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Infection by hepatitis A virus (HAV) can cause acute hepatitis and, rarely, fulminant liver failure, in
particular in patients chronically infected with hepatitis C virus. Based on our previous observation that small
interfering RNAs (siRNAs) can silence translation and replication of the firefly luciferase-encoding HAV
replicon, we now exploited this technology to demonstrate the effect of siRNAs on viral infection in Huh-7 cells.
Freshly and persistently infected cells were transfected with siRNAs targeting various sites in the HAV
nonstructural genes. Compared to a single application, consecutive siRNA transfections targeting multiple
sequences in the viral genome resulted in a more efficient and sustained silencing effect than a single
transfection. In most instances, multiple applications of a single siRNA led to the emergence of viral escape
mutants with mutated target sites that rendered these genomes resistant to RNA interference (RNAi). Efficient
and sustained suppression of the viral infectivity was achieved after consecutive applications of an siRNA
targeting a computer-predicted hairpin structure. This siRNA holds promise as a therapeutic tool for severe
courses of HAV infection. In addition, the results provide new insight into the structural bases for sequence-
specific RNAi.

Hepatitis A virus (HAV) has a single-stranded RNA genome
of 7.5 kb with positive polarity. As a member of the picorna-
virus family, it is unique in its biological properties, in partic-
ular, in its highly protracted replicative cycle in cell cultures
and inability to shut off the host cell metabolism. HAV causes
a self-limiting infection of the liver with usually mild or no
symptoms in young patients, whereas adult patients might suf-
fer from severe symptoms. In immune-compromised or chron-
ically infected patients, fulminant hepatic failure is often asso-
ciated with a high mortality rate (15, 52). Albeit vaccines
against hepatitis A virus can prevent the disease (3, 14, 31),
they are futile for fulminant hepatitis. Therefore, therapeutic
intervention strategies to prevent progression to a life-threat-
ening liver disease are still in need. Given that the rapid deg-
radation of the HAV genome can ameliorate viral infection
and thus prevent fulminant failure, RNA interference (RNAi)
based on sequence-specific genome degradation may present a
novel and specific therapeutic approach in preventing severe
disease progression.

Initially demonstrated in Caenorabditis elegans and Drosoph-
ila melanogaster, RNAi is now recognized as a valuable tool to
silence viral infections (reviewed in references 22, 48, and 50).
Among the numerous viruses that have been successfully si-
lenced by RNAi, there are five representatives of the picorna-
virus family: poliovirus (19, 20), human rhinovirus (45), en-
terovirus 71 (37), foot-and-mouth disease virus (7, 9, 36), and
coxsackievirus B3 (1, 40). Recently, we have shown that ge-
nome replication of an HAV replicon can be efficiently inhib-
ited by small interfering RNAs (siRNAs) targeting either cod-
ing or noncoding regions of the genome (26, 27, 34). Yet,

silencing of the complete HAV life cycle by RNAi has so far
not been addressed, owing to several unique features of this
virus that might conflict with efficient gene silencing. The non-
cytolytic replication of HAV in cell culture is unusual for a
picornavirus, yet typical for other hepatitis viruses, such as
hepatitis B virus and hepatitis C virus (HCV), for which suc-
cessful RNAi has been reported (4, 18, 30, 50). In contrast to
most picornaviruses, HAV replicates asynchronously in cell
culture due to the highly protracted uncoating of the viral
RNA. The HAV capsid differs from that of other picornavi-
ruses in its high physical stability, which efficiently protects the
genome from degradation. This feature and the relative long
half-life of the viral genome may hamper the efficacy of short-
lived siRNAs (35). Finally, due to the high mutation rate dur-
ing RNA virus replication, the HAV genome has the potential
to escape the siRNA inhibitory pressure with the emergence of
resistant mutants.

Various approaches have been tested to efficiently and sus-
tainably interfere with viral replication, including siRNA-ex-
pressing vectors and multiple siRNA applications. In general,
however, the sequence and/or structural motifs of an individual
siRNA and its target still remain elusive. Hence, to more
efficiently suppress HCV and poliovirus replication, multiple
sequences within the viral genome have been targeted using
endonuclease-generated siRNAs (21, 30). In order to reduce
nonspecific effects on cellular genes, unique and, possibly, con-
served sequences in the viral genome should be targeted.

In the experimental setting of the HAV-infected cell culture,
we elaborated molecular details to efficiently interfere with
HAV replication. We used various siRNAs that target se-
quences within the region encoding the HAV nonstructural
proteins and that had been successfully shown to inhibit rep-
lication of the HAV replicon (26, 34). Although specific and
sustained suppression by siRNAs was observed, their efficiency
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and the emergence of RNAi-resistant mutants varied signifi-
cantly and depended on the amount of actively replicating viral
genomes present under various infection conditions. Compar-
ing the viral escape genomes, evidence was obtained that
RNAi-resistant genomes either preexisted in the quasispecies
populations of the viral inoculum or emerged by mutation
under the siRNA selection pressure. We identified an excep-
tionally efficient siRNA target (2C-1) in the HAV gene 2C that
significantly reduced the viral infectious titer without giving
way to measurable viral escape mutants. Unlike the other
siRNA targets, computer folding of the entire HAV genome
predicts the 2C-1 target assumes a hairpin conformation. Our
data suggest that RNAi may provide a specific antiviral ap-
proach to treat severe cases of hepatitis A.

MATERIALS AND METHODS

Cells and viruses. African green monkey kidney (BS-C-1) cells and the human
hepatoma cells (Huh-7) (41) were grown in Dulbecco’s modified minimal essen-
tial medium (DMEM) supplemented with 2 mM glutamine, 100 U/ml penicillin,
100 �g/ml streptomycin, and fetal calf serum (10% in growth and 2% in main-
tenance medium). HAV inoculum derived from recombinant cDNA pT7-18f
(32) was used to infect the cells at a multiplicity of infection (MOI) of 0.1 50%
tissue culture infective doses (TCID50)/cell. Huh-7 cells persistently infected with
HAV (Huh-7/HAV) were prepared by consecutive passages (five times every
fifth day) of HAV-infected cells as described previously for human embryo
fibroblasts (51).

siRNAs. siRNA duplexes targeting various domains of the HAV nonstructural
proteins were designed and synthetically prepared as described previously (26).
The nucleotide (nt) sequences of the siRNAs were the following (5� to 3�): 2C-1
(GGUUGAAGUUAAACCUGCUUU, nt 4796 to 4813; accession number
M59808 augmented with known 5�- and 3�-terminal bases); 2C-2 (UGAUAUG
UUGAAUGUUAAUUU; nt 4838 to 4856); 3A (UGAUAGUGCAGUAGCU
GAGUU; nt 5030 to 5048); 3C (UAGAGGUGGAACUUACUAUUU; nt 5480
to 5498); 3D-1 (AGCUGAAAUUGAUCCAAUGUU; nt 6089 to 6107); and
3D-2 (GAAACUUGGCAUGACAGCUUU; nt 7073 to 7091). In addition, the
mutated siRNA 2C-1mut containing four nucleotide mutations (shown in bold)
was used as a control for target specificity (GAUUGAAGUCAAACCAGCA
UU). All siRNA duplexes contained two uridine residues at the 3� ends, and their
location in the HAV genome is schematically depicted below in Fig. 1. Control
siRNAs targeting �-actin or a scrambled sequence were obtained from Ambion.

siRNA transfection. The efficiency of cell transfection was optimized using
carboxyfluorescein-labeled negative control siRNA (Ambion). More than 80%
of the cells were transfected using 80 pmol of carboxyfluorescein-labeled siRNA
per 104 cells in a six-well plate at 30 to 40% confluence (not shown). This amount
of siRNA was used in all transfection experiments. BS-C-1 and Huh-7 cells were
grown to 30 to 40% confluence in antibiotic-free medium in a six-well plate.
Eighty picomoles of siRNA in 0.25 ml OptiMEM-1 (Invitrogen) and 4 �l Lipo-
fectamine 2000 (Invitrogen) in 0.25 ml OptiMEM were incubated separately for
5 min at room temperature before incubating them together for 20 min at room
temperature. The liposome/siRNA complex was added to the cells previously
washed with 1 ml OptiMEM. The cells were incubated at 37°C for 6 h with
rocking the plate every 15 min to prevent cell drying. Immediately after siRNA
treatment, the cells were either infected with HAV or transfected with synthetic
HAV transcripts (see below). Consecutive siRNA transfections, if applied, were
performed similarly to single transfection.

HAV infection with viral inoculum (acute infection). The HAV inoculum
prepared by multiple passages of HAV (strain 18f) in BS-C-1 cells was used to
infect siRNA-transfected BS-C-1 or Huh-7 cells at an MOI of 0.1 TCID50/cell.
After 3 to 4 h of incubation at 37°C, the inoculum was replaced with antibiotic-
free growth medium (DMEM10), which was changed every 4 to 5 days. The cells
were harvested at the indicated time points in 0.25 ml 150 mM phosphate-
buffered saline, pH 7.5 (PBS) containing 0.05% Tween 20 (PBS-T), and the cell
lysate was prepared as described below.

HAV infection with synthetic transcripts. Immediately after the first treatment
of Huh-7 cells with siRNAs as described above, 1 �g synthetic HAV RNA
produced by T7 in vitro transcription of pT7-18f (strain 18f) (32) was transfected
into 104 cells (one well of a six-well plate) using 3 �l DMRIE-C as recommended
by the manufacturer (Invitrogen). After 6 h, the transfection mixture was re-
placed by growth medium without antibiotics (DMEM10), and the incubation

was continued with medium change every 4 to 5 days. At day 3 to 5 posttrans-
fection (p.t.), cells of two wells were harvested to assay the HAV antigen level
and infectivity, while the cells from the other two wells were split 1:4 and
transfected again 1 day later with the same siRNAs at a confluence of approx-
imately 30% to 40%. siRNA transfections were repeated three times in total.

siRNA transfection of persistently infected cells (established HAV infection).
Persistently infected Huh-7/HAV cells in six-well plates were siRNA transfected
as described above. The cells were harvested in duplicate at days 1 and 6 p.t. At
day 5 p.t., the cells in two wells were split 1:4. After reaching 30 to 40%
confluence (usually the next day), they were used for a second transfection with
the same siRNA (day 6). Four days later, the transfected cells of two wells were
harvested (day 10), whereas the other two wells were split 1:4 on day 9 p.t. and
transfected with siRNA on day 10. The final cell harvest was done on day 14 p.t.

Analysis of cell lysate. After three cycles of freeze-thaw, the cell lysate was
clarified by centrifugation and the supernatant was used to analyze HAV antigen,
infectivity by end point titration, and �-actin and viral proteins by immunoblot-
ting. The number of HAV genome copies was determined by real-time reverse
transcription-PCR (RT-PCR). The nucleotide sequence of the rescued viral
genome was determined after RT-PCR amplification of the target region (see
below).

HAV antigen detection. The particle-specific enzyme-linked immunosorbent
assay with monoclonal anti-HAV antibody 7E7 (Mediagnost, Germany) was
applied to detect the HAV antigen (32). Immunoblot analysis of VP1 was
performed as described before (32).

End point titration. To determine the HAV infectivity after siRNA treatment,
cell lysates were diluted in OptiMEM and 0.25 ml of each dilution was inoculated
into 4 wells of Huh-7 cells grown in a 24-well plate. After 3 h of incubation at
37°C, the inoculum was replaced with 0.5 ml of maintenance medium and the
incubation was continued with medium change every 5 days. Eleven to 12 days
later, the infected cells were washed with 0.5 ml PBS prior to the addition of 0.2
ml PBS-T. The cells were broken up by freeze-thawing directly in the plate, and
0.1 ml of the extract was assayed for HAV antigen (see above). The TCID50/ml
was calculated according to the Reed-Muench method.

HAV genome quantification. Total RNA was extracted with TRIzol (Invitro-
gen), and HAV RNA was reverse transcribed at 50°C for 1 h using 2.5 mM
oligo(dT)15–18 and 10 U/�l SuperScript III (Invitrogen). Real-time PCR with 0.5
�M primers specific for HAV 3C (sense, 5�-ACTTTGGAAATAGCAGGACT
GG-3�; antisense, 5�-AGATTGATTCGATGAAACC-3�) was performed by us-
ing SYBR Green supermix (Bio-Rad) in a Bio-Rad iCycler. The profile included
an incubation at 95°C for 5 min and 35 cycles of 30 s at 94°C, 55°C, and 72°C. The
data were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
gene amplification using the same profile, except for the annealing temperature
(62°C instead of 55°C). The following GAPDH-specific primers were used: sense,
5�-AACAGCGACACCCACTCCTC-3�; antisense, 5�-GGAGGGGAGATTCA
GTGTGGT-3�. Full-length HAV cDNA was used as the standard for quantita-
tive PCR.

Sequencing of the rescued viral genome. Cytoplasmic RNA was extracted with
TRIzol (Invitrogen) from siRNA-treated HAV-infected Huh-7 cells, persistently
infected Huh-7/HAV cells, or Huh-7 cells transfected with synthetic HAV RNA,
reverse transcribed, and PCR amplified using the C.therm. polymerase one-step
RT-PCR system (Roche) and sense and antisense primers targeting genome
regions encoding HAV 2C (5�-TGATGGAGTTAAGGACTGCGAGTTTTTC
CAACTGGTTA-3� and 5�-CATTATCATCTGAAATTCCCCGAGACCACAA
CTCCATGAATTCAG-3�), 3A (5�-AGAGGGGGAGGAGAGAGCTTAACA
TCGATTGCATTG-3� and 5�-GTCCTGCTATTTCCAAAGTTAACTGAGAT
TCTACTGGATCTGCATC-3�), 3C (5�-GATGCAGATCCAGTAGAATCTCA
GTTAACTTTGGAAATAGCAGGAC-3� and 5�-GTAAACTCCACTTTCAT
AATTCTCTTACTTTCAATTTTCTTATC-3�), or 3D (5�-GATAAGAAAATT
GAAAGTAAGAGAATTATGAAAGTGGAGTTTAC-3� and 5�-GACTGAA
CAAAATAATAGAATTTCTGATAAAACTCATAGCCATGC-3�) according
to the manufacturer’s protocol. The 2C amplification product was sequenced
with the sense primer 5�-ATTAGTTTGCATCATTGATGATATTGGCCAAA
ACACAA-3�, for analyzing the sequence of both 2C target regions. For sequenc-
ing the 3A and 3C amplification products, the antisense primer 5�-ACACCATG
ATATACCCCTTGAGCTGGGATTGGTTCTTCCTC-3� and sense primer 5�-GT
AATATCTCTAAACTGAGGAATTGTAGGAACCTTCATCAG-3� were used,
respectively. The sense 5�-GTTTTAATAGTTTCTCGAGATGTACAGATCGAT
AATCTTGATTTGAT-3� and the antisense 5�-GTATGGAAACCTGGATTC-3�
primers were used to sequence the 3D-1 and 3D-2 target regions in the RT-PCR
amplification product of the rescued viruses. Sequencing was performed by the
dideoxynucleotide termination method (AGOWA, Berlin, Germany).

Reporter gene expression. HAV and poliovirus replicon RNAs were tran-
scribed with T7 RNA polymerase (RiboMax; Promega) from plasmids pT7-18f–
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LUC–A60 (33) and pRLuc181 (kind gift of R. Andino) linearized with AgeI and
MluI, respectively. Runoff transcripts were characterized by denaturing 0.8%
agarose gel and spectrophotometry before transfection into Huh-7 cells. Lucif-
erase activity was measured as described previously (16).

Preparation of RNAi-resistant genomes. The QuikChange site-directed mu-
tagenesis procedure (Stratagene) was used to insert mutations into the 3D-1 and
3D-2 target sites of the full-length (33) and firefly luciferase-encoding HAV
cDNAs. For this, the sense primer 5�-gctatgcccttttctaaAGCAGAGATTGATCC
AATGgctgtgatgttatctaag-3� or 5�-caaaaaattgtagatgagtttaaGAAGCTTGGTATG
ACAGCTacttctgctgacaag-3� and their complementary oligonucleotides, respec-
tively, were used. The target regions and mutated nucleotides are shown in
capital letters and bold, respectively. Before transfer of a PflMI-AatII fragment
into dephosphorylated and restricted with the same enzymes pT7–18f–A60 and
replicon pT7-18f–LUC–A60 (33), the sequence of a fragment containing a dou-
ble-mutated 3D-1 region (3.3 kb) was verified (AGOWA, Berlin, Germany). The
transfer of the fragment containing a double-mutated 3D-2 region (2.5 kb) into
both plasmids was performed in a similar way using XhoI and AatII restriction
enzymes. After linearization with AgeI, T7 transcripts of the parental and mu-
tated viral and replicon genomes were generated and analyzed as described
earlier (33). Two consecutive transfections of double-mutated full-length and
replicon RNAs into siRNA-pretreated Huh-7 cells were done in triplicate and
quadruplicate, respectively.

RNA secondary structure prediction. An online siRNA design service (MWG
siMAX) was used to anticipate possible genome sites within HAV for effective
siRNAs. Possible local secondary structures (optimal energy) for these regions
were generated as part of these procedures. The sequence of HAV-18f (acces-
sion number M59808) was extended to include known 5�- and 3�-terminal bases
and analyzed in its entirety (7,507 bases) for optimal and suboptimal folding
patterns, using methods similar to other picornaviruses (44). The P-num (pairing
number) values are a standard output for this method and tabulate the relative
fidelity with which each base in the optimal fold would choose to maintain that
configuration, if offered a defined energy window (�12 kcal) near the optimal
(�1,848 kcal). The match value tests the number of times (percent) a base was
observed to take its most popular pairing partner in the sampled cohort (100
times) of suboptimal structures within an energy window (�9 kcal) near the
optimum.

RESULTS

Recently, we have shown that replication of the HAV rep-
licon encoding the firefly luciferase in place of the viral capsid
proteins was efficiently suppressed by siRNAs targeting various
domains of the nonstructural proteins or the reporter gene (26,
34). Preliminary data indicated that some of these siRNAs
might also silence HAV infection. However, antiviral interfer-
ence with siRNAs faces major challenges, as this virus repli-
cates slowly and its RNA might outlast the half-life of siRNAs.
To advance our understanding of the molecular requirements
and genetic consequences of efficient RNAi, HAV replication
under various cell culture conditions was tested in the presence
of a set of siRNAs that were successfully used to inhibit HAV
subgenomic RNA replication (26). The following parameters
were analyzed: (i) host cells that distinctively support HAV
replication; (ii) various schemes of infection (acute, persistent,
or initiated by the HAV RNA transcript); (iii) single or mul-
tiple applications of one or more siRNAs; finally, (iv) emer-
gence of escape mutations in the siRNA target region.

Silencing of acute HAV infection. HAV-susceptible BS-C-1
cells were transfected with the synthetic siRNA duplexes 2C-1,
2C-2, 3A, 3C, 3D-1, and 3D-2 targeting the HAV genome at
the sites indicated in Fig. 1. Note that target site 2C-1 is located
in a stem-loop structure of the computer-folded full-length
HAV genome and more exposed than any of the other targets
(see below). Immediately after siRNA transfection, the cells
were infected with the 18f variant of HAV strain HM175. A
scrambled siRNA was used as a negative control (Ambion). To

assess suppression of HAV replication, the decrease in viral
particle formation and the reduction of viral infectivity were
determined by an enzyme-linked immunosorbent assay and by
end point titration, respectively. Moderate suppression of viral
particle formation was observed 5 and 10 days p.t. (not shown).
Depending on the siRNA used, the infectious titer (TCID50/
ml) decreased by 0.75 to 2.5 orders of magnitude compared to
cells treated with control siRNA (data not shown). At day
15 p.t., the suppression levels were less than at earlier time
points (maximum, 15% inhibition of particle formation and
0.25 log for infectivity). Possibly due to the short half-life of the
transfected siRNAs compared to the slow and asynchronous
replication of HAV, crucial RNAi levels were only attained at
early stages of infection. Alternatively, the emergence of mu-
tant viruses that had escaped RNAi might be reason for abat-
ing RNAi (21). To prevent the emergence of siRNA-resis-
tant mutants, we treated HAV-infected cells with a mixture
of two siRNAs. Compared to the effect of a single siRNA, two
siRNAs combined induced a more sustained suppression, al-
beit the effect was not additive (not shown). At 10 and 15 days
p.t., inhibition of viral particle formation and infectivity was
twice as high when two RNAs were used in combination, im-
plying that besides the short half-life of the siRNA duplexes,
the emergence of viral escape mutants may limit the efficiency
of RNAi (see below).

HAV replication is less efficient in BS-C-1 cells than in liver
cells, which are the natural host for HAV replication in vivo
and produce larger amounts of infectious virus (35, 47) or viral
replicon (16, 57). To test whether the extent of RNAi de-
pended on the host cell line and the rate of viral replication,
the human hepatoma cell line Huh-7 was transfected with the
same set of siRNAs and infected with HAV as described
above. In contrast to BS-C-1 cells, in Huh-7 cells HAV infec-
tion was inhibited in a sustained manner (Fig. 2A, B, and C).
A 104.7-fold suppression of infectivity was observed 4 days p.t.
(Fig. 2A), with the tendency to decrease over time (2.6 orders
of magnitude at day 8 p.t. [Fig. 2B] and 1.6 log at day 12 p.t.
[Fig. 2C]). All HAV-specific siRNAs suppressed HAV repli-
cation to almost the same extent (TCID50/ml values varied
maximally by �0.5 log (Fig. 2A, B, and C), which was con-
firmed after quantitative analysis of the viral structural protein
VP1 by immunoblotting (data not shown). As mentioned
above and further analyzed below, the loss of specific suppres-
sion of HAV infection at late time points might reflect the
emergence of mutant viruses escaping RNAi.

To directly measure the loss of viral genomes by RNAi, the
viral genome copy number was determined by real-time RT-
PCR in siRNA-treated and HAV-infected Huh-7 cells 4 and 12
days p.t. The genome equivalent/infectious particle ratio was
1 � 102 in the case of cells treated for 4 days with control
siRNA (1 � 108.57 physical genomes to 1 � 106.6 of infectious
viral particles), whereas the ratio was approximately 104.0 in
HAV siRNA-treated cells (1 � 106.2 genome copies per 1 �
102.2 infectious particles) (Fig. 2A). The reduction in genome
number was clearly less pronounced than the loss of infectivity
as detected by end point titration (Fig. 2A, B, and C), implying
that degradation of viral RNA mediated by specific siRNAs is
incomplete. Apparently, partially degraded yet noninfectious
genomes were still detected by real-time RT-PCR. At a later
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time point, the difference in genome number in cells treated
with HAV-specific and unspecific siRNAs was marginal.

In order to assess whether a short-term RNAi effect can be
prolonged and also to prevent the escape of RNAi-resistant
viral mutants, different siRNAs were consecutively transfected
into HAV-infected cells. Acutely infected Huh-7 cells were
transfected on days 0, 2, 5, and 8 with various siRNAs as
indicated (Fig. 2D), and the infectious titer was determined 12
days postinfection. Viral replication was substantially more
suppressed after consecutive siRNAs applications (titer reduc-
tion by 3.7 log [Fig. 2D] compared to 1.6 log for single appli-
cation [Fig. 2C]). A similar enhancement of RNAi by consec-
utive siRNA applications was also obvious in HAV-infected
BS-C-1 cells. At day 15 p.t., the acute HAV infection as judged
by infectivity titer was 37 times more efficiently suppressed
than that after a single siRNA transfection (not shown). The
reduction of the infectious titer was in good agreement with
the loss of HAV genome copies detected by real-time RT-
PCR, indicating that siRNA genome degradation was more

efficient after repeated siRNA treatments compared to a single
transfection (not shown). Taken together, the results suggest
that HAV RNAi was sustained after consecutive siRNA trans-
fection and depended on the viral replication rate, which was
influenced by the host cells (35). Substantially stronger inhibi-
tion of the acute HAV infection was achieved in human hep-
atoma cells than in BS-C-1 cells, and viral replication was
significantly more suppressed when siRNAs targeting different
HAV genomic regions were consecutively applied.

RNAi targeting the established HAV infection. The data
obtained with Huh-7 cells (Fig. 2) clearly indicated that
siRNAs delivered into the cells at the same time as the viral
inoculum (acute infection) can efficiently suppress HAV rep-
lication and may thus be of therapeutic use. However, in order
to treat severe cases of acute hepatitis A and possibly fulmi-
nant liver failure (52), an ongoing HAV infection has to be
suppressed. To address this issue in a model system, a persis-
tent HAV infection in hepatoma cells (Huh-7/HAV) was es-
tablished and its suppression by RNAi was studied. Since in

FIG. 1. Approximate location of the siRNA target sequences within an optimal structure of the HAV genome (strain 18f). Sequence M59808
was augmented with known 5�- and 3�-terminal bases and then analyzed by mFold. Base numbers (shown in blue) are in increments of 1,000. Each
base in the minimum free energy structure is color coded on a sliding scale, according to its pairing number (P-num), with red, orange, yellow,
green, blue, and violet indicating successively higher frequencies of potential alternative configurations within an energy window of �12 kcal from
the optimal (44).
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persistently infected cells viral genome replication is highly
retarded with only a small proportion of the genomes replicat-
ing, we aimed to stimulate viral replication. To this end, per-
sistently infected Huh-7/HAV cells were induced to divide by
splitting them 1 day prior to siRNA treatment, as we had
recently shown that viral replication is enhanced in actively
dividing cells (35). Moreover, to enhance the silencing efficacy,
applications with the same siRNA were repeated. The data
presented in Fig. 3A clearly show that siRNA 2C-1 efficiently
suppressed the formation of viral particles, in particular after
the second and third siRNA applications. In parallel, the in-
fectivity titer decreased after each application of siRNA 2C-1,
resulting in a 3-log reduction after three consecutive applica-
tions (Fig. 3B).

A similar loss of HAV antigen was observed after multiple
applications of siRNA 3C (Fig. 3A). However, this effect
seemed to be mostly due to stress-related cell death upon
repeated siRNA transfections. Weak or no suppression of the
HAV antigen (30% to 40%) was observed after transfection of
siRNAs 2C-2 and 3A. Intriguingly, after three applications of
siRNA 2C-2, the infectious titer increased compared to trans-
fection with negative control siRNA (Fig. 3B). The two first
applications of siRNAs 3D-1 and 3D-2 suppressed viral parti-
cle formation to approximately 30% to 50%. However, the
initial HAV antigen level (Fig. 3A) and infectivity (not shown)
were almost restored after an additional siRNA treatment.

While similar infectious titers (107 TCID50/ml) were detectable
in acutely and persistently infected cells, the established HAV
infection was much less suppressed than the acute infection
(Fig. 2), implying that a large proportion of the viral genomes
in persistently infected cells were inaccessible to the RNAi
machinery. Although not directly proven here, observations of
ours and another group suggest that most HAV genomes in
persistently infected cells are packaged and only a minor frac-
tion of all potentially infectious genomes is actively replicating
and accessible to gene silencing (reference 2 and unpublished
observation). The data may also imply that RNAi-resistant
viral mutants might have emerged from the viral quasispecies
genome present in persistently infected cells.

To determine whether the appearance of siRNA-resistant
mutants after multiple siRNA applications was the cause for
the increase in viral antigen level and infectivity (Fig. 3A and
B), total RNA was isolated from the lysates of infected and
siRNA-treated cells (Fig. 3A) and the viral genomes were
sequenced after RT-PCR amplification of the target domain.
As expected, viral genomes that had resisted the treatment
with siRNA 3D-1 and 3D-2 carried mutations in the target
sequences (Fig. 4, bottom row, middle and right panels). At the
indicated time point, a mixture of two nucleotides was found at
positions 4 and 7 of target 3D-1 and at position 4 of target
3D-2, suggesting the selection of RNAi-resistant sequences
from the viral quasispecies. As these nucleotide exchanges

FIG. 2. Suppression of HAV infectivity after single (A, B, and C) and multiple (D) applications of siRNAs in acutely infected Huh-7 cells. Days
posttransfection (dpt) are indicated above the diagrams. Individual siRNA duplexes used for silencing are marked below the columns. Neg,
transfection with scrambled siRNA; M*, mock-transfected and uninfected cells. The lower dotted lines indicate the approximate mean values of
the infectivity after treatment of the HAV infection with indicated HAV-specific siRNAs. The differenced in infectious titer of cells treated with
negative control siRNA (Neg or �-actin; upper dotted lines) and HAV-specific siRNAs (lower dotted lines) are shown by numbers between arrows.
In panel D, the following single siRNAs (set 1) were sequentially transfected in HAV-infected cells on days 0, 2, 5, and 8: 3C, 3A, 2C-1, and 2C-2,
respectively. In set 2, siRNAs 2C-1, 3D-1, 3D-1, and 3D-2 were used at the same days in a parallel experiment. At day 12 posttransfection/infection,
the cells were harvested and the HAV infectious titer was determined. The values represent the mean titers of two independent experiments.
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were in the wobble position of the codons, none of the muta-
tions resulted in an altered amino acid residue. Interestingly,
the C-to-U substitution causing a G-U mismatch in the central
position (11th nt) of the 3D-2 target site (bottom row, right
panel) was complete and similar to that described for poliovi-
rus (21).

Nucleotide sequence determination of the 2C-2 target re-
gion revealed that positions 11 and 17 were partially mutated,
resulting in a change from amino acid residue asparagine (N)
to aspartic acid (D) in both positions (Fig. 4, bottom row, left
panel). No nucleotide changes were found in the 3A and 3C
target regions of the rescued viruses (not shown). As overall
suppression by siRNAs 3A and 3C was either low or nonspe-
cific, this suggests that these targets were mostly inaccessible
for RNAi. Finally, sequence analysis of the virus present in low

amounts after the third treatment with siRNA 2C-1 revealed
no changes (not shown). Taken together, the analysis of the
viral genomes rescued after siRNA treatments of HAV-in-
fected cells revealed that the RNAi efficacy significantly de-
pended on the target region. Whereas RNAi-resistant escape
mutants were found for targets 2C-2, 3D-1, and 3D-2, no specific
effect was achieved with siRNAs 3A and 3C and a strong silencing
effect with siRNA targeting 2C-1 was observed. As the target of
RNAi was the quasispecies genome of the actively replicating
virus, it is most likely that these RNAi-resistant variants were
already present in the quasispecies populations and that their
replication was favored under the siRNA-specific selection pres-
sure (see also reference 54). However, the possibility cannot be
excluded that the viral genome had mutated in the target region
under the siRNA pressure.

FIG. 3. siRNA-mediated suppression of the established HAV infection (A and B) and infection initiated by synthetic HAV transcript (C and
D). (A and C) Relative inhibition of the viral antigen after three consecutive siRNA applications. HAV antigen that accumulated in cells that were
treated with the control siRNA was set at 100%. The mean values and standard deviations of duplicate samples are shown as bars and lines,
respectively. Note that in the case of the established HAV infection (A), after the third treatment with siRNAs 3D-1 and 3D-2 the original antigen
level was restored. The asterisk in panel A denotes nonspecific cell degeneration by siRNA 3C. (B) Suppression of the infectious titer in an
established infection by siRNA 2C-1 (dots) and siRNA 2C-2 (triangles). Arrows indicate the siRNA applications. The infectivity data in cells
treated with control siRNA are shown for comparison (squares). (D) siRNA-mediated inhibition of the HAV infectivity originated from synthetic
viral RNA. The inhibition was calculated after dividing the infectious titer of control siRNA-treated cells by the titer of HAV siRNA-treated cells.
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RNAi targeting HAV infection initiated by synthetic RNA.
To distinguish between these two possibilities, in the next ex-
periment viral replication was initiated by infectious synthetic
transcripts that encode perfectly matching target sequences.
Huh-7 cells were simultaneously transfected with infectious
transcripts and the various siRNAs. To ensure sustained si-
lencing, additional siRNA transfections followed, as described
above for the persistently infected cells (Fig. 3C). siRNA treat-
ment of HAV RNA-transfected cells inhibited the viral parti-
cle formation more profoundly than that of the ongoing HAV
infection in persistently infected cells (compare Fig. 3A and
C), supporting our earlier observation that a large proportion
of the viral genomes in persistently infected cells is protected
from RNAi. Again, siRNA 2C-1 was found to be the most
efficient silencer (92% inhibition), whereas siRNAs targeting
2C-2, 3A, 3C, 3D-1, and 3D-2 domains were less effective after
the first treatment (80%, 56%, 79%, 78%, and 52% inhibition,
respectively) (Fig. 3C). Compared to acutely (Fig. 2A) and
persistently (Fig. 3A) infected cells, a similar number of infec-
tious viral genomes was present in RNA-transfected cells as

the absolute titer reached 107 TCID50/ml at 4 days p.t. The
second application of siRNAs enhanced the suppression of the
HAV antigen (Fig. 3C). Intriguingly, after the third siRNA
application, the level of the HAV suppression was no longer
enhanced but was slightly decreased. The loss in HAV antigen
levels roughly correlated with the drop in the infectious titer
determined after the various siRNA treatments (Fig. 3C and
D). Compared to the TCID50/ml values obtained with the
control siRNA, three applications of siRNA 2C-1 decreased
the infectious titer by 3 orders of magnitude. For all other
siRNAs, except 2C-2, the infectious titer values were below
those of the control siRNA by 0.5 to 1.5 orders of magnitude.
Intriguingly, the infectious titer for siRNA 2C-2-treated cells
was reproducibly higher than that of the control siRNA (0.5 to
1.0 orders of magnitude) (Fig. 3D). When RNAi of the ongo-
ing infection (Fig. 3A and B) was directly compared with the
silencing of HAV replication initiated by synthetic transcripts
(Fig. 3C and D) or the viral inoculum (Fig. 2), it was obvious
that a higher silencing effect was achieved under the latter
conditions. Whereas in the ongoing HAV infection the sup-

FIG. 4. Population sequencing of viral genomes in the target regions of siRNAs 2C-2, 3D-1, and 3D-2 after three treatments with the
corresponding siRNA duplexes. The top sequences represents the viral or transcript genome used for infection (upper panels). The sequences in
the middle were recovered from the viral RNA of siRNA-treated cells infected by synthetic RNA, whereas the sequences below were recovered
from siRNA-treated cells with an established HAV infection. The mutations in 3D-1 and 3D-2 are silent. The parental and mutated nucleotides
are shown in small and capital letters, respectively. Two A-to-G mutations in the 2C-2 target sequence result in Asn-to-Asp changes, shown below
the sequence chromatograms. Arrows in the chromatogram mark the altered nucleotides.
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pression of viral particle formation after one siRNA applica-
tion was maximally 70%, it was up to 95% in infections initi-
ated by synthetic HAV RNA and similar to that of the acute
infection (compare Fig. 3A and C and Fig. 2). Most likely, the
limited RNAi effect on an ongoing HAV infection was due to
the inaccessibility of a substantial portion of the viral genomes
that were packaged.

To examine whether RNAi-resistant viral variants had
evolved under the infection and selection conditions described
for Fig. 3, the total RNA of the HAV-expressing cells treated
three times with siRNA was used for sequence determination
as described above. In contrast to RNAi of the established
HAV infection (Fig. 4, bottom row, middle and right panels),
neither of the viral genomes derived from synthetic RNA and
replicating in the presence of siRNAs 3D-1 or 3D-2 had nu-
cleotide changes (Fig. 4, middle row, middle and right panels).
Interestingly, a similar difference between resistant mutants
emerging from synthetic transcripts or established replications
was recently described for HCV (56). Moreover, the genomes
replicating in the presence of siRNAs 2C-1, 3A, and 3C were
unchanged under the selective pressure used (not shown).
However, similar to the siRNA 2C-2-mediated silencing of the
ongoing infection (bottom row, left panel), the virus that
emerged from synthetic transcripts carried mutations at the
2C-2 target positions A11G and A17G (middle row, left
panel). These mutations resulted in an amino acid change from
Asn to Asp. Under all experimental conditions used, the A11G
and A17G mutations in target 2C-2 were always and repeatedly
found in the background of the parental sequence. Clonal
isolation of the rescued virus will be necessary to determine
whether both mutations occurred in one genome and whether
the wild-type virus and its nonstructural protein 2C is required
(as a trans-acting factor) for replication of the mutated ge-
nome. Interestingly, the infectious titer of the virus evading
three siRNA 2C-2 applications was always higher than that of
the negative control (Fig. 3B and D). This implies that a more
efficiently replicating virus with amino acid replacements in 2C
(Asn to Asp) had evolved under siRNA 2C-2 suppression. This
observation was confirmed by HAV genome quantification
using real-time RT-PCR. One hundred times more genome
copies were found after the third siRNA 2C-2 treatment com-
pared to that of the scrambled siRNA (not shown). Collec-
tively, the data presented here for the slowly replicating HAV
suggest that the fraction of replicating genomes among the
viral RNA and the rate of RNA synthesis and thus of mutation
are major determinants for the efficiency of RNAi and the
emergence of siRNA-resistant escape mutants.

To further demonstrate that the observed RNAi was HAV
specific, the suppressive effect of selected siRNAs was tested
on the poliovirus replicon and different HAV strains. Lucifer-
ase expression of the poliovirus replicon was unaffected in the
presence of 2C-1, 2C-1mut, and scrambled control siRNAs. In
contrast, the luciferase activity of the HAV replicon (33) was
significantly inhibited by siRNA 2C-1 (73.7% inhibition), but
not by 2C-1mut (0.6% inhibition). The sequence specificity was
further confirmed by comparing the suppressive effect on two
HAV strains differing in the 2C-1 target sequence. siRNA
2C-1mut was unable to silence the replication of HAV strain
18f (0.5% inhibition) but efficiently suppressed the replication
of the HAV strain (accession number D00924), whose target

sequence was identical to the sequence of siRNA 2C-1mut
(99.93% of inhibition).

RNAi resistance of escaping viruses. To assess whether the
viruses that had escaped RNAi were indeed resistant to siRNA
treatment, viral variants (18f-3D-1mut and 18f-3D-2mut) that
carried two nucleotide exchanges in the target regions 3D-1
and 3D-2, respectively, were generated by in situ mutagenesis
(Fig. 5B). Besides the full-length viral genome, the same mu-
tations were also inserted into the firefly luciferase-encoding
replicon, resulting in 18f-LUC-3D-1mut and 18f-LUC-3D-2mut
(Fig. 5A). After generation of in vitro transcripts, replication of
the mutated genomes was tested for their sensitivity towards
both siRNAs 3D-1 and 3D-2. As expected, 18f-LUC-3D-1mut
and 18f-LUC-3D-2mut were resistant to siRNA 3D-1 and

FIG. 5. RNAi resistance of escaping HAV genomes. A. Replicon
RNA encoding the mutated target regions 3D-1 (bars 1 to 3) or 3D-2
(bars 4 to 6) was transfected in triplicate into Huh-7 cells pretreated
with siRNA 2C-1 (bars 1 and 4), 3D-1 (bars 2 and 5), 3D-2 (bars 3 and
6), or siRNA Neg (used for normalization in panel A). Luciferase
activity was measured 24 h p.t. and normalized (percent) to negative
control siRNA (100%). B. Full-length HAV RNA transcripts encoding
the mutated 3D-1 (bars 1 to 4) or 3D-2 (bars 5 to 8) target regions were
transfected into cells that were pretreated with siRNA 2C-1 (bars 1
and 5), 3D-1 (bars 2 and 6), 3D-2 (bars 3 and 7), or siRNA Neg (bars
4 and 8). The infectious titer (TCID50/ml) was determined 5 days after
a second siRNA application. The middle values of two independent
experiments are presented. For the sequences of 3D-1mut and 3D-
2mut, see Materials and Methods.

5606 KUSOV ET AL. J. VIROL.



3D-2, respectively (Fig. 5A, bars 2 and 6), and sensitive to 2C-1
(bars 1 and 4). In line with previously reported data (Fig. 3A
and C) (26), the silence potency of siRNA 3D-2 (bar 3) was
weak compared to that of siRNA 3D-1 (bar 5). Using the
mutated full-length HAV genomes as targets for RNAi, the
siRNA specificity was confirmed (Fig. 5B). The infectious titers
of the 18f-3D-1mut and 18f-3D-2mut genomes in the presence
of the respective siRNAs were similar to those of the negative
controls (bars 2, 4, 7, and 8). Conversely, siRNA 3D-1 only
suppressed the infectivity of 18f-3D-2mut (bar 6) without af-
fecting 18f-3D-1mut (bar 2), whereas siRNA 3D-2 inhibited
the infectivity of 18f-3D-1mut (bar 3) but not of 18f-3D-2mut
(bar 7). Again, siRNA 2C-1 showed extensive inhibition of the
HAV infection initiated by synthetic RNA transcripts mutated
in the 3D target sites (bars 1 and 5). These data unambiguously
confirm the sequence-specific effect of RNAi and suggest that
consecutive siRNA applications (Fig. 3A) select mutants that
either preexisted in the viral quasispecies genome or were
generated during genome replication.

DISCUSSION

Rapidly progressing antiviral strategies based upon RNAi,
which down-regulate virus replication by degrading the viral
genome, appear highly promising and offer an alternative ap-
proach to conventional antiviral therapy. The genomes of
RNA viruses function as both translation and replication tem-
plates, which makes them an attractive target for siRNAs.
However, RNAi is faced with several challenges that must be
overcome to realize its promises as an antiviral strategy. Per-
sistently and asynchronously replicating viruses, such as HAV,
may present an additional challenge to RNAi, as the siRNA
half-life might unfavorably compete with the accessibility of
the target site. In addition, the packaged viral genome residing
in persistently infected cells efficiently resists RNAi. In fact, the
highly efficient sequestration of newly synthesized HAV RNA
into virions (2) has been postulated as a way to reduce the viral
replication rate and seems to protect a large proportion of viral
RNA from silencing. For the interpretation of the data pre-
sented here, it has to be kept in mind that identification of
RNAi in HAV-infected cells requires multiple cycles due to
the virus’ slow and asynchronous replication, whereas in po-
liovirus-infected cells the silencing effect was detected after a
single cycle (19, 20).

In the experiments described here, it was striking that the
extent of the RNAi effect produced by the same amount of
siRNA varied among the cell types used and the type of viral
infection. In contrast to Huh-7 cells, HAV infection was
weakly silenced in BS-C-1 cells, which support HAV replica-
tion less efficiently. In spite of the same overall infectivity
present at a given time point (107 TCID50, 4 days postinfec-
tion), we observed that silencing of an ongoing (established)
infection was less efficient (up to 3 orders of magnitude) (Fig.
3B) than that of acutely infected Huh-7 cells (4.7 log suppres-
sion) (Fig. 2A). This might directly reflect the proportion of
accessible target RNA in the background of inaccessible pack-
aged genomes whose infectious nature is still detectable in the
subsequent virus titration. Diverse compartmentalization might
also explain inaccessibility of the RNA target. The inherent re-
sistance of the hepatitis C or the West Nile virus genome to

siRNA treatment was assumed to be due to the location of their
replicative form in membranous compartments that are not ex-
posed to the cytoplasmic RNAi machinery (17, 56). Similarly,
picornaviruses have been shown to replicate in virus-induced
vesicles (10). It can also not be excluded that a substantial
proportion of the transfected siRNAs was sequestered by non-
infectious transcripts, thus reducing the specific RNAi effect
when infection was initiated by a full-length HAV RNA tran-
script compared to the acute infection (compare Fig. 3D with
2A). A similar dependence of the RNAi effect on the MOI was
recently noticed for poliovirus (21).

Even though sophisticated algorithms for the design of
siRNAs have been applied, it is often noticed that siRNAs are
inefficient in silencing (13, 24, 28, 39). We therefore tested six
different siRNAs that are unique to HAV. These siRNAs had
been shown to efficiently suppress the replication of the HAV
replicon without inducing the double-stranded RNA-activated
protein kinase response (26). Interestingly, HAV itself was
reported to inhibit cellular antiviral defense mechanisms in-
duced by double-stranded RNA (6). Although all siRNAs were
almost equally suppressive in acutely infected cells (Fig. 2 and
data not shown), discernible effects were noticed when larger
concentrations of viral or replicon target RNA were present
owing to different infection schemes. siRNA 2C-1 was found to
be most effective, resulting in sustained suppression of an es-
tablished HAV infection without the emergence of siRNA-
resistant mutants. Under the selective pressure of multiple
transfections of the siRNAs 2C-2, 3D-1, and 3D-2, viral escape
mutants emerged, whereas siRNAs 3A and 3C were grossly
inefficient or blocked viral replication in an unspecific way.

We show here that the selection of RNAi-resistant escape
mutants was significantly enhanced in an established viral in-
fection compared to an infection initiated by RNA transcripts
that encode perfectly matching target regions (Fig. 3). This
finding directly supports the notion of the viral quasispecies
nature present in an established infection. As an unambiguous
prove for the escape mutants’ ability to indeed resist RNAi, we
showed that replication of full-length or luciferase-encoding
HAV RNAs that carried mutations in the 3D-1 or 3D-2 targets
were completely resistant to silencing by the original siRNAs
(Fig. 5). These experiments emphasize the strict sequence
specificity of RNAi. On a broader context, the RNAi specificity
was further confirmed by the resistance of the poliovirus rep-
licon to HAV-specific siRNAs.

A number of reasons have been put forward to explain the
lack of silencing by siRNAs. They include protein binding (25)
as well as secondary and tertiary local structures of the RNA
target site that may affect the accessibility of siRNAs (5, 29, 38,
42, 43, 46, 53). When the local RNA folding of the effective and
noneffective siRNA-targeted HAV regions was compared at
the level of the complete HAV genome (strain 18f), distinct
folding patterns were obvious (Fig. 6). The center of siRNAs
2C-1 and 3D-2 targeted a terminal loop. The target regions of
the other siRNAs (2C-2, 3A, 3C, and 3D-1) covered internal
helices or stacked helical motifs. In addition, prediction of
each target’s average “match value,” a parameter recording the
frequency with which particular base pairs were observed in a
cohort of suboptimal structures, implied subtle differences in
the pairing stabilities of the targeted regions (A. Palmenberg,
unpublished observation). By this criterion, targets 3A and 3C
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had lower frequencies (73 and 85, respectively) and were less
stable or had more alternative potential configurations than
the other targets (90 to 100).

Among all HAV targets tested here, 2C-1 with a high match
value (99 to 100) was unique in that its local secondary struc-
ture was reproducibly stable in the context of the full-length
HAV genome (Fig. 6). The other special feature of this target
is its large single-stranded loop (6 nucleotides) located in the
central region, which is known to be very sensitive for cleavage
or mutation (21, 23, 49). Interestingly, no escape virus emerged
under the siRNA 2C-1 selection pressure, implying that this
target sequence is genetically stable. However, based on the
alignment of the 2C-1 target region with some 30-nucleotide
sequences deposited in the database, a substantial covariance is
found, allowing, for example, a C or a G residue in some target
positions. It is highly intriguing that neither of these residues was
found in the sequences of the viral genomes selected under the
siRNA 2C-1 suppression, implying that the rules governing the
RNAi-mediated mutations and spontaneous mutations in natural
strains are different.

In contrast to 2C-1, the 3� half of the 3D-2 target sequence
formed a hairpin structure (Fig. 6). Although no 3D-2 target

mutations were detected when HAV infection was initiated by
RNA transcripts (Fig. 4, right middle panel), mutated target
sequences obviously preexisted in the quasispecies genome of
the viral inoculum that resisted the siRNA 3D-2 selection
pressure (Fig. 4, lower right panel). The mutated 3D-2 target
sequence likely folds into a more stable structure than the
parental sequence and thus resisted siRNA-mediated degra-
dation. The selection of a more stable secondary and siRNA-
resistant structure was recently described for the HIV Nef
siRNA-target interaction (55). All other target sequences
(2C-2, 3A, 3C, and 3D-1) were found to be part of a double-
stranded structure when the full-length HAV genome was
computer folded (Fig. 6). Overall, further analyses of the tar-
get’s secondary structures will be required to better understand
their impact for RNAi.

Two types of mismatches were found to be sufficient for the
virus to escape interference. In addition to the G-U mis-
matches in the center of siRNAs 3D-2 and 3D-1, an upstream-
located A-A mismatch was identified in the genome of the
siRNA 3D-1 escape mutants. This mismatch might be neces-
sary to enhance the escaping ability of the G-U mismatch
located in the central region (Fig. 4). Previously, it was ob-
served that if the formation of a duplex with the target se-
quence required a G-U base pairing, the siRNA failed to
efficiently suppress the target sequence (58). In line with our
data demonstrating that the centrally located G-U mismatch is
sufficient for HAV to escape siRNA suppression (Fig. 4, lower
row, right panel), the inability of the G-U base pairs to partic-
ipate in target recognition during RNAi was recently con-
firmed by the characterization of poliovirus mutants escaping
siRNA inhibition (21).

The viral escape mutant(s) that carried one or two amino
acid changes and emerged after multiple siRNA 2C-2 applica-
tions was interesting, as it showed reproducibly higher infec-
tious titers (Fig. 3B and D). One or two amino acid changes
(Asn to Asp) in the central region and/or close to the 3� end of
the target (Fig. 4, left panels) alone or in combination seem to
enhance the viral replication rate. It is noteworthy that these
mutations have not been described in the database, yet other
sites in the HAV 2C region were previously shown to be re-
sponsible for HAV adaptation and efficient growth in cell cul-
ture (11, 12). Further experiments are required to elucidate the
functional role of the escape mutations in protein 2C for HAV
replication in cell culture. In this context the recently described
trans-dominant effects of mutated viral genomes on the repli-
cation of wild-type virus and the concept of the viral quasispe-
cies as a group of interactive variants might be considered for
the enhanced replication of a mixture of 2C-2 mutants (8, 54).

A major goal of this study was the identification of an siRNA
that could efficiently suppress an active and ongoing HAV
infection in a sequence-specific manner. Based on the results
reported here, siRNA 2C-1 is a most promising candidate for
future therapeutic application to cure severe or fulminant
cases of hepatitis A.
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