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RNA interference (RNAi) is the process of sequence-specific gene silencing, initiated by
double-stranded RNA (dsRNA) that is homologous in sequence to the target gene. Because
it has been shown that RNAi can be accomplished in cultured mammalian cells by introduc-
ing small interfering RNAs (siRNAs), much effort has been invested in exploiting this
phenomenon for experimental and therapeutic means. In this study, we present a series of
experiments showing a significant reduction in hepatitis B virus (HBV) transcripts and
proteins in cell culture, as well as in the viral replicative forms, induced by siRNA-producing
vectors. The antiviral effect is sequence-specific and does not depend on active viral replica-
tion. In conclusion, our data suggest that RNAi may provide a powerful therapeutic tool,
acting both on replication-competent and on replication-incompetent HBV. (HEPATOLOGY

2003;37:764-770.)

Hepatitis B virus (HBV) is a 3.2-kb DNA virus,
replicating almost exclusively in the liver.1 Al-
though effective recombinant vaccines are avail-

able, HBV infection is still a major global health problem:
Each year, acute and chronic HBV infection causes about
1 million deaths. Among the 350 million people with
chronic infection, the risk of dying from HBV-related
diseases, such as end-stage cirrhosis and hepatocellular
carcinoma (HCC) is between 15% to 25%.2 Since the
early 1990s, chronically infected patients have been
treated with recombinant interferons that are effective
only in limited cases.3 Recently, nucleoside analogs,
which directly affect viral replication by inhibition of its
reverse transcriptase activity, were shown to be highly
effective in the clearance of HBV-DNA from serum.
However, the recurrence of viremia after cessation of ther-
apy and the development of escape mutants with pro-
longed treatment remain major obstacles in achieving
complete cure. Furthermore, nucleoside analogs, such as

3TC- lamivudine, impede viral replication but do not
directly promote its eradication.3

RNA interference (RNAi) is the process whereby dou-
ble-stranded RNA (dsRNA) induces the sequence-spe-
cific degradation of homologous messenger RNA
(mRNA).4 This process is mediated by 21 to 23 nucleo-
tides, called small interfering RNAs (siRNA), cleaved
from dsRNA. Although first discovered in Caenorhabditis
elegans,5 it was soon after shown that RNAi can be in-
duced in various mammalian cells by introducing syn-
thetic 21nt siRNAs6 to obtain strong and specific
suppression (knockdown) of gene expression. Recently, a
new vector system called pSUPER (suppression of endog-
enous RNA), which directs the synthesis of siRNAs and
persistently suppresses gene expression in mammalian
cells, has been developed.7

To evaluate the anti-HBV therapeutic potential of RNAi,
we designed 2 pSUPER vectors, each targeted against a dis-
tinct 19nt sequence in the HBV genome. We have analyzed
the levels of viral proteins and transcripts, as well as the viral
replicative forms, in the presence of the constructed pSU-
PER vectors. We show that RNAi is an efficient approach in
reducing the level of HBV transcripts and proteins and in
suppression of HBV replication.

Materials and Methods

Cell Culture. Huh7 cells were maintained in Dul-
becco’s modified Eagle’s minimal essential medium as
previously described.8 Cells were seeded at about 60%
confluence 4 to 6 hours before transfection, which was
carried out by the CaPi method as previously described.8
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Plasmid Constructs. For 1.3� HBV construction,
an overlength HBV genome (adw strain) of 4,195 bp was
produced, harboring a 5� terminus of the unique EcoRV
site (nt 1043, considering EcoRI-unique site in the orig-
inal 3.2kb HBV construct as nt number 1) and a 3� ter-
minus of the unique Taq1 site (nt 2017). This EcoRV-
TaqI fragment was inserted between the SmaI-AccI
unique sites of a pGEM-3Z plasmid, respectively. To
create pSUPER plasmids, we used the primers 5�-GATC
CCCGGTCTTACATAAGAGGACTTTCAAGAGA-
AGTCCTCTTATGTAAGACCTTTTTGGAAA-3�
(sense) and 5�-AGCTTTTCCAAAAAGGTCTTA-
CATAAGAGGACTTCTCTTGAAAGTCCTCTTAT-
GTAAGACCGGG-3� (antisense) for pSUPER X;
5�-GATCCCCGATCAGGCAACTATTGTGGTTCAAG-
AGACCACAATAGTTGCCTGATCTTTTTGGAAA-3�
(sense) and 5�-AGCTTTTCCAAAAAGATCAGGCA-
ACTATTGTGGTCTCTTGAACCACAATAGTTGC-
CTGATCGGG-3� (antisense) for pSUPER core; and
5�-GATCCCCGCCATTCTCTGCTGGGGGGTTCAA-
GAGACCCCCCAGCAGAGAATGGCTTTTTGGAAA-3�
(sense) and 5�-AGCTTTTCCAAAAAGCCATTCTCT-
GCTGGGGGGTCTCTTGAACCCCCCAGCAGAGA-
ATGGCGGG-3� (antisense) forpSUPERcore2,eachcontain-
ing a specific 19nt target sequence from the adw strain HBV
genome (nt 1649 to 1667 for pSUPER X, nt 2191 to 2209 for
pSUPERcore, andnt2075 to2093 forpSUPERcore2).Prim-
ers were annealed and cloned into BglII-HindIII sites of the
pSUPER vector, as described elsewhere.7 An HBV Xmut was
createdby introducing4silent-pointmutations into theXorfof
a 1.3� HBV genome, as follows: C3G (nt 1652), A3G (nt
1655), T3C (nt 1658), and G3A (nt 1664). Cloning was
performed by polymerase chain reaction, using the following
primers: 5�-CACAATGTGGATATCCTGCC-3� and 5�-
GCTCTAGCATTTAGGTGACAC-3� were used as external
primers, and 5�-GGTGTTGCACAAGAGAACTC-3�
(sense) and 5�-GAGTTCTCTTGTGCAACACC-3� (anti-
sense) were used as internal primers. The resulting polymerase
chain reaction product was cleaved by EcoRV and HindIII and
was ligated to a 1.3� wt HBV cut by the same restriction en-
zymes. HBV-GFP (green fluorescent protein) plasmid was cre-
ated by cloning the GFP sequence into BglII-BglII restriction
sites in the HBV genome, omitting the Core orf which contains
the 19nt sequence recognized by Core siRNA , but leaving the
19nt sequence recognized by X siRNA intact. Enhanced green
fluorescent protein (EGFP) expression plasmid is a commercial
EGFP plasmid C1 vector (Clontech, Palo Alto, CA). Hemag-
glutinin-X plasmid was created as previously described.9 To cre-
ate an HA-Core plasmid, a StyI-StyI fragment from HBV
genome containing the Core orf was cloned into pCDNA3
plasmid (Invitrogene, Paisley, UK). This plasmid was later cut
by XbaI and BamHI, and the core-containing fragment was

cloned into pSG5 plasmid (Stratagene, La Jolla, CA), which
containedanHAsequence justupstreamtothecore-containing
cloned fragment.

Isolation and Analysis of Viral RNA. Total RNA
was extracted from transfected cells by TRI-Reagent
(MRC, Inc., Cincinnati, OH), as previously described.10

Northern analysis was carried out by agarose-formalde-
hyde method according to published protocols.11 About
20 �g of RNA per sample was separated on 1% agarose-
formaldehyde gel and blotted to a Hybond-N nylon
membrane (Amersham, Buckinghamshire, England).
HBV transcripts were detected using radioactive probes
prepared from the X gene region, labeled by random
priming protocol.

Protein Analysis. Proteins were extracted from cells
by TRI-Reagent according to the manufacturer’s instruc-
tions, and subsequently fractioned on 12.5% sodium do-
decyl sulfate polyacrylamide gel electrophoresis. For
Western blot analysis, gels were electroblotted to a nitro-
cellulose membrane, which was later soaked for 1 hour on
a blocking solution (phosphate-buffered saline [PBS]
containing 10% nonfat milk and 0.01% vol/vol
Tween-20 [Sigma, St. Louis, MO]), and incubated for 1
to 2 hours at room temperature in the presence of either
one of the following antibodies: monoclonal mouse anti–
HBV core antigen (clone 22, diluted 1:5,000), polyclonal
goat anti–HBV surface antigen (HbsAg) (diluted 1:2,000),
both antibodies generated as previously described12;
monoclonal mouse anti-GFP (BabCO, Denver, CO; Co-
vance, diluted 1:10,000), monoclonal mouse anti-HA
(BabCO, Covance, diluted 1:2000); or immunoglobulin
G of mouse anti–� tubulin (clone no. TUB2.1, Sigma,
diluted 1:10,000) antibodies. After incubation, the mem-
brane was washed 3 times, and goat anti-mouse or donkey
anti-goat conjugated with horse radish peroxidase (ICN
Laboratories, Irvine, CA; diluted 1:10,000) were added
and incubation allowed to proceed for an additional 1
hour. Antibody-antigen complexes were visualized by the
SuperSignal chemiluminescent detection system (Pierce,
Rockford, IL) on radiographic film.

HBV Replication Intermediates Assay. Analysis of
HBV replication intermediates was performed as previ-
ously described.13 Briefly, 5 days after transfection with
HBV expressing plasmids, cells underwent cytoplasmic
extraction in the presence of deoxyribonuclease (DNase)I
to get rid of the transfected DNA. Then the lysates were
treated with proteinase-K and, after phenol extraction,
the encapsulated viral DNA was ethanol precipitated. To-
tal DNA was fractioned on a 1.5% agarose-Tris-acetate/
EDTA electrophoresis buffer gel, followed by denaturation
and southern blotting to a Hybond N nylon membrane
(Amersham). Viral DNA was detected by hybridization
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with a 32P random primed HBV probe (Roche, Mann-
heim, Germany).

Immunofluorescence and Microscopy. Fixed cells
were permeabilized with 0.5% Triton X-100 in PBS for
25 minutes at room temperature, washed with PBS con-
taining 0.2% Tween 20, and blocked with fetal calf serum
(Gibco, Karlsruhe, Germany) containing skim milk (10%
vol/vol) and Tween 20 (0.2% vol/vol) for 45 minutes.
Cells were then incubated with polyclonal rabbit anti–
core antibodies, generated by repeated injections of bac-
terially expressed purified core proteins as previously
described12 (diluted 1:75 in PBS containing 0.2% Tween
20 and 10% milk), for 1 hour, washed 6 times for 5
minutes with PBS containing 0.2% Tween 20, and incu-
bated with rhodamine red X–conjugated anti-rabbit
antibodies (Jackson Immunoresearch Laboratories, West-
grove, PA; diluted 1:125) for 40 minutes. Finally, cells
were washed 6 times, and cover slips were mounted in
Aqua-polymount mounting solution (Polysciences, War-
rington, PA). Microscopic images were obtained with a
Bio-Rad MRC-1024 confocal system (Bio-Rad, Her-
cules, CA), using an argon-krypton mixed gas laser and
mounted on a Zeiss Axiovert microscope (Zeiss, Jena,
Germany).

Quantitative Analysis of Viral Proteins, Tran-
scripts, and Replication Activity. To quantify HBV
protein level, transcription, and replication, the radioac-
tively probed membranes were visualized and quantified
by PhosphorImager (FujiFilm Medical Systems, Stam-
ford, CT) using Image Gauge V3.41 software (FujiFilm
Medical Systems). The signal intensity of the control vec-
tor was considered as 100%.

Results
To evaluate the influence of RNAi on HBV life cycle,

we used a newly introduced pSUPER vector, which di-
rects the synthesis of siRNAs in mammalian cells.7 Two
pSUPER vectors, one directed against a 19nt sequence in
the X ORF (nt 1649 to 1667) and the other directed
against a 19nt sequence in the core ORF (nt 2191 to
2209) were synthesized. The obtained plasmids, named
pSUPER X and pSUPER core, respectively, are expected
to produce specific siRNAs that target the HBV tran-
scripts (Fig. 1). Huh7 cells were cotransfected with either
X expression plasmid (HA-X vector) or core expression
plasmid (HA-core vector) together with pSUPER X or
pSUPER core, respectively. In each experiment, the re-
ciprocal siRNA–producing plasmid was used as a negative
control. A Western blot analysis performed 72 hours after
transfection revealed a significant reduction, as compared
with the control, in the levels of X and Core proteins in
the presence of pSUPER X and pSUPER core, respec-

tively (Fig. 2A). These results suggest that X and Core
siRNAs efficiently and specifically reduce the levels of
ectopically expressed HBV proteins.

Next, we asked whether siRNA function is maintained
in the context of the whole HBV virus. To this end, Huh7
cells were cotransfected with a plasmid containing 1.3�
wt HBV genome, and with either pSUPER X or pSUPER
core. A western blot analysis revealed significant reduc-
tions of 89% and 63% in the levels of Core protein when
HBV was cotransfected with either pSUPER X or
pSUPER core, respectively (Fig. 2B). However, whereas
transfection of pSUPER X resulted in a reduction of
about 60% in the level of the viral surface proteins (HBs-
Ag), transfection with pSUPER core had no effect. This is
expected given the fact that siRNA expressed by pSUPER
X targets all the viral transcripts, whereas that expressed by
pSUPER core exclusively targets the long 3.5-kb and
3.9-kb transcripts (Fig. 1). To rule out a nonspecific ef-
fect, such as transfection efficiency, Huh7 cells were co-
transfected with wt HBV-DNA, a core expression
plasmid (HA-Core) and pSUPER X. Unlike the HBV
Core transcript, the vector-based HA-Core transcript
does not contain the target sequence of the X siRNA.
Therefore, it is expected that, on transfection, both pro-
teins will be produced, but only the core protein expressed
by the HBV will be susceptible to siRNA effect. Indeed,
the level of the HBV core protein, but not that of HA-core
protein, was significantly reduced (Fig. 2C), suggesting a
specific effect of the X siRNA.

Fig. 1. Construction of pSUPER X and pSUPER core vectors. Two 64-nt
primers were synthesized, each containing a 19-nt sequence (in the
sense and antisense forms) from a different region of the HBV genome,
as indicated. Each primer was cloned into a pSUPER vector as described
in Materials and Methods. Notice that the pSUPER X vector is expected
to target all the viral transcripts (black squares), whereas the pSUPER
core vector targets only the long viral transcripts (black circles). Restric-
tion sites of EcoRV and TaqI restriction enzymes in a 1.3� overlength
HBV genome, used in our transfection experiments, are indicated.
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The specificity of the siRNA also was addressed by
construction and employment of an HBV Xmut, which
contains 4 silent-point mutations in the 19-nt sequence
targeted by X siRNA. A Western blot analysis revealed
that neither core nor X protein levels were reduced when
HBV Xmut was cotransfected with pSUPER X (Fig. 2D),
suggesting this mutant had escaped X siRNA effect. How-
ever, when HBV Xmut was cotransfected with pSUPER
core, the level of core protein was significantly reduced,

because the 19-nt sequence in the core orf, targeted by
pSUPER core, is intact. Finally, pSUPER X was cotrans-
fected with a 1.3� HBV-GFP, in which the core orf was
replaced by GFP. In this construct, the GFP protein is
translated from the 3.5-kb mRNA that harbors the se-
quence of X siRNA and, therefore, is expected to be
knocked down by pSUPER X. Microscope examination
revealed that the amount of the fluorescent cells was not
affected when the control EGFP was cotransfected with

Fig. 2. RNAi results in a sequence-specific reduction of HBV proteins: (A) Huh7 cells were cotransfected with 4 �g of either HA-X plasmid or
HA-core plasmid, together with increasing amounts (4 �g, 8 �g, and 15 �g) of either pSUPER X or pSUPER core plasmids, respectively. In each
experiment, the reciprocal pSUPER plasmid (15 �g) was used as a control. Proteins were analyzed 72 hours after transfection by western blot using
an anti-HA antibody in the case of HA-X (upper panel), or an anti-core antibody in the case of HA-core (lower panel). (B) Huh7 cells were
cotransfected with 10 �g of the 1.3� HBV-DNA and increasing amounts (0 �g, 5 �g, and 10 �g) of either pSUPER X (left panel), pSUPER core
(right panel), or pSUPER core2 (lower panel) vectors. In each experiment, an empty pSUPER vector was used as a control vector. Proteins were
analyzed 72 hours after transfection by Western blot, using anti-core and anti-HBsAg antibodies. (C) Huh7 cells were cotransfected with 10 �g of
1.3� HBV-DNA, 4 �g of HA-core plasmid, and 15 �g of either pSUPER X or empty pSUPER vector. Seventy-two hours after transfection, cells were
harvested and proteins were analyzed by Western blot using an anti-core antibody. The locations of core and HA-core proteins are indicated. (D) Huh7
cells were cotransfected with 10 �g of 1.3� HBV Xmut, as described in Materials and Methods, and with either increasing amounts of pSUPER X
(5 �g, 10 �g, and 15 �g) or 15 �g of pSUPER core. Seventy-two hours after transfection, cells were harvested and proteins were analyzed by
Western blot using anti-core and anti-HBsAg antibodies.
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either pSUPER X or an empty pSUPER vector. However,
cotransfection of HBV-GFP with pSUPER X resulted in
a significant reduction in the amount of the fluorescent
cells (Fig. 3A). A Western blot analysis, using an anti-GFP
antibody, confirmed this to be a result of a marked reduc-
tion in the level of GFP (Fig. 3B). Altogether, our data
show that HBV-specific siRNAs can induce a significant
and sequence-specific reduction in the level of HBV pro-
teins.

To further substantiate our observations, we used
HepG 2.2.15 cells, which stably express HBV. Cells were
cotransfected with a GFP-expressing plasmid to monitor
the transfected cells together with either empty pSUPER
or pSUPER X vectors. Seventy-two hours after transfec-
tion, cells were immunostained for HBV core protein and
analyzed by confocal microscopy. Interestingly, core lev-
els in GFP-positive cells were significantly reduced in the
presence of pSUPER X (Fig. 4). This was not the case in
the control empty pSUPER transfected cells.

To investigate the influence of RNAi on HBV tran-
scripts, Huh7 cells were cotransfected with 1.3� HBV-
DNA with either pSUPER X or pSUPER core. Northern
blot analysis revealed a significant reduction of about 68%
in the level of all the viral transcripts when pSUPER X was
used (Fig. 5). In contrast, transfection of pSUPER core
resulted in only minor reduction of about 13% in the
3.5-kb transcript (Fig. 5), compared with a much more
pronounced reduction of about 63% in the correspond-
ing core protein, even though the RNA and proteins were
both obtained from the same experiment (Fig. 2B). As
expected, the other transcripts were not affected at all.
Interestingly, pSUPER core2, containing a 19-nt se-
quence of the core or from a position located just up-

stream to the original pSUPER core target, was much
more efficient in reducing both the viral core protein (Fig.
2B) and the viral pregenomic transcript (Fig. 5) (about
80% reduction in core protein level and about 50% re-
duction in the level of the 3.5-kb transcript). Overall,
these results indicate that RNAi action is targeted mainly
at the mRNA levels, even though interference in the
translational level can not be ruled out.

Finally, we investigated the influence of RNAi on
HBV replication. Huh7 cells were transfected with 1.3�
wt HBV-DNA and with either pSUPER X or pSUPER
core. Analysis of the viral replicative intermediates, per-

Fig. 3. The effect of pSUPER X on HBV is specific and is not dependent on viral replication. (A) Huh7 cells were cotransfected with 3 �g of EGFP
plasmid and with 7 �g of either empty pSUPER or pSUPER X plasmids. Alternatively, cells were cotransfected with 6 �g of HBV-GFP plasmid (see
Materials and Methods) and 15 �g of either an empty pSUPER or pSUPER X plasmids. Cells were visualized 72 hours after transfection with a
fluorescence microscope, and representative fields were photographed. (B) The same experiment as (A) was carried out; this time, cells were
harvested and proteins were analyzed by Western blot using an anti-GFP antibody.

Fig. 4. RNAi effect is maintained in HBV stably transfected cells. HepG
2.2.15 cells, stably expressing HBV, were seeded on cover slips in
12-well plates and transfected with 100 ng of EGFP plasmid together
with 2 �g of either empty pSUPER vector, used as a control, or pSUPER
X vector. Seventy-two hours after transfection, cells were fixed, immuno-
stained for HBV core protein, and visualized under a confocal microscope
as described in Materials and Methods. Two representative fields from
both the control and the pSUPER X experiments are shown. Cells that are
GFP-positive are indicated by arrows (HBcAg, HBV core antigen).
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formed 5 days after transfection, showed a dramatic re-
duction of about 95% in HBV replicative forms when
HBV genome was cotransfected with pSUPER X,
whereas cotransfection with pSUPER core resulted in
only moderate reduction of about 40% in viral replication
(Fig. 6). Thus, RNAi is effective in attenuating HBV
replication as well.

Discussion
In this study, we show that cotransfection of siRNA-

producing vectors, targeted against specific sequences in
the HBV genome, results in a significant reduction in the
corresponding viral transcripts and proteins. This reduc-
tion is highly selective, because only the cognate tran-
scripts and proteins were affected. In addition, RNAi
activity is sequence-specific, because introducing point
mutations in the target gene abrogated its action. Most
importantly, specific siRNAs dramatically inhibit viral
replication, as is evident by decreasing levels of all viral
replicative forms. Notably, impairing the viral core and
polymerase proteins by introducing a GFP sequence into
the viral genome does not alter RNAi ability to reduce the
expression of viral transcripts, indicating that siRNA ac-
tivity is not dependent on viral replication.

In this study, we used 3 different anti-HBV siRNAs
and all proved effective, but not to the same extent. Com-
parison of 2 distinct siRNAs designed to target the core
orf revealed that targeting different regions even along a

given orf yields different efficacies in gene suppression.
Thus, there is room for improvement in searching for the
ideal sequence or region in the genome that may yield the
optimum activity.

Here we took advantage of a well-known, but still not
completely understood, phenomenon called RNAi,
which is the term for a sequence-specific gene silencing in
the presence of dsRNA.4 Although some studies indicate
that RNAi machinery operates at multiple levels,14,15 its
main action probably is mediated at the posttranscrip-
tional level by rapid destruction of homologous mRNAs.5

RNAi was first suggested to be used by plants as a natural
antiviral defense mechanism, especially against RNA vi-
ruses.16 Reports about viral proteins that suppress RNA
silencing found in plant viruses17 substantiated this
theme. On the other hand, mammalian cells were
thought to posses a nonspecific, interferon-mediated an-
tiviral response, induced by viral long (� 35 nt) dsRNA.18

From the time it became clear that specific RNAi, medi-
ated by 21- to 22-nt siRNAs, is also common to mamma-
lians,6 a possible role for RNAi as an antiviral mechanism
in mammalians became a real option. Furthermore, the
notion that RNAi can be induced in mammalian cells led
to tremendous efforts to take advantage of this unusual
phenomenon not only as an excellent experimental tool,
but also as a means for therapeutic interventions. The
introduction of new vector systems that direct the synthe-
sis of siRNAs, such as the pSUPER system,7 provide new
impetus for these efforts. Recently, it was shown that
RNAi targeted against different regions in HIV genome is
effective in attenuating its replication.19-21 A strong anti-
viral effect of RNAi was observed also in the case of polio
and human papilloma viruses,22,23 making the option of
using RNAi as an antiviral weapon much more realistic.

Fig. 5. RNAi in HBV operates, at least partly, at the mRNA level. The
same transfection protocol as in Fig. 2B was carried out, using increasing
amounts (0 �g, 5 �g, and 10 �g) of either pSUPER X (lanes 1, 2, 3),
pSUPER core (lanes 4, 5, 6), or pSUPER core2 (lanes 7, 8, 9). RNA was
extracted 72 hours after transfection and analyzed by Northern blot as
described in Materials and Methods. The 28s and 18s rRNAs were
visualized under ultraviolet light for equal loading control (pg, pre-
genomic; pc, precore).

Fig. 6. RNAi efficiently suppresses HBV replication. The same trans-
fection protocol as in Fig. 2B was carried out, using either pSUPER X or
pSUPER core. Cells were harvested 5 days after transfection and ana-
lyzed for viral replicative intermediates as described in Materials and
Methods. Total DNA was visualized with ultraviolet light for equal loading
control (M, marker sizes in kb; RC, relaxed circular DNA form; SS,
single-stranded DNA form).
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HBV infection is still a major health problem, even
though effective vaccines have been available for the last
20 years.2 Interferon and lamivudine therapy for chronic
hepatitis B carriers are reported to result in long-term
remissions in a significant percentage of patients24,25;
however, these treatments have some drawbacks, includ-
ing possible serious side effects in the case of interferon or
recurrence of viremia after cessation of therapy and devel-
opment of escape mutants after a long period of lamivu-
dine treatment.26

Therefore, using RNAi as an anti-HBV tool seems to
have some important advantages: First, specifically target-
ing the viral transcripts and proteins severely impairs its
replication and promotes its eradication, without activat-
ing nonspecific cellular responses, hence minimizing un-
desirable side effects. In addition, the numerous potential
targets for RNAi along the viral genome make it possible
to target conserved regions, limiting the viral ability to
create escape mutants. The potential to introduce a few
siRNAs targeted against different sequences simulta-
neously further limits this ability and makes it possible to
treat chronically infected people with diverse circulating
HBV genomes. Moreover, the ability of siRNAs to reduce
the levels of viral transcripts and proteins even in the
absence of active viral replication makes it a good candi-
date as an adjuvant therapy to lamivudine, which acts
only on the replication-competent HBV.

Even though RNAi therapy shares a major disadvan-
tage with lamivudine therapy, namely, the inability to
affect the covalently closed circular DNA pool that resides
in the liver cell nuclei of chronically infected people, it
seems that its ability to severely affect multiple steps in the
viral life cycle is a significant progress. Obviously, the
siRNA-encouraging results should be tested in animal
models. To this end, developing an efficient delivery
method is needed. Methods to be considered include in-
jection of synthetic siRNAs or siRNA expressing vectors
into the blood stream27 or directly into the liver. The
expected stability of siRNA expression vectors over the
synthetic siRNAs may ensure a long enough expression
for efficient eradication of the virus. In conclusion, our
present results open a new avenue for treating HBV in-
fection, which remains a common and serious disease.

Acknowledgment: The authors thank Dr. R. Agami
for providing the pSUPER vectors, and G. Doitsh, A.
Cooper, Dr. G. Asher, other members of their laboratory,
and Dr. N. Paran for their help and useful advice.

References
1. Ganem D, Varmus HE. The molecular biology of the hepatitis B viruses.

Ann Rev Biochem 1987;56:651-693.

2. Kao JH, Chen DS. Global control of hepatitis B virus infection. Lancet
Infect Dis 2002;2:395-403.

3. Lee WM. Hepatitis B virus infection. N Engl J Med 1997;337:1733-1745.
4. Hannon GJ. RNA interference. Nature 2002;418:244-251.
5. Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE, Mello CC. Potent

and specific genetic interference by double-stranded RNA in Caenorhab-
ditis elegans. Nature 1998;391:806-811.

6. Elbashir SM, Harborth J, Lendeckel W, Yalcin A, Weber K, Tuschl T.
Duplexes of 21-nucleotide RNAs mediate RNA interference in cultured
mammalian cells. Nature 2001;411:494-498.

7. Brummelkamp TR, Bernards R, Agami R. A system for stable expression of
short interfering RNAs in mammalian cells. Science 2002;296:550-553.

8. Haviv I, Vaizel D, Shaul Y. The X protein of hepatitis B virus coactivates
potent activation domains. Mol Cell Biol 1995;15:1079-1085.

9. Shamay M, Barak O, Doitsh G, Ben-Dor I, Shaul Y. Hepatitis B virus pX
interacts with HBXAP, a PHD finger protein, to coactivate transcription.
J Biol Chem 2002;277:9982-9988.

10. Doitsh G, Shaul Y. HBV transcription repression in response to genotoxic
stress is p53-dependent and abrogated by pX. Oncogene 1999;18:7506-
7513.

11. Sambrook J, Fitsch EF, Maniatis T. Molecular Cloning, a Laboratory
Manual. 2nd ed. Cold Spring Harbor: Cold Spring Harbor Laboratory,
1989.

12. Paran N, Geiger B, Shaul Y. HBV infection of cell culture: evidence for
multivalent and cooperative attachment. Embo J 2001;20:4443-4453.

13. Pugh JC, Yaginuma K, Koike K, Summers J. Duck hepatitis B virus
(DHBV) particles produced by transient expression of DHBV DNA in a
human hepatoma cell line are infectious in vitro. J Virol 1988;62:3513-
3516.

14. Wightman B, Ha I, Ruvkun G. Posttranscriptional regulation of the het-
erochronic gene lin-14 by lin-4 mediates temporal pattern formation in C.
elegans. Cell 1993;75:855-862.

15. Wassenegger M, Heimes S, Riedel L, Sanger HL. RNA-directed de novo
methylation of genomic sequences in plants. Cell 1994;76:567-576.

16. Vance V, Vaucheret H. RNA silencing in plants—defense and counter-
defense. Science 2001;292:2277-2280.

17. Brigneti G, Voinnet O, Li WX, Ji LH, Ding SW, Baulcombe DC. Viral
pathogenicity determinants are suppressors of transgene silencing in Nico-
tiana benthamiana. Embo J 1998;17:6739-6746.

18. Cullen BR. RNA interference: antiviral defense and genetic tool. Nat Im-
munol 2002;3:597-599.

19. Coburn GA, Cullen BR. Potent and specific inhibition of human immu-
nodeficiency virus type 1 replication by RNA interference. J Virol 2002;
76:9225-9231.

20. Jacque JM, Triques K, Stevenson M. Modulation of HIV-1 replication by
RNA interference. Nature 2002;418:435-438.

21. Lee NS, Dohjima T, Bauer G, Li H, Li MJ, Ehsani A, Salvaterra P, et al.
Expression of small interfering RNAs targeted against HIV-1 rev tran-
scripts in human cells. Nat Biotechnol 2002;20:500-505.

22. Gitlin L, Karelsky S, Andino R. Short interfering RNA confers intracellular
antiviral immunity in human cells. Nature 2002;418:430-434.

23. Jiang M, Milner J. Selective silencing of viral gene expression in HPV-
positive human cervical carcinoma cells treated with siRNA, a primer of
RNA interference. Oncogene 2002;21:6041-6048.

24. Carreno V, Castillo I, Molina J, Porres JC, Bartolome J. Long-term fol-
low-up of hepatitis B chronic carriers who responded to interferon therapy.
J Hepatol 1992;15:102-106.

25. Lai CL, Ching CK, Tung AK, Li E, Young J, Hill A, Wong BC, et al.
Lamivudine is effective in suppressing hepatitis B virus DNA in Chinese
hepatitis B surface antigen carriers: a placebo-controlled trial. HEPATOL-
OGY 1997;25:241-244.

26. Tipples GA, Ma MM, Fischer KP, Bain VG, Kneteman NM, Tyrrell DL.
Mutation in HBV RNA-dependent DNA polymerase confers resistance to
lamivudine in vivo. HEPATOLOGY 1996;24:714-717.

27. Lewis DL, Hagstrom JE, Loomis AG, Wolff JA, Herweijer H. Efficient
delivery of siRNA for inhibition of gene expression in postnatal mice. Nat
Genet 2002;32:107-108.

770 SHLOMAI AND SHAUL HEPATOLOGY, April 2003


