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ABSTRACT

Hepatitis C virus (HCV) is a leading cause of liver cirrhosis and hepatocellular carcinoma world-
wide. Currently available treatment options are of limited efficacy, and there is an urgent need for
development of alternative therapies. RNA interference (RNAi) is a natural mechanism by which
small interfering RNA (siRNA) or short hairpin RNA (shRNA) can mediate degradation of a target
RNA molecule in a sequence-specific manner. In this study, we screened in vitro-transcribed 25-bp
shRNAs targeting the internal ribosome entry site (IRES) of HCV for the ability to inhibit IRES-dri-
ven gene expression in cultured cells. We identified a 44-nt region at the 3!-end of the IRES within
which all shRNAs efficiently inhibited expression of an IRES-linked reporter gene. Subsequent scans
within this region with 19-bp shRNAs identified even more potent molecules, providing effective in-
hibition at concentrations of 0.1 nM. Experiments varying features of the shRNA design showed
that, for 25-bp shRNAs, neither the size of the loop (4–10 nt) nor the sequence or pairing status of the
ends affects activity, whereas in the case of 19-bp shRNAs, larger loops and the presence of a 3!-UU
overhang increase efficacy. A comparison of shRNAs and siRNAs targeting the same sequence re-
vealed that shRNAs were of comparable or greater potency than the corresponding siRNAs. Anti-
HCV activity was confirmed with HCV subgenomic replicons in a human hepatocyte line. The re-
sults indicate that shRNAs, which can be prepared by either transcription or chemical synthesis,
may be effective agents for the control of HCV.

INTRODUCTION

HEPATITIS C afflicts 3.9 million people in the United
States (175 million worldwide), and is the primary

indication for liver transplants in the United States. Of pa-
tients initially infected by the hepatitis C virus (HCV),
70% develop chronic liver disease, including in some
cases cirrhosis and hepatocellular carcinoma (Alter et al.,

1999). Existing standards of care, using ribavirin and pe-
gylated interferon alpha, are effective only in approxi-
mately 50% of patients with the most common genotype
in the United States (genotype 1), and have substantial
side effects. Currently, much effort is focused on the iden-
tification of small-molecule agents that inhibit specific
steps in the life cycle of the virus. Many of these efforts
target HCV-encoded enzymes, and others aim to modu-
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late the host immune response (DeFrancesco and Migliac-
cio, 2005; McHutchison and Patel, 2002; Sookoian,
2003). The development of more effective HCV treat-
ments has been hampered by the lack of a good small ani-
mal model, the inability, until very recently, to stably cul-
ture the virus in tissue culture cells, and the high viral
mutation rate (Radhakrishnan et al., 2004; Randall and
Rice, 2004). However, the availability of an HCV subge-
nomic replicon system has allowed the study of HCV
replication, host–cell interactions, and evaluation of anti-
viral agents in cultured cells (Hugle and Cerny, 2003;
Pietschmann and Bartenschlager, 2003), and recently an
HCV isolate has been finally identified that produces in-
fectious virus in cell culture (Lindenbach et al., 2006). 

In addition to small molecule searches, a substantial ef-
fort has been made to find effective nucleic acid-based
inhibitors of HCV (Hugle and Cerny, 2003; Martinand-
Mari et al., 2003), including antisense oligonucleotides,
ribozymes, and more recently small interfering RNAs
(siRNAs) and small hairpin RNAs (shRNAs). siRNAs
and shRNAs act through the evolutionarily conserved
RNA interference (RNAi) mechanism to cause degrada-
tion of mRNAs having complementary sequences
(Dorsett and Tuschl, 2004; Hannon and Rossi, 2004).
Short (19 bp) siRNAs are directly incorporated into 
the multicomponent RNA-induced silencing complex
(RISC), which then releases the sense strand and uses the
antisense strand as a guide to seek out and degrade ho-
mologous mRNAs. shRNAs need first to be processed in
order to cleave the hairpin loop (Paddison and Hannon,
2003). Chemically synthesized siRNAs have shown ro-
bust inhibition of target genes in mammalian cells and
animals, although in the latter case siRNAs are usually
modified for improved pharmokinetic properties (Dykx-
hoorn and Lieberman, 2005). Small hairpin RNAs
(shRNA) display similar potency, and can easily be ex-
pressed from bacteriophage (e.g., T7, T3, or SP6) or
mammalian pol III promoters (e.g., U6 or H1), making
them excellent candidates for viral delivery (Hannon and
Rossi, 2004).

A number of research groups have shown that
si/shRNAs can effectively target HCV in human tissue
culture cells (Kapadia et al., 2003; Korf et al., 2005; Kro-
nke et al., 2004; Randall et al., 2003; Sen et al., 2003; Seo
et al., 2003; Wilson et al., 2003; Yokota et al., 2003;
Zhang et al., 2004). The only experiments performed to
date in mice used HCV IRES-dependent reporter sys-
tems, and si/shRNAs were delivered by high-pressure in-
jection (McCaffrey et al., 2002). However, for hepatitis
B virus (HBV), for which an animal model does exist,
such experiments were successfully performed; stabi-
lized siRNA, incorporated into specialized liposomes and
administered by intravenous injection into mice carrying
replicating HBV, significantly reduced serum HBV DNA
(Morrissey et al., 2005). These and other promising ex-

amples of RNAi tests in rodents (reviewed in Behlke,
2006; Dallas and Vlassov, 2006) provide confidence that
siRNA drugs are feasible. Finding siRNAs that are active
at low doses (to minimize toxicity and off-target effects)
and solving delivery problems are the main challenges in
the development of nucleic acid-based therapeutics
(Dykxhoorn and Lieberman, 2005).

In the first report of the effects of direct delivery of
shRNA on target gene inhibition in animals (Wang et al.,
2005), we showed that 25-bp shRNAs targeting the HCV
internal ribosome entry site (IRES) caused potent inhibi-
tion of HCV IRES-dependent reporter expression in cul-
tured human cells, and in mouse liver as analyzed by in
vivo bioluminescent imaging. Recently another group
also reported successful use of directly delivered shRNA
(Hamazaki et al., 2006). Both of these studies used in
vitro transcription by T7 RNA polymerase to generate
the shRNAs. In the present report, we describe an exten-
sive search for shRNAs capable of inhibiting HCV
IRES-dependent gene expression at very low concentra-
tions (~0.1 nM). We examined the effects of varying
shRNA features such as target site, stem length, loop
size, and the presence or absence or terminal single-
stranded overhangs, and compared shRNAs side by side
with corresponding siRNAs. The potency of selected
molecules was confirmed using HCV replicons in Huh7
cells. Our results boost the prospects for the eventual use
of chemically synthesized or transcribed shRNAs for the
control of HCV.

MATERIALS AND METHODS

Preparation of shRNAs

shRNAs were generated by in vitro transcription of
DNA templates having a T7 promoter sequence. Each
shRNA was transcribed at 37°C for 1 hour from 5 !M of
the annealed dsDNA template using the AmpliScribe T7
Flash transcription kit (Epicentre Technologies, Madi-
son, WI), followed by double purification on a G50 gel
filtration spin column (Microspin G-50, Amersham Bio-
sciences, Arlington Heights, IL). DNA oligonucleotides
were purchased from IDT (Coralville, IA). Chemically
synthesized shRNAs were prepared by Thermo Fisher
Scientific, Dharmacon Products (Lafayette, CO).

Transfections and reporter gene assays

The human cell lines 293FT (Invitrogen, Carlsbad,
CA) and Huh7 (kindly provided by Andrew Simmons,
Cell Genesys) were maintained in DMEM (Cambrex,
Walkersville, IN) with 10% fetal bovine serum (Hy-
Clone, Logan, UT), supplemented with 2 mM L-gluta-
mine and 1 mM sodium pyruvate. One day prior to trans-
fection, cells were seeded at 1.7 ! 105 cells/well in a
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48-well plate, resulting in ~80% cell confluency at the
time of transfection. Transfections were performed using
Lipofectamine 2000 (Invitrogen) following the manufac-
turer’s instructions. For the inhibition experiments,
293FT or Huh7 cells were cotransfected (in triplicate)
with 40 ng of pHCV, an IRES-linked firefly luciferase
reporter construct (Wang et al., 2005; courtesy of P.
Sarnow, Stanford University), 25 ng pSEAP2-control
plasmid (BD Biosciences Clontech, San Jose, CA) as a
transfection and specificity control, and the indicated
amounts of T7-generated shRNA (typically 0.5 pmol).
pHCV is a dual luciferase expression plasmid in which
the HCV IRES is placed between the coding sequences
for Renilla and firefly luciferase (fLuc), so that fLuc is
dependent on the IRES. We used pSEAP2, which ex-
presses secreted alkaline phosphatase (SEAP), instead of
Renilla luciferase expression as a control because
shRNA-mediated cleavage in the IRES sequence destabi-
lizes the whole message and Renilla luciferase expres-
sion is lost along with that of fLuc. Compensatory
pUC18 plasmid was added to the transfection mix to give
a total of 400 ng nucleic acid per transfection. Forty-eight
hours later, the supernatant was removed and heated at
65°C for 30 minutes. Ten microliters of this supernatant
were added to 150 !L p-nitrophenyl phosphate liquid
substrate system (pNPP, Sigma, St. Louis, MO) to mea-
sure SEAP levels. After a 30-minute incubation at room
temperature, absorption at 405 nm was quantified using a
Thermomax microplate reader (Molecular Devices, Sun-
nyvale, CA) and SOFTmax software (Molecular De-
vices). The cells were lysed and luciferase activity mea-
sured using the Dual-Luciferase Reporter assay system
(Promega, Madison, WI) and a MicroLumat LB 96 P lu-
minometer (Berthold Technologies, Bad Wildbad, Ger-
many). 

Assay of shRNA in an HCV replicon system

The antiviral activity of shRNAs was assayed in the
stably HCV RNA-replicating cell line AVA5 (derived by
transfection of the human hepatoblastoma cell line
Huh7.5 with a genotype 1b subgenomic replicon using a
previously described assay (Okuse et al., 2005). AVA5
cells maintained on 96-well plates were transfected with
HCV shRNA inhibitors using Lipofectamine 2000 (In-
vitrogen) following the manufacturer’s procedure with
the following exceptions: cultures were incubated in
serum-free medium for 2 hours prior to transfection, and
the transfection was performed overnight in complete
medium (Blight et al., 2000) without G418. Intracellular
HCV RNA levels and cytotoxicity were assessed 72
hours after inhibitor administration. Triplicate cultures
were used for the assessment of intracellular HCV RNA
(by blot hybridization) and cytotoxicity (by neutral red
dye uptake). Untreated cultures, and cultures treated with

recombinant human interferon alpha 2b (PBL Interferon
Source, Piscataway, NJ), ribavirin (Sigma, St. Louis,
MO), or 2"-O-methyl cytidine served as assay controls.
Levels of "-actin mRNA present in each culture sample
were used to normalize HCV RNA levels.

RESULTS

Identification of shRNAs that inhibit HCV 
IRES-dependent gene expression in cultured cells

We previously characterized an in vitro-transcribed
shRNA (designated as sh1 here and as HCVwt in Wang
et al., 2005) that targets the 3" end of the HCV IRES, near
the AUG translation start site. A reporter plasmid in
which fLuc expression is dependent on the HCV IRES
(genotype 1a; GenBank accession #AJ242654) was used
to assess the ability of cotransfected shRNA to interfere
with the function of the IRES (Wang et al., 2005). Di-
rectly delivered sh1 was shown to cause potent inhibition
of HCV IRES-dependent reporter expression both in hu-
man cell lines and in mouse liver, the latter as analyzed
by in vivo bioluminescent imaging (Wang et al., 2005).

The goal of the present study was to identify shRNAs
having the highest potency by locating the best target site
on the IRES and optimizing the shRNA design. Toward
this end, we first designed and tested 26 shRNAs targeting
various regions of the HCV IRES (Table 1). The target sites
were chosen so as to avoid regions that vary among differ-
ent HCV genotypes. Some were picked by using siRNA se-
lection algorithms such as that provided at http://jura.
wi.mit.edu/bioc/siRNAext/. Because the available algo-
rithms are known to miss some effective target sites, we
also tested sites that most algorithms would rule out, such
as GC-rich or highly structured regions. The shRNAs were
generated by in vitro transcription using T7 RNA poly-
merase with dsDNA templates. To maximize transcription
efficiency, templates were designed so that the transcripts
began with the sequence 5"-pppGGG. All shRNAs in this
group had duplex stem lengths of 21–25 bp and a 10-nt
loop derived from microRNA-23, as in the original sh1.

These molecules (27 in all, including the original
shRNA sh1) were assayed for activity as previously de-
scribed (Wang et al., 2005). Briefly, human 293FT cells
were cotransfected with pHCV fLuc expression plasmid,
a secreted alkaline phosphatase expression plasmid
(pSEAP2, to control for efficiency of transfection or off-
target effects), and the shRNA to be tested. The results are
shown in Table 1. SEAP levels were uniform within ex-
perimental error for all samples at 1 nM, but were some-
what reduced for some shRNAs at 5 nM, suggesting that
transfection efficiency was relatively consistent and that
there were some nonspecific effects at that higher concen-
tration. As can be seen, most of the shRNAs displayed
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only moderate activity (less than 50% inhibition at 1 nM),
presumably because the targeted areas on the IRES were
highly structured. The only exceptions were shRNAs
sh39, sh37, hcv17, and sh11, targeting positions near the
sh1 site. These shRNAs caused 85–90% inhibition of
IRES-dependent gene expression at 1 nM concentration.
Although as expected shRNA activity increases with con-
centration (Table 1), screening was performed at low 
concentrations to identify highly active shRNAs and min-
imize nonspecific effects, which in our experience fre-
quently manifest at concentrations above 10 nM (Wang et
al., 2005). Northern blot analysis performed for selected
shRNAs confirmed that the target mRNA was being de-
graded (not shown). This survey revealed a 44-nt region
(positions 331–374 on the HCV IRES) within which five
overlapping shRNAs displayed high activity; of these
five, only one was predicted by algorithms. These data
confirm and significantly extend the findings of other

studies of the successful targeting of the HCV IRES by
shRNAs and siRNAs (Kronke et al., 2004; Randall et al.,
2003; Seo et al., 2003; Yokota et al., 2003). 

shRNA activity in cells is not significantly
affected by point mutations in the target

To test the sensitivity of shRNA to point mutations in
the target, a C!U mutation was introduced at position
340 of the HCV IRES. Of the 27 shRNAs initially tested,
9 contained this position within their target sites: sh10,
sh17, hcv30, sh18, hcv22, sh38, sh39, sh37, hcv17
(Table 1), and their activities could theoretically be af-
fected by this mutation. These nine shRNAs were as-
sayed with the mutated version of pHCV luciferase con-
struct, along with selected shRNAs targeting other sites
as controls. For all nine shRNAs, activity was found to be
either unaffected (where the mismatch falls near the pe-
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TABLE 1. RESULTS OF A SCREEN OF 24–25-BP SHRNAS FOR THE ABILITY TO

INHIBIT HCV IRES-MEDIATED GENE EXPRESSION IN 293FT CELLS

fLuc expression fLuc
shRNA HCV IRES fLuc expression (%) at 1 nM expression (%)
inhibitor target site, (%) shRNA (C340 ! U at 5 nM
# nt at 1 nM shRNA mutated target) shRNA

hcv3 29–51 74 # 80 50 # 6
sh23 35–59 52 # 50 39 # 4
sh24 52–75 44 # 60 28 # 3
hcv45 65–86 82 # 12 62 # 7
hcv40 73–94 72 # 90 69 # 8
sh20 75–99 63 # 60 65 # 60 42 # 3
sh25 82–106 64 # 80 39 # 4
sh19 135–159 50 # 60 52 # 12 27 # 4
sh26 152–176 66 # 11 50 # 5
hcv44 196–217 99 # 10 75 # 8
hcv41 204–224 76 # 90 51 # 6
sh27 224–248 75 # 12 70 # 8
sh28 253–277 40 # 80 36 # 5
sh29 278–302 62 # 60 21 # 3
hcv7 288–309 69 # 80 47 # 5
sh9 299–323 74 # 90 72 # 12 43 # 5
sh10 318–342 36 # 40 32 # 50 17 # 3
sh17 320–342 41 # 50 43 # 80 21 # 5
hcv30 322–342 59 # 60 57 # 70 35 # 4
sh18 323–346 62 # 80 65 # 13 31 # 8
hcv22 326–346 50 # 60 76 # 9 55 # 7
sh38 328–352 54 # 40 69 # 60 12 # 2
sh39 331–355 13 # 10 24 # 30 7 # 1
sh37 335–359 15 # 10 16 # 20 5 # 1
hcv17 337–359 16 # 20 24 # 30 17 # 2
sh1 344–368 8 # 1 10 # 10 4 # 1
sh11 350–374 10 # 10 10 # 10 5 # 1



riphery of the target site) or moderately reduced (for mis-
matches near the center of the target site) in comparison
to the original, perfectly matched target (Table 1). These
findings are consistent with our previous finding that in-
troduction of mismatches at either of two sites in sh1 also
did not significantly affect ability to knock down expres-
sion from the wild-type IRES (Wang et al., 2005). Other
groups also reported that sh/siRNAs tolerate single mis-
matches and especially G/U wobble base pairs (Doench
et al., 2003; Holen et al., 2005). These results suggest
that, if single-point mutations were introduced by the vi-
ral polymerase, even in the highly conserved IRES, the
virus is likely to remain vulnerable to the shRNAs.

Sequence walking with short shRNAs and siRNAs
within the favored site

We next asked whether the HCV-targeting shRNAs
could be shortened and still retain their potency. Shorter

molecules would presumably be less costly to manufac-
ture, cause fewer off-target effects, and be less likely to in-
duce an interferon response or activate protein kinase R
(although, theoretically, in the case of HCV therapy an in-
terferon response might be beneficial, as discussed below).
Six shorter shRNAs (sh50-55), having 19-bp stems, 10-nt
loops, and 5"-GG and 3"-UU overhangs, were designed to
target sequences within the 44-nt region that was found to
be “accessible” based on initial screening. Three shRNAs
were directed to targets within the region 331–353 and
three to within 354–374, in an attempt to find a pair of
nonoverlapping shRNA candidates that could be used to-
gether to suppress the emergence of viral resistance (Fig.
1A). Three of the six shRNAs (those targeting closer to the
middle of the 44-nt region) produced significant inhibition
of HCV IRES-dependent gene expression in 293 FT cells
(Fig. 1B), and one of the three had similar potency to the
25 bp sh1 encompassing the same target site.
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FIG. 1. (A) Target sites on the HCV IRES for 19–bp shRNAs tested. (B) The results of a test of six shRNAs for the ability to in-
hibit HCV IRES-mediated gene expression in 293FT cells; shRNA concentration, 1 nM. (C,D) Comparison of activity of siRNAs
and shRNAs targeting all seven 19–nt subsites within the 25-nt target site for shRNA sh1; sh/siRNA concentration, 1 nM (C) and
0.1 nM (D). fLuc values are normalized to either no inhibitor (B) or a nonspecific control si- or shRNA (NSC) (C,D). Raw fLuc
values were typically 500,000–700,000 light units for the controls. Error bars indicate standard deviation for averaged results from
two to four experiments, each performed in triplicate. Because the errors in SEAP measurements were larger than those in fLuc
measurements, the latter were not normalized to SEAP to avoid amplifying fLuc errors. SEAP levels were consistent within repli-
cates and between samples at 0.1 nM concentrations of shRNAs. The same was true at 1 nM except for sh4, where SEAP levels
dropped by about 50%, suggesting some nonspecific effects in that case.



To allow a comparison of shRNAs and siRNAs in our
search for the most potent inhibitors, for selected in vitro-
transcribed shRNAs we also tested the corresponding
chemically synthesized siRNAs. First, the “parental” 25-
bp T7-transcribed shRNA sh1 and a 25-bp synthetic
siRNA targeting the same site were compared for their
ability to inhibit HCV IRES-mediated reporter expres-
sion. As shown in Figure 1C–D, the siRNA and shRNA
produced 91% and 92% inhibition, respectively, at 1 nM
concentration, 62% and 63% inhibition at 0.1 nM, and no
significant inhibition at 0.01 nM (not shown).

Next, seven synthetic, unmodified 19-bp siRNAs tar-
geting every possible 19-nt sequence within the vali-
dated 25-nt site of sh1 (344–368 nt, Fig. 1A) were
tested at concentrations ranging from 0.01 to 1 nM (Fig.
1C–D). These siRNAs varied in their potency, which
was both less and greater than that of the parental 25-bp
shRNA and siRNA. For example, inhibition at 1 nM
ranged from 75% for siRNA19-7 to 96% for siRNA19-
3. This nucleotide-by-nucleotide position dependence
has also been observed for “ordinary” antisense inhibi-
tors, although the best target sites for this class of inhib-
itors may be different than for RNAi-based inhibitors
due to the different mechanisms of action. The most po-
tent molecule, siRNA19-3, showed 88% inhibition at
0.1 nM concentration and 42% at 0.01 nM (data not
shown), with siRNAs19-4 and 19-6 also showing some
inhibition (29% and 15%, respectively) at 0.01 nM.
Thus, 19-bp siRNA sequence walking can reveal even
more potent inhibitors than the 25-bp siRNA within its
targeting site. 

The corresponding in vitro-transcribed 19-bp shRNAs
also showed significant activity in 293 FT cells, ranging
from 65% to 83% at 1 nM concentration (Fig. 1C–D). As
with the siRNAs, most shRNA constructs tested were
also effective at 0.1 nM, with shRNA19-3 showing the
greatest inhibition at 73%. Although the shRNAs were
generally somewhat less potent than the siRNAs in this
system, some 19-bp shRNAs were more potent than the
“parental” 25 bp shRNA at 0.1 nM.

There was a chance that the in vitro-transcribed
shRNAs contained products of premature termination
(Hartvig and Christiansen, 1996) that might have de-
creased activity, since they were purified only by G-50
spin columns to remove unincorporated nucleoside
triphosphates. Analysis of these 19-bp shRNAs by poly-
acrylamide gel showed purity comparable to that of the
synthetic, HPLC-purified siRNAs (Fig. 2), although in
the case of the 25-bp shRNAs additional products (longer
and/or shorter, comprising up to !10%) were observed
for certain constructs along with the major product of
transcription (not shown). When an in vitro-transcribed
shRNA was compared side by side with a chemically
synthesized version of the same shRNA, no difference in
potency was observed. We concluded that differences in

purity between the siRNAs and shRNAs tested were
probably not significant.

In view of the fact that shRNAs require an additional
processing step compared to 19-bp siRNAs (Dorsett and
Tuschl, 2004), we considered the possibility that for
siRNA the peak of activity may be earlier than for
shRNA, in which case the two should not be compared at
the same time point. The same results were obtained
whether fLuc levels were analyzed 60, 48, or 24 hours
posttransfection (data not shown); earlier time points
could not be examined due to the low levels of fLuc ex-
pressed. However, since the luciferase reporter plasmid
is introduced together with the synthetic si/shRNAs, and
expression of the target mRNA encoded by the plasmid
may take at least as much time as the assembly of a RISC
complex from synthetic RNAs, it is not clear whether
shRNA processing can be monitored in the context of
this assay.

Although 19-bp shRNAs performed somewhat more
poorly than siRNAs in 293 FT cells, in the HCV replicon
system (see below) and in a mouse model (unpublished),
all shRNAs were more potent than the corresponding
siRNAs. Most importantly, within the validated site on

VLASSOV ET AL.228

FIG. 2. Analysis of shRNA and siRNA purity by nondenatur-
ing 10% PAGE stained with ethidium bromide. Top: Synthetic
siRNA (HPLC purified). Bottom: In vitro transcribed shRNA
(purified by G50 spin columns to remove unincorporated
NTPs). 60 pmol RNA was loaded per lane. 



the IRES, we have found highly potent siRNAs as well as
shRNAs, active at concentrations of 1, 0.1, and even 0.01
nM.

shRNA design: effects of stem length, loop length
and sequence, and terminal overhangs

We investigated in more detail how shRNA design af-
fects gene-silencing activity. The original sh1 contained
a 25-bp stem with 5"-GG and 3"-UU overhangs (which
might form GU base pairs) and a 10-nt miR-23 loop.
Each of these features was varied, one at a time (Fig. 3).
The microRNA-23 loop sequence was chosen originally
because it is found naturally (Lagos-Quintana et al.,
2001), and was therefore not expected to be toxic. Two
alternative 10-nt loops were tested, along with loops of 6,
5, and 4 nt, each in two sequence versions. Neither loop
size nor sequence was found to affect the activity of the
25-bp shRNA. Also, shRNAs of this length lacking the
3"-UU sequence (sh35) had the same efficacy as the cor-
responding shRNA with this feature. Control shRNA
with full-length (25 nt) sense but short (13 nt) antisense

regions (sh2) had no activity, as expected. shRNAs hav-
ing a 3"-CC instead of 3"-UU terminus (allowing the for-
mation of 2 additional Watson-Crick base pairs) pro-
duced more potent inhibition of fLuc, but also
significantly reduced SEAP levels (not shown). This
nonspecific inhibition may have been a consequence of
the longer stem (27 bp), which can induce genes of the
interferon responsive pathway and activate protein ki-
nase R (PKR). Moving the loop to the other end of the
shRNA (sh36) reduced the inhibitory activity from 90%
to 15% at 1 nM. Dicer is expected to cleave off the loop
about 20 bp from the free end. The resulting siRNA then
enters RISC, whereupon one strand of the duplex is re-
leased and the remaining strand guides subsequent target
cleavage. Depending on whether the loop is at one end or
the other, either of two different siRNAs will be pro-
duced, with their target sequence shifted by 6 nt relative
to each other. These siRNAs might have different in-
hibitory properties due to their different GC-content
(and, therefore, different helical stability) near their ter-
mini. Interestingly, use of the antisense strand of the
siRNA alone (produced by T7 transcription) also showed
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FIG. 3. shRNAs (25 bp): effects of terminal overhangs and loop size and sequence. (Top) The variants of the 25 bp shRNA tested
(based on sh1), bearing loops of various sizes and sequences. (Bottom) The results of a screen of 25-bp shRNAs for the ability to
inhibit HCV IRES-mediated gene expression in 293FT cells; shRNA concentration, 1 nM. sh35: sh1 without 3"-UU; sh2: sh1 with
its antisense strand shortened to 13 nt; sh36: sh1 with the loop moved to the other end of the duplex. L, loop; members of each pair
differ in loop sequence.



significant inhibition: 57% at 1 nM (not shown). The
sense strand had no inhibitory effect, as expected. Simi-
lar findings have been reported previously (Martinez et
al., 2002; Sorensen et al., 2003).

Because the 19-bp shRNAs displayed potency similar
to 25-bp shRNAs and have certain advantages as drug
candidates, we also examined the effects of loop varia-
tions for 19 bp shRNAs (Fig. 4). Again, loop sizes of 10,
6, 5, and 4 nt were tested, each in two sequence versions.
In contrast to what was observed with 25-bp shRNAs, re-
duction of loop size, especially below 5 nt, resulted in re-
duced activity for the 19-bp shRNAs for both loop se-
quences tested. Loops of at least 5–6 nt were required for
high activity. This conclusion was confirmed with sh19-
1, sh19-5, sh52, sh53, and sh54 (not shown), in addition
to the sh19-3 derivatives shown in Figure 4. Removal of
the 3"-UU overhang (sh41) also resulted in significant re-
duction of activity. This overhang effect was seen with
19-bp as well as 20-bp, but not 25 bp, shRNAs. On the
other hand, removal of one or both G at the 5"-end (sh68)
did not affect the activity. Thus, for 25 bp shRNAs, nei-
ther the size of the loop nor the presence of a 3"-UU af-
fect activity, whereas these parameters are important de-
terminants of potency for 19-bp shRNAs.

Recent reports have shown that siRNAs synthesized
using a phage RNA polymerase system can trigger potent
induction of interferons (IFN) alpha and beta in a variety
of cell lines due to the presence of 5"-triphosphates on
such transcripts (Hornung et al., 2005; Hornung et al.,
2006; Kim et al., 2004; Pichlmair et al., 2006). In the
present study, no IFN-beta was induced in 293FT cells at
24, 48, or 96 hours following transfection with sh1 (1 or
3 nM; data not shown) as determined by a human IFN-
beta ELISA (R&D Systems, Minneapolis, MN). Also, no
induction of 2"-5" oligoadenylate synthetase levels
(OAS) in 293FT cells was seen 48 hours following
shRNA administration (data not shown) as determined
by a PCR-based protocol using published OAS primer
sequences (Fish and Kruithof, 2004). In vitro-transcribed
sh1 was tested along with dephosphorylated, in vitro-
transcribed sh1 and a synthetic sh1, and no difference
was observed either in the efficacy of fLuc inhibition or
the effect on SEAP levels. Also, no obvious cytotoxicity
was seen. These results are in accord with a recent study
(Hamazaki et al., 2006) in which T7-transcribed shRNAs
with 5"-ppp were found not to activate PKR, OAS, or in-
terferon-regulatory factor-3 in cells. While toxic effects
might appear at high concentration, at shRNA concentra-
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FIG. 4. shRNAs (19 bp): effects of terminal overhangs and loop size and sequence. (Top) The variants of the 19 bp shRNA tested
(based on sh19-3), bearing loops of various sizes and sequences. (Bottom) The results of a screen of 19-bp shRNAs for the ability
to inhibit HCV IRES-mediated gene expression in 293FT cells; shRNA concentration, 1 nM. sh41: sh19-3 without 3"-UU; sh68:
sh19-3 without 5"-GG. L, loop; members of each pair differ in loop sequence.



tions of 1 nM there appears to be no need to remove the
5"-ppp of T7 transcripts used in cultured cells. 

Assay of shRNA in the HCV Replicon system

A number of shRNA and siRNA inhibitors along with
negative controls were transfected into the AVA5 cell
line which stably expresses an HCV subgenomic geno-
type 1b replicon (Blight et al., 2000), and the levels of
HCV replication were determined by quantitative blot
hybridization (Okuse et al., 2005). EC50s from two inde-
pendent experiments (with each sample assayed in tripli-
cate) are shown side by side in Figure 5. All shRNAs
found to be efficacious with the fLuc/IRES system in 293
FT cells showed high potency in the replicon system as
well. In addition, the following differences from the re-
porter system were observed: 19-bp shRNAs were some-
what more potent than 19-bp siRNAs, and 25 bp siRNAs
and 25 bp shRNAs were less potent than any of the 19-bp
shRNAs or siRNAs tested. No obvious cytotoxicity was
observed for any of the shRNA or siRNA samples up to
25 nM (data not shown).

DISCUSSION

The HCV IRES is highly conserved, making it a prime
target for nucleic acid-based inhibitors despite a level of

secondary and tertiary structure that makes antisense ap-
proaches problematic (Kretschmer-Kazemi Far and
Sczakiel, 2003; Overhoff et al., 2005). Several groups re-
cently reported some success targeting the HCV IRES in
293FT and Huh7 cell lines (Kapadia et al., 2003; Korf et
al., 2005; Kronke et al., 2004; Randall et al., 2003; Sen et
al., 2003; Seo et al., 2003; Wilson et al., 2003; Yokota et
al., 2003; Zhang et al., 2004). We earlier demonstrated
that a T7 RNA polymerase-transcribed shRNA directed
against the 3" end of the HCV IRES, including and
downstream of the AUG translation start site, induces
!86% and !90% knockdown of HCV IRES-dependent
luciferase expression at 1 nM concentration in 293FT
cells and Huh7 cells, respectively (Wang et al., 2005).
Furthermore, direct delivery of shRNA to mouse liver
was shown to potently and reproducibly inhibit (by up to
99%) HCV IRES-dependent reporter expression (Wang
et al., 2005). This was the first demonstration of RNAi-
mediated gene inhibition in an animal model by in vitro
transcribed RNA hairpins, as opposed to the more com-
mon approaches of delivering synthetic siRNAs, or vec-
tors expressing shRNA in vivo.

In the current studies, systematic screening of shRNA
constructs identified a 44-nt site on HCV IRES that is
“accessible” to inhibition by RNAi. Within this site (nt
331–374), we found 19–25 bp shRNAs and siRNAs hav-
ing subnanomolar EC50s as assayed with HCV replicons
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FIG. 5. Inhibition of HCV Replicons by shRNAs and siRNAs. shRNA and corresponding siRNA inhibitors along with negative
controls targeting the HCV IRES were assayed in an HCV replicon system (Blight et al., 2000; Okuse et al., 2005). A range of con-
centrations was tested and the concentration of RNA that resulted in 50% reduction (EC50) of viral RNA was determined. EC50s
from two independent experiments are shown in the side-by-side (black and white) bars. The siRNA19-n and shRNA19-n series re-
fer to siRNAs and shRNAs each having 19-bp double-stranded regions and targeting sites designated by n $ 1, 2, 3, 4, and 5 (see
Fig. 1A for sequences). siRNA si1 and shRNA sh1 both target the same 25-bp site and have 25-bp stems. Si/shNSC, nonspecific
controls.



and reporter systems. The identification of highly potent
sequences potentially enables their usage as drugs at low
concentration, reducing the cost of synthesis and poten-
tial off-target effects. It should be noted that in the repli-
con system, the HCV IRES only drives the G-418 resis-
tance gene, and the viral genes are translated via the
EMCV IRES. Hence, an sh/siRNA targeting the HCV
IRES will only inhibit the replicon if it results in RNA
cleavage; translation inhibition will work only in the
presence of G-418 (which is normally used only for resis-
tance selection studies). Thus, shRNAs may work better
on the actual virus than the replicon, where any micro-
RNA-like translation inhibition activity will not be evi-
dent. This might explain why in most cases we observed a
higher EC50 for the replicon than for the reporter studies.

Certain synthetic shRNAs were previously reported to
be more potent than corresponding siRNAs (Harborth et
al., 2003; Siolas et al., 2005). Our present and earlier
(Wang et al., 2005) data also indicate that in the replicon
and mouse models, unmodified shRNAs provide a some-
what higher level of inhibition than corresponding
siRNAs (although in the cell culture reporter system this
was reversed). As to the optimal length of the molecule, a
number of 19-bp si/shRNAs were shown to be superior to
a parental 25-bp si/shRNA targeting the same site. (How-
ever, it should be noted that on average, longer shRNA
molecules are more potent.) Advantages of the shorter
19-bp shRNAs over 25-bp molecules include lower cost
of RNA synthesis as well as presumably fewer off-target
effects and less induction of interferon response genes.

Typically, shRNAs with a stem length of 19–29 bp and
a loop of 4–10 nt have been used in laboratory studies.
Our studies on the design of shRNAs have shown that for
25-bp shRNAs, neither the size and sequence of the loop
nor the presence of unpaired ends affects activity, in
agreement with other reports (Harborth et al., 2003; Pad-
dison and Hannon, 2003). In contrast, we have found that
for 19-bp shRNAs, larger loops (regardless of sequence)
and the presence of a 3"-UU overhang are crucial for effi-
cacy. The loop of shRNAs must be removed or opened
before further processing by RISC can take place. For
longer (e.g., 29-bp) shRNAs, Dicer can cleave off the
loop within the duplex region (Dorsett and Tuschl,
2004). However, 19-bp shRNAs with 4-nt loops are
much poorer substrates for Dicer (Siolas et al., 2005),
presumably because their loops lie near or at the Dicer
cleavage site (and hence are “felt” as Dicer “measures”
from the ends). A larger loop allows more conforma-
tional flexibility at the junction between the duplex stem
and the single strand of the loop, whereas a small loop
may constrain that region to a conformation that is a poor
substrate for Dicer. The 3"-UU extension, which pro-
vides a docking site for the Paz domain of Dicer
(MacRae et al., 2006), may be important to help compen-

sate for the unfavorable position of the loop in the case of
the 19-bp shRNAs.

Several groups have reported the successful use of 19-
bp shRNAs with small (3–4 nt) loops for target knock-
down (Paul et al., 2002). However, few studies have
carefully examined the effects of loop size on the potency
of short shRNAs. Brummelkamp et al. (2002) reported
that for expressed 19-bp shRNAs, molecules having 9-nt
loops had higher activity than those with 7-nt loops, and
constructs with 5-nt loops were inactive. Jacque et al.
(2002) reported that, for expressed 19-bp shRNAs, activ-
ity was about the same for constructs with 3-nt and 7-nt
loops, and somewhat less with 5-nt loops. When shRNAs
are expressed from vectors, or when synthetic shRNAs
are used at high concentration, variation of shRNA effi-
cacy with loop size might not be noticed. Besides, some
RNAi studies employ loop sequences such as UUCAA-
GAGA that may internally pair (UU to GA), thus extend-
ing the stem of the shRNA by 2 bp and shortening loop
from 9 nt to 5 nt. Such alternate structures may make in-
terpretation of results difficult. In general, 19-bp shRNAs
are more sensitive to design parameters than longer,
25–29 bp shRNAs, and optimal design may be dependent
on the specific assay system, target sequence and deliv-
ery route.

The IRES region in the HCV 5"-UTR is highly con-
served and has several segments that appear to be invari-
ant. The region around the AUG translation initiation
codon is particularly highly conserved, being invariant at
positions %8 to &65 (with the exception of a single nu-
cleotide variation at position &2) in over 81 isolates from
various geographical locations (Bukh et al., 1992). De-
spite the conservation of sequence in the IRES motif, it is
uncertain whether targeting a single sequence, even if
highly conserved, will be sufficient to prevent escape
mutants. RNA viruses, including HCV, are notorious for
their high mutation rates, which result from the high error
rate of the replicase and the lack of proofreading activity.
On average, each time HCV RNA is replicated, one error
is incorporated into the new strand (Rice, 2003), al-
though not all of these variants are necessarily propa-
gated in subsequent rounds of infection or replication.
This error rate is compounded by the prodigious produc-
tion of viral particles—up to a trillion per day in patients
with active infections (Rice, 2003). We have found that
in the reporter system a single mismatch in the target
mRNA did not significantly affect activity of shRNAs
tested (with the mismatch at various positions). Such ro-
bustness in the face of viral mutation could be advanta-
geous in terms of targeting evolving viral mutants, al-
though it is established that viruses can readily escape
from RNA interference (Gitlin et al., 2005). Also, low
sensitivity of si/shRNA to mismatches raises concerns
regarding off-target effects of siRNA (Jackson et al.,
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2003; Saxena et al., 2003; Scacheri et al., 2004). As with
other pharmaceuticals, proper testing of several potential
agents will be required to identify those having the high-
est activities and rejection of those that have unaccept-
able adverse effects.

Recent reports demonstrated that in vitro-synthesized
transcripts from bacteriophage promoters can potently
induce interferon alpha and beta due to the presence of an
“unnatural” 5"-triphosphate (Hornung et al., 2006; Kim
et al., 2004; Pichlmair et al., 2006). Interferon can be also
induced by si/shRNA features such as the presence of
specific sequences (e.g., 5"-UGUGU [Hornung et al.,
2005] and 5"-GUCCUUCAA [Judge et al., 2005]), 
si/shRNA termini (blunt or with certain overhangs)
(Marques et al., 2006), and dsRNAs longer than 30 bp
(and according to some reports even 21 bp [Bridge et al.,
2003; Fish and Kruithof, 2004]). Many of these effects
are seen with lipid-mediated delivery of dsRNAs to cer-
tain cell types, and are mediated by Toll-like receptors on
endosomal membranes (Sioud, 2006). How interferon in-
duction would affect use of shRNAs in a clinical setting
for HCV infection is unclear. Current HCV therapy in-
cludes treatment with interferon alpha, suggesting that if
interferon is induced by shRNA, it may have a positive
effect. To date, no interferon-related side effects have
been reported in animals following administration of
RNAi, although this may simply reflect an absence of
proper testing or the short duration of current studies (Rad-
hakrishnan et al., 2004). Clearly, further studies are needed
to determine the extent that IFN alpha and beta are induced
by shRNAs in animals and how it affects their health.

As with other nucleic acid-based therapies, a major
bottleneck in the development of RNAi therapies is the
delivery of these molecules to the desired cell type, tis-
sue, or organ (Shoji and Nakashima, 2004; Stein, 1999;
Toub et al., 2006). RNAs do not readily cross the cell
membrane on their own because of their large molecular
mass and their high negative charge. There are two gen-
eral strategies: use of chemically synthesized RNAs (op-
tionally modified for improved pharmacokinetic proper-
ties), and use of viral vectors to express RNA within
cells. ShRNA is obviously preferred over siRNA when
vectors are used, since it is expressed as a single mole-
cule and efficient intramolecular hybridization occurs to
form the intended double-stranded molecule. Viral vec-
tors derived from adenovirus, adeno-associated virus,
retrovirus, or lentivirus that are engineered to encode
shRNAs can be used for sustained gene knockdown,
which would be useful for chronic infections such as he-
patitis C and HIV. Although much progress has been
made in developing gene-therapy vectors, some obstacles
remain (Thomas et al., 2003). These include the possibil-
ity of insertional mutagenesis and malignant transforma-
tion, as well as the development of a host immune re-

sponse to RNA or proteins expressed from viral vectors.
After a report of cytotoxic effects when shRNA was de-
livered to tumor cells by lentiviral vectors (Fish and
Kruithof, 2004), the long-term effects of sustained high-
level shRNA expression (from adeno-associated virus
serotype 8, AAV8) in livers of adult mice were investi-
gated (Grimm et al., 2006). An evaluation of 49 distinct
AAV/shRNA vectors, unique in length and sequence and
directed against six targets, showed that 36 resulted in
dose-dependent liver injury, with 23 ultimately causing
death. 

These concerns about vector-expressed shRNAs have
made chemical synthesis of RNA the more attractive ap-
proach for RNAi-based therapies. As mentioned above,
an important feature of shRNA is its hairpin structure,
which ensures that the antisense and sense strands will
form a perfect duplex in vitro and will stay in this form in
vivo. For small-scale preparation of shRNA (e.g., for re-
search purposes), in vitro transcription is faster and
cheaper than chemical synthesis, in contrast to siRNA;
however, for large-scale production, chemical synthesis
is currently preferable. In general, shRNA is more expen-
sive to synthesize than siRNA, and, until recently, the
achievable upper limit for the length of synthetic RNA
was !45 nt. However, longer RNAs with a wide spec-
trum of possible modifications are becoming more read-
ily available from commercial sources. 

It has been reported that siRNAs with minimal modifi-
cations, conjugated to cholesterol, can silence an endoge-
nous gene encoding apolipoprotein B after intravenous in-
jection in mice (Soutschek et al., 2004). Recently, the
same group reported that synthetic unmodified siRNA, en-
capsulated in lipid particles and delivered systemically, si-
lenced apolipoprotein B in nonhuman primates (Zimmer-
mann et al., 2006). The efficacy of chemically modified
siRNA targeted to hepatitis B virus was examined in an in
vivo mouse model of HBV replication (Morrissey et al.,
2005). SiRNA incorporated into a liposome administered
by intravenous injection into mice efficiently reduced the
level of serum HBV DNA. The findings of the present
study combined with the progress in delivery of RNA to
the liver exemplified by these studies suggest that appro-
priately formulated 19–25 bp shRNAs may be effective
agents for the control of HCV.
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