55

The experiment was performed and data are presented as in Table 1
except that the sshRNAs used in the experiment were heated and
snap-cooled before transfection.
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TABLE 6. Sequences of siRNAs and shRNAs

This table only shows the sequences of siRNAs and shRNAs. No intention was made to display the putative secondary structures of shRNAs.
(Bold) Antisense strand; (black) sense strand, overhang, and loop/linker; (underline) 29-OMe modification; (*) phosphorothioate bond;
(lowercase letters) DNA (thymidine is written as T or t).
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(IDT) and resuspended in RNase- and pyrogen-free buffer con-
taining 20 mM KCl, 6 mM HEPES-KOH (pH 7.5), and 0.2 mM
MgCl2 (Thermo Fisher Scientific, Dharmacon Products). The
sequences of all the shRNAs used in this study are summarized
in Table 6. The sshRNAs used for Figures 1–5 and Table 4 were
heated for 4 min at 95°C and snap-cooled in an ice-water bath for
20 min before transfection. The sshRNAs used for Figure 6 and
Tables 1, 2, 3, and 5 did not receive the heat and snap-cool
treatment.

Transfection and reporter gene assays

The human cell line 293FT (Invitrogen) was maintained in DMEM
(Cambrex) with 10% fetal bovine serum (Hyclone), supplemented
with 2 mM L-glutamine and 1 mM sodium pyruvate. One day prior
to transfection, cells were seeded at 23,000 cells/well in a 96-well
plate, resulting in z80% cell confluency at the time of transfection.
Transfections were performed using Lipofectamine 2000 (Invitro-
gen) following the manufacturer’s instructions. Thirteen nanograms
of the IRES-linked reporter plasmid pSG154m (in which firefly
luciferase [fLuc] expression is dependent on the IRES) (Wang et al.
2005), 20 ng of pSEAP2 control plasmid (BD Biosciences Clontech)
as a transfection control, and the indicated amounts of shRNAs
were cotransfected into 293FT or Huh7 cells. Forty-eight hours
post-transfection, the cells were lysed, and luciferase activity
was measured in a MicroLumat LB 96P luminometer (Berthold
Technologies). Unless otherwise indicated, all the siRNA and
shRNA samples were tested in triplicate, and two or more in-
dependent experiments were performed. The IC50s of the dose
response curves were calculated using GraFit data analysis software.

Serum stability assay and electrophoresis

sshRNAs (3.35 mg) were incubated with 10% human serum
(Sigma) in PBS at 37°C. An aliquot was taken out at each time
point and immediately mixed with 23 gel loading buffer
(Ambion) and stored at �80°C. Subsequent gel electrophoresis
of the samples was performed under denaturing conditions (12%
polyacrylamide, 20% formamide, and 8 M urea). The gel was
stained with SYBR Gold (Invitrogen).

Proinflammatory cytokine detection

Human PBMCs were prepared from buffy coats (Stanford Blood
Center) by density gradient centrifugation, washed, and then
seeded in 24-well plates at 5 3 105 cells per well in RPMI 1640
containing 10% heat-inactivated fetal calf serum. Transfections
were performed using DOTAP (Roche) following the manufac-
turer’s instructions. Similarly, MRC-5 cells (human fetal lung
fibroblast, CCL-171; ATCC) were seeded in 24-well plates at 6 3

104 cells per well with MEM containing 10% heat-inactivated fetal
calf serum. Transfections were done using Lipofectamine 2000
following the manufacturer’s instruction; 20 nM or 100 nM
shRNAs were transfected in each well in triplicate. Six or 24 h
later, the cells were lysed in TRIzol (Invitrogen), and total RNA
was extracted according to the manufacturer’s instructions. Quan-
titative RT-PCR was done using High-Capacity cDNA Reverse Tran-
scription Kits, TaqMan Universal PCR Master Mix, SYBR power
Master Mix, Taqman probes OAS1 (Hs00242943_m1), IFN-b
(Hs01077958_s1), IL-6 (Hs99999032_m1), TNFa (Hs99999043_m1),

and GAPDH (Hs99999905_m1), and a Fast 7500 real-time PCR
machine (Applied Biosystems) following the manufacturer’s in-
structions. The following primers were used:

TLR3 forward: 59-TCCCAAGCCTTCAACGACTG-39;
TLR3 reverse: 59-TGGTGAAGGAGAGCTATCCACA-39;
TLR7 forward: 59-TTACCTGGATGGAAACCAGCTAC-39;
TLR7 reverse: 59-TCAAGGCTGAGAAGCTGTAAGCTA-39;
TLR8 forward: 59-GAGAGCCGAGACAAAAACGTTC-39;
TLR8 reverse: 59-TGTCGATGATGGCCAATCC-39;
RIG-I forward: 59-CAGTATATTCAGGCTGAG-39;
RIG-I reverse: 59-GGCCAGTTTTCCTTGTC-39;
PKR forward: 59-TCTGACTACCTGTCCTCTGGTTCTT-39; and
PKR reverse: 59-GCGAGTGTGCTGGTCACTAAAG-39 (Hayashi

et al. 2003; Terhorst et al. 2007).
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