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Human La protein has been implicated in facilitating the internal initiation of translation as well as replication of hepatitis C
virus (HCV) RNA. Previously, we demonstrated that La interacts with the HCV internal ribosome entry site (IRES) around the
GCAC motif near the initiator AUG within stem-loop IV by its RNA recognition motif (RRM) (residues 112 to 184) and influ-
ences HCV translation. In this study, we have deciphered the role of this interaction in HCV replication in a hepatocellular carci-
noma cell culture system. We incorporated mutation of the GCAC motif in an HCV monocistronic subgenomic replicon and a
pJFH1 construct which altered the binding of La and checked HCV RNA replication by reverse transcriptase PCR (RT-PCR). The
mutation drastically affected HCV replication. Furthermore, to address whether the decrease in replication is a consequence of
translation inhibition or not, we incorporated the same mutation into a bicistronic replicon and observed a substantial decrease
in HCV RNA levels. Interestingly, La overexpression rescued this inhibition of replication. More importantly, we observed that
the mutation reduced the association between La and NS5B. The effect of the GCAC mutation on the translation-to-replication
switch, which is regulated by the interplay between NS3 and La, was further investigated. Additionally, our analyses of point mu-
tations in the GCAC motif revealed distinct roles of each nucleotide in HCV replication and translation. Finally, we showed that
a specific interaction of the GCAC motif with human La protein is crucial for linking 5= and 3= ends of the HCV genome. Taken
together, our results demonstrate the mechanism of regulation of HCV replication by interaction of the cis-acting element
GCAC within the HCV IRES with human La protein.

Hepatitis C virus (HCV), a major etiologic agent of posttrans-
fusion and sporadic non-A, non-B hepatitis (NANBH), be-

longs to the Hepacivirus genus of the Flaviviridae family (1, 2). The
HCV genome consists of a 9.6-kb single-stranded positive-sense
RNA containing an open reading frame (ORF) encoding an
�3,000-residue polyprotein precursor flanked at both ends by
highly structured and conserved untranslated regions (UTRs) (1–
4). HCV translation is mediated by an internal ribosome entry site
(IRES) located mostly within the 341-nucleotide (nt) 5= UTR and
extending to 30 to 40 nucleotides downstream of the initiator
AUG (iAUG) codon. Sequence elements that are directly involved
in HCV replication are located mostly in the 3= UTR (1, 4–6). The
HCV 3= UTR varies between 200 and 235 nt in length, including a
short variable region, a poly(U/UC) tract (with an average length
of 80 nt), and an invariant 98-nt X-tail region (7–9). Initiation of
HCV replication takes place by formation of a ribonucleoprotein
(RNP) complex at the 3= UTR of the viral genome. The newly
synthesized negative-strand RNA then serves as a template for the
production of the plus-strand copies of viral RNA (10, 11).

Some reports have revealed the presence of cis-acting elements
in the HCV 5= UTR that affect viral replication. For example, the
sequence upstream of the IRES is essential for viral RNA replica-
tion, IRES sequences are required for high-level RNA replication,
and stem-loop domain II of the IRES is crucial for replication (12).
Several studies have also revealed that the 5= UTR is capable of
binding to a liver-specific microRNA, mir-122, resulting in en-
hanced HCV replication (13, 14).

Apart from cis-acting elements present in HCV RNA, HCV
nonstructural proteins (except NS2) are required for efficient
HCV replication. Intracellular changes resulting from HCV rep-
lication are not very well understood. Development of a selectable

and efficiently replicating HCV subgenomic replicon in the hu-
man hepatoma cell line Huh7 has allowed investigation of viral
persistence and pathogenesis mechanisms in the context of HCV
replication in cell culture (10, 11, 15). A significant number of
studies have focused on the cellular and viral proteins that directly
form RNP complexes with the 5= and 3= UTRs (7, 9, 11, 16). Sev-
eral trans-acting proteins, such as polypyrimidine tract binding
protein (PTB) (17) and poly(rC) binding protein 2 (PCBP-2)
(18), interact with the 5= and/or 3= UTR. These interactions may
be important for HCV replication, although the precise roles are
not yet known.

Human La protein is a multifunctional phosphoprotein origi-
nally identified as an autoantigen in patients with autoimmune
disorders. It is an RNA binding protein of the RNA recognition
motif (RRM) family. La protein is located predominantly in the
nucleus and functions in the maturation of RNA polymerase III
transcripts and the unwinding of double-stranded RNA (19, 20).
La protein associates with U1 RNA (21), telomerase RNA (22),
adenovirus VA RNA (23), and the HIV trans-activation response
(TAR) element (24). Other targets of La include the 5= UTRs of
poliovirus (25), hepatitis C virus (26, 27), encephalomyocarditis
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virus (28), and Bip mRNA (29). La protein binds to the HCV 5=
UTR near the initiator AUG and stimulates IRES-mediated trans-
lation (26). La protein has three putative RRMs and a basic region
followed by an acidic region at the C terminus (30). Our previous
studies revealed that only the RRM at residues 112 to 184 binds
HCV RNA around the region encompassing the GCAC motif
(which is relatively conserved across HCV genotypes) located in
the stem region within stem-loop IV (SLIV) near the iAUG. Mu-
tations in the GCAC motif alter La binding to the HCV IRES and
have drastic effects on HCV translation both in vitro and ex vivo
(31, 32).

Here, we investigated the possible role of La interaction with
the GCAC motif in HCV replication. We have demonstrated that
a GCAC motif mutation near the iAUG within SLIV, which alters
the primary sequence while retaining the overall secondary struc-
ture, has a drastic effect on HCV replication in the context of a
monocistronic subgenomic replicon and an infectious JFH1 RNA.
To further address whether reduced La protein interactions with
the GCAC motif affect HCV replication as a consequence of trans-
lation inhibition, we mutated the bicistronic replicon pSGR-
JFH1/Luc. Interestingly, we found that HCV RNA levels decreased
in the pSGR-JFH1/Luc mutant as well. Furthermore, we found
that this inhibition of replication can be rescued by La overexpres-
sion. We also found that the mutation reduced the interaction
between La and NS5B. Additionally, we demonstrated that this
mutation affected the translation-to-replication switch regulated
by the interplay between NS3 protease and human La protein.
Furthermore, we showed that specific interaction of La with the
GCAC motif promotes linkage between both ends of the HCV
genome, indicating a plausible mechanism for regulating HCV
replication by long-range RNA-RNA interactions. To our knowl-
edge, this study constitutes the first report demonstrating the im-
portance of the cis-acting element GCAC located within the HCV
IRES in HCV replication.

MATERIALS AND METHODS
Cell culture. Huh7 and Huh7.5 cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% fetal bovine se-
rum (FBS), 100 U of penicillin/ml, and 100 �g of streptomycin sulfate/ml.
Cells were maintained at 37°C in 5% CO2.

Materials. Hemin was purchased from Merck Millipore. Puromycin
and cycloheximide were purchased from Sigma.

Plasmids. The HCV monocistronic replicon construct pFKi383
hygubiNS3-3=5.1 (33), the full-length pJFH1 construct (34), and the
bicistronic replicon construct pSGR-JFH1/Luc (35) used in this study
were generous gifts from Ralf Bartenschlager and Takaji Wakita.

Site-directed mutagenesis. Mutated replicons were generated by us-
ing a QuikChange Lightning multisite-directed mutagenesis kit (Agilent
Technologies) according to the manufacturer’s protocol.

Transient transfection. Huh7 cells (80% confluent) were transiently
transfected with HCV mono- or bicistronic replicon RNA (2 �g) by using
Lipofectamine 2000 reagent (Invitrogen) in antibiotic-free medium. Cells
were harvested by using Tri reagent (Sigma) for RNA isolation, followed
by reverse transcriptase PCR (RT-PCR). Cell lysates were prepared by
using passive lysis buffer (Promega) to measure luciferase activities, using
luciferase assay reagent (Promega).

Semiquantitative RT-PCR. Total RNA was extracted by using Tri re-
agent (Sigma). One microgram of total RNA was reverse transcribed by
using RT reaction mix (containing 1� reverse transcription buffer
[Thermo Scientific], 1 mM deoxynucleoside triphosphate [dNTP] mix
[Thermo Scientific], 40 U of RNase inhibitor [Promega], and 40 U of
RevertAid Moloney murine leukemia virus [M-MuLV] RT [Thermo Sci-

entific]), using an HCV 5= primer (forward) or an HCV 3= primer (re-
verse) to detect the HCV negative or positive RNA strand, respectively.
Equal volumes (2 �l) of resulting cDNAs were used for PCR amplification
corresponding to the HCV IRES by using PCR mix (containing 1� Taq
polymerase buffer [New England BioLabs], 0.2 mM dNTP mix, and Taq
polymerase [1 U/20 �l; New England BioLabs]) and the primers listed
below. The PCR products were analyzed by running on a 2% agarose gel.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an
internal control. Serial dilutions of the cDNA samples (1:2, 1:4, 1:8, and
1:16) were used to detect the exponential phase of the PCR. The following
primers were used: HCV 5= (forward) primer 5=-TGCGGAACCGGTGA
GTACA-3=, HCV 3= (reverse) primer 5=-CTTAAGGTTTAGGATTCGTG
CTCAT-3=, GAPDH 5= (forward) primer 5=-CATGAGAAGTATGACAA
CAGCCT-3=, and GAPDH 3= (reverse) primer 5=-AGTCCTTCCACGAT
ACCAAAGT-3=.

Quantitative RT-PCR. Total RNA was isolated by using Tri reagent
(Sigma) and reverse transcribed by avian myoblastosis virus (AMV) RT
(Promega), using an HCV 5= primer (forward) or an HCV 3= primer
(reverse) to detect the negative or positive RNA strand, respectively.
cDNA (diluted 1:10) was used for PCR amplification by using a real-time
assay mixture (Finnzymes) according to the manufacturer’s instructions.
The data were analyzed by using an ABI Prism real-time PCR machine,
using the comparative ��CT method (36). GAPDH was used as an inter-
nal control.

Tagged cDNA RT-PCR. Total RNA was isolated by using Tri reagent
(Sigma) and reverse transcribed with AMV RT (Promega), using a tagged
HCV 5= primer. Two rounds of PCR were done by using Hot Start Taq
DNA polymerase (Genei). The first round of PCR was performed on
cDNA using the tag-only primer and the HCV 3= primer. The resulting
PCR product was diluted 1:100 and used for the second round of PCR
using a set of internal primers. The PCR product was run on a 2% agarose
gel. GAPDH was used as an internal control.

Immunoprecipitation. Huh7 cells (80% confluent) were transiently
transfected with HCV monocistronic replicon RNA by using Lipo-
fectamine 2000 reagent (Invitrogen) in antibiotic-free medium. After 24
h, cells were lysed by using buffer containing 100 mM KCl, 5 mM MgCl2,
10 mM HEPES (pH 7.0), 0.05% Nonidet P-40, 1 mM dithiothreitol
(DTT), 100 U/ml RNase inhibitor, and 25 �l/ml protease inhibitor cock-
tail. Supernatants were incubated with anti-La antibody. Immunocom-
plexes were immobilized on protein G-Sepharose beads, followed by pro-
teinase K and DNase treatments. Finally, phenol-chloroform-extracted
and alcohol-precipitated RNA was used for RT-PCR. The same protocol
was used for experiments using the bicistronic replicon RNA by using
anti-NS5B antibody. Antiactin was used as a nonspecific control.

In vitro transcription. mRNAs were transcribed in vitro from linear-
ized plasmid constructs under T7 promoters in runoff transcription reac-
tions using T7 RNA polymerase (Promega). Standard transcription reac-
tions were performed according to the manufacturer’s instructions.

In vitro translation. In vitro-transcribed mRNAs were translated in
vitro by using micrococcal nuclease-treated rabbit reticulocyte lysate
(RRL), amino acid mix, and an RNase inhibitor (Promega), according to
the manufacturer’s instructions. Luciferase activity was measured by us-
ing luciferase assay reagent (Promega).

Preparation of cell extracts for Western blotting. Huh7 cells were
harvested and then lysed in radioimmunoprecipitation assay (RIPA) buf-
fer (50 mM Tris [pH 7.4], 150 mM NaCl, 0.25% sodium deoxycholate, 1%
Nonidet P-40, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride
[PMSF], 1 mM sodium orthovanadate, 1 mM sodium fluoride, and 12
�l/ml protease inhibitor cocktail) for 30 min at 4°C, followed by centrif-
ugation at 12,000 � g for 10 min to pellet cellular debris. Supernatants
were used for Western blotting.

Western blotting. Protein concentrations in lysates were assayed by a
Bradford assay (Bio-Rad), and equal protein amounts in cell extracts were
separated by SDS–10% PAGE and transferred onto a nitrocellulose mem-
brane (Pall Life Sciences). Samples were then analyzed by immunodetec-
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tion using rabbit anti-La or anti-NS5B antibody followed by a secondary
antibody (horseradish peroxidase-conjugated anti-rabbit IgG; Sigma).
The blots were developed by using ECL techniques (Amersham Pharma-
cia Biotech). Mouse monoclonal antiactin antibody (Sigma) was used to
verify equal loading of cell extracts.

Coimmunoprecipitation assay. Transfected Huh7 cells were washed
with cold phosphate-buffered saline (PBS) and lysed by using RIPA buffer
(50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 12 mM deoxycholate sodium
salt, 0.1% sodium dodecyl sulfate, 1% Triton X-100, 0.2 mM sodium
vanadate, and 1 mM phenylmethylsulfonyl fluoride). Cell lysates were
centrifuged at 12,000 � g for 10 min at 4°C, and the supernatants were
precleared with protein G-agarose at 4°C for 3 h. In parallel, anti-La (or
anti-NS5B) antibody was incubated with protein G-agarose overnight in 1
ml of PBS at 4°C. This was followed by incubation of antibody conjugated
with protein G-agarose with the precleared lysates at 4°C for 4 h. Precip-
itates were washed three times with RIPA buffer, and bound proteins were
fractionated by SDS–10% PAGE and subjected to Western blot analysis
using anti-NS5B (or anti-La) antibody.

Purification of La protein. Escherichia coli BL21(DE3) cells were
transformed with a bacterial expression vector encoding La (or mutant
La). Transformed colonies were inoculated into 100 ml of LB medium
containing 80 �g/ml ampicillin and grown at 37°C in an incubator shaker
set at 200 rpm until the A600 reached 0.6. The culture was induced with 0.6
mM isopropyl-�-D-thiogalactopyranoside for 4 h at 37°C. The crude ex-
tracts were mixed with a Ni-nitrilotriacetic acid (NTA) agarose slurry
(Qiagen) and rocked at 4°C for 2 h. The lysate was loaded onto a column
and washed with 50 ml of wash buffer (50 mM Tris [pH 7.4], 300 mM
NaCl, and 40 mM imidazole), and the bound proteins were eluted with
500 �l of elution buffer containing 500 mM imidazole. The eluted pro-
teins were dialyzed at 4°C for 6 h in dialysis buffer (50 mM Tris [pH 7.4],
100 mM KCl, 7 mM �-mercaptoethanol, and 20% glycerol), aliquoted,
and stored at �70°C

Two-cycle RNase protection assay. A two-cycle RNase protection as-
say was performed as previously described (37). Briefly, total RNA was
self-hybridized overnight at 60°C in the absence of radiolabeled probe,
followed by RNase treatment for 1 h in digestion mix (500 mM NaCl, 10
mM Tris-HCl [pH 7.5], 5 mM EDTA, 4.5 �g of RNase A/ml, and 350 U of
RNase T1/ml). Samples were subjected to proteinase K treatment fol-
lowed by phenol-chloroform extraction and ethanol precipitation with 5
�g of tRNA. RNA samples were then suspended in hybridization buffer
containing 75 fmol of radiolabeled probe and subjected to a standard
RNase protection procedure.

UV cross-linking assay. �-32P-labeled RNA probes were allowed to
form complexes with recombinant La protein at 30°C for 20 min in RNA
binding buffer (containing 5 mM HEPES [pH 7.6], 25 mM KCl, 2 mM
MgCl2, 3.8% glycerol, 2 mM DTT, and 0.1 mM EDTA) and next irradi-
ated with a UV lamp for 15 min. The reaction mixtures were treated with
30 �g of RNase A at 37°C for 30 min, followed by SDS-PAGE analysis and
phosphorimaging.

5=-3= coprecipitation assay. A 5=-3= coprecipitation assay was per-
formed as previously described (38), with slight modifications. Briefly, 2
�g of in vitro-transcribed biotinylated 5=-UTR RNA was bound to 50 �l of
streptavidin beads for 30 min at room temperature. The 32P-labeled 3=-
UTR RNA probe was incubated with recombinant La or bovine serum
albumin (BSA) in the presence of 10 �g of tRNA. The RNA-protein com-
plex was then incubated with the 5=-UTR RNA-coated streptavidin beads
at 4°C for 2 h. The beads were collected and washed. Precipitated RNA was
analyzed on a denaturing 5% Tris-borate PAGE gel and autoradio-
graphed.

Statistical analysis. All graphs represent means � standard deviations
(SD). Student’s t test was performed to determine statistical significance,
and the criterion for statistical significance was a P value of 	0.05 (�
represents a P value of 	0.05, �� represents a P value of 	0.005, and ���

represents a P value of 	0.0005).

RESULTS
Mutation of the GCAC motif in the SLIV region affects HCV
RNA functions. Previously, it was shown that the GCAC sequence
motif (which is relatively conserved across HCV genotypes) near
the initiator AUG in the SLIV region of the HCV internal ribo-
somal entry site (IRES) is important for IRES-mediated transla-
tion. Consequently, mutation of the GCAC motif reduces IRES
activity drastically (32). However, the role of this GCAC motif in
HCV replication is unknown. Thus, to investigate whether the
GCAC motif influences HCV replication, we introduced a muta-
tion into SLIV in an HCV monocistronic replicon (33) in such a
way as to alter the primary nucleotide sequence of the GCAC
motif, while a compensatory mutation in the other strand main-
tained the secondary structure and GC content (Fig. 1A).

To study the effect of this mutation on HCV replication, Huh7
cells were transiently transfected with in vitro-transcribed wild-
type or mutated HCV monocistronic replicon RNA. Total RNA
was isolated at 24 h posttransfection, and semiquantitative RT-
PCR was performed (Fig. 1B). The mutated replicon showed a
drastic reduction in HCV negative-strand synthesis compared to
the wild-type replicon, suggesting the importance of the GCAC
motif in replication.

PCR quantification can be performed only if the PCR product
is measured within the exponential phase of the PCR, where the
amount of amplified target is directly proportional to the amount
of input target. To determine the exponential phase of the PCR
empirically, serial dilutions of cDNA samples were made, and
PCR amplification was performed over the same number of cy-
cles. This assay also suggested that negative-strand RNA levels
were low in the case of the mutated replicon (Fig. 1C).

Additionally, to discriminate negative-strand RNAs among a
vast excess of positive-strand RNAs, RT-PCR using tagged prim-
ers was performed to selectively measure the level of negative-
strand synthesis (39). Mutation of the GCAC motif caused an
�75% reduction in HCV replication (Fig. 1D). Quantitative RT-
PCR further confirmed these observations (Fig. 1E). In parallel, a
Western blot analysis was performed where we could not detect
NS5B in the case of the mutated replicon (Fig. 1F), which showed
a drastic decrease in NS5B production from the mutated RNA.

Similarly, the effect of the mutation on HCV RNA replication
in an infectious cell culture system was determined by transient
transfection of Huh7.5 cells with JFH1 RNA. HCV negative-
strand levels were measured at 24 h posttransfection by quantita-
tive RT-PCR (Fig. 1G). The mutated RNA displayed a significant
reduction (P 	 0.005) in RNA replication as well as a considerable
decrease in the production of NS5B protein, as seen in the Western
blot analysis (Fig. 1H).

In the above-mentioned experiments, we normalized the
transfection efficiency by performing transfection of Huh7 or
Huh7.5 cells with the wild-type or mutated viral genome along
with a Renilla luciferase reporter construct. At 24 h posttransfec-
tion, luciferase assays were performed, and there was no difference
in transfection efficiencies (Fig. 2A and B).

To rule out the possibility that low HCV RNA levels might be
due to a decrease in the stability/integrity of the mutated viral
genome rather than a defect in replication, we checked the integ-
rity of wild-type and mutated RNAs in vitro using formaldehyde
agarose gel electrophoresis (Fig. 2C).

Treatment with the replication inhibitor hemin, an iron donor,
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increases intracellular iron levels. Elevated iron levels inactivate
NS5B (viral RNA-dependent RNA polymerase [RdRp]) by allow-
ing iron to bind specifically and with high affinity to NS5B’s Mg2


binding pocket and thus suppressing new viral RNA synthesis
without affecting translation (40, 41). We specifically determined
the ex vivo stability of both the transfected RNAs (positive sense)
by blocking (using hemin) the formation of subsequent HCV
RNA strands as a result of replication of input RNA. For this
purpose, Huh7 cells were transfected with wild-type or mutated
RNA and treated simultaneously with hemin (100 �M). Total
RNA was isolated at two time points (12 and 24 h posttransfec-

tion), and quantitative RT-PCR was performed by using primers
corresponding to the 5= and 3= UTRs to determine the levels of
positive-strand RNA (Fig. 2D and E). We did not find any
change in RNA levels, suggesting that both wild-type and mu-
tated RNAs are equally stable, even after transfection. The rel-
ative decrease in the RNA level at two subsequent time points
might be the consequence of degradation of input RNA in the
absence of replication.

Taken together, our results suggest that mutation in the cis-
acting element GCAC in SLIV reduces HCV RNA replication and
translation without affecting its stability.

FIG 1 Effect of mutation of the GCAC motif in SLIV on HCV RNA functions. (A) Schematic representation of the HCV 5= UTR showing the position of the mutation
incorporated into the SLIV region of the HCV monocistronic subgenomic replicon (33). Nucleotide positions of initiator AUG (iAUG) and the GCAC motif are also
marked. (B) Huh7 cells were transfected with either in vitro-transcribed wild-type or mutated HCV monocistronic subgenomic RNA. The cells were harvested at 24 h
posttransfection, and HCV RNA (negative-strand) levels were quantified by using semiquantitative RT-PCR. (C) Serial dilutions of the cDNA samples (1:2, 1:4, 1:8, and
1:16) were made. Amplified PCR products were analyzed by electrophoresis on a 2% agarose gel. GAPDH was used as an internal control. “U” denotes undiluted cDNA
sample. (D to F) Tagged cDNA RT-PCR (D), quantitative RT-PCR (E), and Western blot for NS5B using anti-NS5B antibody (F) for the experiment performed in panel
B. Actin was used as a control to ensure equal loading. (G) Huh7.5 cells were transfected with wild-type or mutated HCV JFH1 RNA. The cells were harvested at 24 h
posttransfection, and HCV RNA (negative-strand) levels were quantified by using quantitative RT-PCR. (H) For the experiment performed in panel G, Western blotting
for NS5B was done by using anti-NS5B antibody. Actin was used as a control to ensure equal loading.
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Mutation of the GCAC motif reduces La interaction with
HCV RNA. Human La protein interaction with the GCAC motif
near the initiator AUG within the HCV IRES is critical for internal
initiation of translation (31, 32). To investigate whether this in-
teraction is also important for HCV replication, Huh7 cells were
transfected with in vitro-transcribed wild-type or mutated repli-
con RNA (positive sense) and simultaneously treated with hemin
(100 �M) to block negative-strand synthesis. Cells were harvested
at 24 h posttransfection, and ribonucleoprotein (RNP) complexes
were immunoprecipitated by using anti-La antibody. The differ-
ence in the association of La with input positive-sense wild-type
and mutated RNAs was measured by quantitative RT-PCR using
RNA isolated from the immunoprecipitated complex. Interest-
ingly, we found a significant reduction (P 	 0.005) in HCV posi-
tive-sense RNA levels in complex from mutated RNA compared
to the wild type (Fig. 3A). Western blotting was performed to
show equal precipitation of La by using anti-La antibody (Fig. 3B).
This observation suggested that mutation of the GCAC motif re-
duced La binding with positive-sense (input) RNA and hence de-
creased negative-strand synthesis (as shown in Fig. 1). This was
confirmed by immunoprecipitation followed by semiquantitative

(data not shown) and tagged cDNA RT-PCR of HCV negative-
strand RNA (Fig. 3C).

We further investigated whether La overexpression could
rescue the observed RNA replication inhibition. Huh7 cells
were transiently cotransfected with wild-type or mutated RNA
and the plasmid construct expressing La. HCV RNA levels were
quantified by using quantitative RT-PCR (Fig. 3D). Interest-
ingly, La overexpression rescued the inhibition of replication
and increased HCV negative-strand RNA levels significantly
(P 	 0.05). P4La, a mutant La protein which interacts ineffi-
ciently with the HCV IRES (42), was used as a negative control.
P4La overexpression decreased HCV replication of both wild-
type and mutated RNAs slightly, perhaps due to competition
between endogenous La and P4La supplied by overexpression
to bind to the GCAC motif. Similar observations were made at
the protein level during Western blot analysis (Fig. 3E). La/
P4La overexpression was verified by semiquantitative RT-PCR
(data not shown) and Western blot analysis (Fig. 3F). Taken
together, our results suggest that mutation of the GCAC motif
decreases La interaction with HCV positive-strand RNA and
consequently affects negative-strand synthesis. This effect of

FIG 2 Effect of mutation of the GCAC motif on HCV RNA stability. (A) Huh7 cells were cotransfected with either in vitro-transcribed wild-type or
mutated HCV monocistronic subgenomic RNA and a Renilla luciferase reporter construct. At 24 h posttransfection, a luciferase assay was performed, and
the results are represented graphically (“ns” represents values that are not significant). (B) Huh7.5 cells were cotransfected with either in vitro-transcribed
wild-type or mutated HCV JFH1 RNA and a Renilla luciferase reporter construct. At 24 h posttransfection, a luciferase assay was performed, and the
results are represented graphically. (C) Integrity of in vitro-transcribed wild-type and mutated HCV monocistronic RNAs was checked in a 0.8%
formaldehyde agarose gel. (D and E) Huh7 cells were transfected with wild-type or mutated HCV monocistronic subgenomic RNA and treated
simultaneously with hemin (100 �M). Total RNA was isolated at 12 h and 24 h posttransfection, and the level of input positive-strand HCV was checked
by quantitative RT-PCR using primers corresponding to either the 5= UTR (D) or the 3= UTR (E). GAPDH was used as an internal control for
normalization [HCV(
) denotes HCV positive strand].
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the GCAC mutation can be rescued by supplying exogenous La
by overexpression of the La gene.

Mutation of the GCAC motif affects HCV replication inde-
pendent of translation. The role of the La interaction with the
GCAC motif in HCV replication might be dependent on or inde-
pendent of translation. To investigate this, an HCV bicistronic
replicon, pSGR-JFH1/Luc, where luciferase translation is driven
by the HCV IRES and nonstructural HCV proteins are produced
by the encephalomyocarditis virus (EMCV) IRES, was used (35).
We mutated the GCAC motif in the HCV IRES of this bicistronic
replicon without affecting the EMCV IRES, and semiquantitative
RT-PCR was performed at 24 h and 48 h posttransfection. At the
24-h time point, we observed an �50% reduction in HCV nega-
tive-strand synthesis of the GCAC-mutated RNA compared to the
wild type (Fig. 4A), providing evidence that the GCAC motif has a
distinct role in replication independent of translation. Quantita-
tive RT-PCR further corroborated this result (data not shown). At
48 h posttransfection, we found only a marginal increase in HCV
RNA levels in cells transfected with wild-type RNA but a consid-

erable decrease in cells transfected with mutated RNA, further
suggesting that the mutated RNA does not replicate efficiently and
that the GCAC motif is an essential cis-acting element required for
efficient HCV replication.

To investigate the effect of the GCAC motif mutation on HCV
translation, in vitro-transcribed wild-type and mutated pSGR-
JFH1/Luc RNAs were in vitro translated in RRL. A drastic reduc-
tion in the internal initiation of translation of mutated RNA was
observed (data not shown). This was further confirmed under ex
vivo conditions. Huh7 cells were transiently transfected with equal
amounts of wild-type or mutated RNA. Cells were lysed at 24 and
48 h posttransfection, and extracts were assayed for luciferase ac-
tivity. Consistent with the in vitro results, translation efficiency
was reduced drastically (P 	 0.0005) for the RNA with a mutated
GCAC motif (Fig. 4B).

Furthermore, we investigated the effect of La silencing on rep-
lication of wild-type and mutated pSGR-JFH1/Luc RNAs. Huh7
cells were transiently cotransfected with equal amounts of wild-
type or mutated RNA and small interfering RNA targeting the La

FIG 3 Effect of mutation of the GCAC motif on La interaction with HCV RNA. (A) Huh7 cells were transfected with in vitro-transcribed (positive-sense)
wild-type or mutant monocistronic subgenomic RNA and simultaneously treated with hemin (100 �M). Cells were harvested at 24 h posttransfection, and
ribonucleoprotein (RNP) complexes were immunoprecipitated by using anti-La antibody, followed by quantitative RT-PCR of the positive-sense RNA extracted
from the immunoprecipitated complex. (B) Western blotting was done to verify equal precipitation of La. (C) Huh7 cells were transfected with wild-type or
mutated HCV monocistronic subgenomic RNA. The cells were harvested at 24 h posttransfection, and RNA-protein complexes were precipitated by using
anti-La antibody, followed by tagged cDNA RT-PCR for HCV negative-strand RNA. IP, immunoprecipitation. (D) La overexpression can rescue the inhibition
of HCV RNA replication. Huh7 cells were cotransfected with wild-type or mutant HCV monocistronic subgenomic RNA along with a plasmid construct
expressing either La or P4La (mutant La). The cells were harvested at 24 h posttransfection, and negative-strand HCV RNA levels were quantified by quantitative
RT-PCR (“C” denotes control, “Wt” denotes wild-type RNA, “Mut” denotes mutated RNA, and “ns” represents values that are not significant). (E) Western
blotting was done by using anti-NS5B antibody to check NS5B production levels. (F) La and P4La overexpression was checked by Western blot analysis using
anti-La antibody.
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gene (siLa) (50 nM). HCV RNA levels were quantified at 24 h and
48 h posttransfection (Fig. 4C). Although we observed a decrease
in the replication of both wild-type and mutated RNAs after La
silencing, this decrease was greater for RNA with the mutated
GCAC motif. La silencing was verified by Western blot analysis
(Fig. 4D). A similar observation was found when translation was
tested in a luciferase-based translation assay (Fig. 4E).

To investigate if the GCAC mutation in the HCV IRES has any
effect on the EMCV IRES activity of the pSGR-JFH1/Luc bicis-
tronic RNA, we performed Western blot analyses to detect the
viral proteins NS3 (Fig. 4F) and NS5B (data not shown) in the
presence of hemin (100 �M). As expected, no change in the trans-
lation level was observed for both wild-type and mutated RNAs.

Therefore, the results suggest that although viral proteins are
being synthesized equally well in wild-type and mutated RNAs,
replication is still inhibited, indicating that this replication inhibi-
tion might be independent of translation inhibition.

GCAC facilitates interaction between La and viral RdRp.
Host and viral proteins interact with each other directly via pro-
tein-protein interactions or indirectly via RNA to form a func-
tional replication complex on positive-sense viral genomic RNA.
Formation of these complexes is a prerequisite for replication
(43, 44). To investigate whether the GCAC motif located in the
positive strand of the HCV IRES plays any role in mediating the
interaction of La with viral RdRp (NS5B), we performed coimmu-
noprecipitation assays. Huh7 cells were transfected with in vitro-
transcribed positive-sense wild-type or GCAC motif-mutated
bicistronic subgenomic replicon RNA and treated with hemin
(100 �M). Immunoprecipitation was performed at 24 h post-
transfection by using anti-La antibody, and Western blot analysis
was performed to detect NS5B. Although equal amounts of La
were immunoprecipitated in the cases of both wild-type and mu-
tated RNAs, less La-associated NS5B was immunoprecipitated by
the mutated RNA than by the wild type (Fig. 5A).

FIG 4 Mutation of the GCAC motif affects HCV replication independent of translation. (A) Huh7 cells were transfected with in vitro-transcribed wild-type or
mutant pSGR-JFH1/Luc RNA. The cells were harvested at 24 h and 48 h posttransfection, and HCV RNA levels were quantified by using semiquantitative
RT-PCR. The schematic above the panel represents the pSGR-JFH1/Luc replicon (35). (B) Luciferase levels were also assayed. (C) Effect of La silencing on HCV
replication. Huh7 cells were cotransfected with wild-type or mutant pSGR-JFH1/Luc RNA and siLa (50 nM). The cells were harvested at 24 h and 48 h
posttransfection, and HCV RNA levels were quantified by using semiquantitative RT-PCR. (D) Western blotting was done for La by using anti-La antibody to
check silencing. Actin was used as a control to ensure equal loading. (E) A luciferase assay was also performed, and the results are represented graphically. (F)
Western blotting for NS3 was done using by anti-NS3 antibody to check EMCV IRES-mediated translation. Actin was used as a control to ensure equal loading.
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In a similar experiment, we performed immunoprecipitation
with anti-NS5B antibody, followed by Western blot analysis for
La. As in the above-described experiment, we found less La asso-
ciated with NS5B when the GCAC motif was mutated (Fig. 5B).

These results suggest that the mutation in the GCAC motif of
the HCV positive-strand RNA affects an interaction between La
and NS5B, which may be crucial for initiation of negative-strand
synthesis.

Exogenous La can rescue HCV replication inhibition but not
translation inhibition. Since mutation of the GCAC motif inhib-
its replication by affecting interactions between La and viral poly-
merase, we were interested in investigating the effect of exogenous
La on replication inhibition. To address this, Huh7 cells were tran-
siently cotransfected with equal amounts of wild-type or mutated
pSGR-JFH1/Luc RNA and a construct encoding La or P4La. HCV
RNA levels were quantified at 24 h posttransfection by using semi-
quantitative RT-PCR. As described above (Fig. 3D), we found that
exogenous La rescued replication of the mutated RNA (Fig. 6A).

Similarly, luciferase assays performed ex vivo demonstrated a
dose-dependent increase in IRES activity for wild-type RNA but
not for mutated RNA (Fig. 6B). This result was also confirmed
under in vitro conditions by incubating wild-type and mutated
pSGR-JFH1/Luc RNAs in the presence of increasing concentra-
tions of purified recombinant La protein in the in vitro translation
reaction mix. Consistent with the ex vivo results, in vitro data also
revealed a dose-dependent stimulation of HCV IRES-mediated
translation for wild-type but not for mutated RNA (data not
shown). These observations suggest that exogenous La supple-
mentation can rescue replication inhibition but not IRES-medi-
ated inhibition caused by GCAC motif mutation.

Mutation of the GCAC motif in the SLIV region affects the
translation-to-replication switch. Previously, it was demon-
strated that NS3 (viral factor) and human La protein (host factor)
share similar binding sites in the SLIV region near the GCAC
motif, and interplay between NS3 protease and human La protein
regulates the translation-to-replication switch of HCV RNA (45).
To investigate the effect of the GCAC motif mutation on the trans-

lation-to-replication switch, wild-type or mutated pSGR-JFH1/
Luc RNA was transiently cotransfected with either an NS3pro-en-
coding construct or vector DNA. At different time points (0, 6, 12,
18, and 24 h posttransfection), HCV negative-strand RNA was
measured by semiquantitative RT-PCR (Fig. 7A and B) and tagged
cDNA RT-PCR (data not shown). GAPDH was used as an internal
control. Overexpression of NS3pro caused a greater increase in
HCV negative-strand wild-type RNA levels at the 18-h time than
mutated RNA levels. Vector DNA was used as a control.

In parallel, luciferase assays were performed at the same time
points (starting at 6 h posttransfection) to assess the rate of IRES-
mediated translation (Fig. 7C and D). Ratios of HCV RNA ampli-
fied (representing replication) to luciferase synthesis (represent-
ing translation) at each time point showed that wild-type HCV
negative-strand RNA levels at 18 h posttransfection were �3.6-
fold higher than those of the vector control (Fig. 7E). This ratio
was found to be only �1.7-fold higher than that of the vector
control for mutated RNA (Fig. 7F).

To further confirm our observation, the replication complex
was immunoprecipitated by using anti-NS5B antibody at 18 h
posttransfection, and HCV negative-strand RNA isolated from
the complex was quantified by semiquantitative RT-PCR (Fig.
7G). Our results clearly showed an increase in negative-strand
synthesis in the immunoprecipitated complex from the Huh7 cells
transfected with the plasmid construct overexpressing NS3pro.

Moreover, we investigated the effect of mutation on the inter-
action between La, NS3, and HCV RNA during the translation-
to-replication switch by coimmunoprecipitation assays. Less NS3
associated with La was immunoprecipitated by mutated RNA

FIG 5 Mutation of the GCAC motif affects interactions between La and NS5B.
Huh7 cells were transfected with in vitro-transcribed wild-type or mutated
pSGR-JFH1/Luc RNA along with treatment with hemin (100 �M). At 24 h
posttransfection, immunoprecipitation was done by using anti-La antibody
(A) or anti-NS5B antibody (B), followed by Western blot analysis for La and
NS5B. Anti-IgG antibody was used as a negative control for immunoprecipi-
tation. “Control” indicates no transfection.

FIG 6 Effect of exogenous La on HCV replication and translation. (A) Huh7
cells were cotransfected with wild-type or mutated pSGR-JFH1/Luc RNA and
a construct expressing La/P4La (mutant La). The cells were harvested at 24 h
posttransfection, and replication was checked by semiquantitative RT-PCR
(“C” denotes control, “Wt” denotes wild type, and “Mut” denotes mutant).
(B) A luciferase assay was also performed to check HCV IRES-mediated trans-
lation.
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than by the wild type, suggesting the importance of the GCAC
motif in mediating the interaction of La and NS3 with HCV RNA
(Fig. 7H).

To further validate the above-described observations, we used

translation inhibitors, i.e., puromycin and cycloheximide, which
are known to induce dissociation or freezing of ribosomes, respec-
tively, and hence have contrasting effects on negative-strand
synthesis (46, 47). Huh7 cells were transfected with wild-type or

FIG 7 Effect of mutation of the GCAC motif on the translation-to-replication switch. (A and B) Huh7 cells were cotransfected with wild-type (A) or mutant (B)
pSGR-JFH1/Luc RNA and a construct expressing NS3pro or the vector. Total RNA was isolated at different time points, and HCV RNA was quantified by using
semiquantitative RT-PCR (left). GAPDH was used as an internal control (right). (C and D) For the experiments detailed in panels A and B, luciferase assays were
performed to detect translation levels. The percent luciferase activities were plotted for each reaction at different time points, taking the 6-h time point as 100%
(control) (“ns” represents values that are not significant). (E and F) The ratio of percent replication to translation levels in vector-transfected control cells was
compared with that of cells expressing NS3pro and is graphically represented by plotting the ratio of percent replication to translation on the y axis and time on
the x axis. (G) For the experiments performed in panels A and B, the RNA protein complex was immunoprecipitated at 18 h posttransfection by using anti-NS5B
antibody followed by semiquantitative RT-PCR for HCV negative-strand RNA. (H) Huh7 cells were cotransfected with in vitro-transcribed wild-type or mutated
pSGR-JFH1/Luc RNA and a construct expressing NS3. Immunoprecipitation was done at 18 h posttransfection by using anti-La antibody, followed by Western
blotting for NS3 by using anti-NS3 antibody. Western blotting for La was done to verify equal precipitation. Anti-IgG antibody was used as a negative control for
immunoprecipitation. “Control” represents no transfection. � and 
 represent “without RNase A treatment” and “with RNase A treatment,” respectively.
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mutated pSGR-JFH1/Luc RNA, followed by treatment with puro-
mycin or cycloheximide at 12 h posttransfection. HCV negative-
strand RNA was detected at different time points by using a two-
cycle RNase protection assay (37). Our results clearly showed that
puromycin treatment caused a greater increase in HCV negative-
strand wild-type RNA synthesis at the 18-h time point than that of
mutated RNA (Fig. 8A). In contrast, cycloheximide treatment
caused a gradual decrease in both wild-type and mutated HCV
negative-strand RNA levels (Fig. 8B). Controls were given no drug
treatment (data not shown).

In parallel, we performed luciferase assays at different time
points to determine the effect of puromycin and cycloheximide on
HCV IRES-mediated translation (Fig. 8C and D). These observa-
tions clearly suggested the importance of the GCAC motif in reg-
ulating the translation-to-replication switch in the HCV life cycle
by “directly” participating in negative-strand synthesis.

Site-directed mutagenesis reveals differential roles of indi-
vidual GCAC motif nucleotides in HCV translation and replica-
tion. To further investigate the role of the GCAC motif in replica-
tion at the single-nucleotide level, different point mutations
(G345A, A347C, or C348G) were introduced into the pSGR-
JFH1/Luc replicon, and HCV RNA levels produced by these mu-
tated replicons were checked by semiquantitative RT-PCR. The
G345A and C348G mutations caused a considerable reduction in
HCV RNA levels, whereas the A347C mutation did not, suggest-
ing that these nucleotides are not equally important for RNA rep-
lication (Fig. 9A).

We further studied whether the various GCAC point muta-
tions affected translation and replication equally or not. To study
this, translation of RNAs containing point mutations was checked
in vitro (Fig. 9B and C). Interestingly, it was observed that the
A347C mutation had a greater inhibitory effect on translation
than did the G345A and C348G mutations. Previously, it was
shown that the A338U mutation renders RNA translationally in-

competent (48), whereas the C324U mutation does not affect
translation (32). Therefore, RNAs bearing the A338U and C324U
mutations were used as translation controls. Additionally, using a
UV cross-linking assay, we investigated the binding of recombi-
nant La protein with the wild-type and mutated RNAs. The results
of the in vitro binding studies of point mutants (Fig. 9D) corrob-
orate the translation data (Fig. 9B and C), suggesting that it could
be because of reduced and differential affinities of La for mutated
RNAs. Taken together, our observations suggested differential ef-
fects of GCAC motif nucleotides on replication and translation.

La protein promotes interaction of 5= and 3= ends of the HCV
genome via the GCAC motif. Previously reported observations
have shown that La protein binds both the 5= and 3= UTRs of the
HCV genome (26, 49, 50). La also can undergo dimerization
through its C terminus (20). It is therefore plausible that La pro-
tein could act as a protein bridge to mediate long-range RNA-
RNA interactions between the 5= and 3= ends of the HCV genome
for efficient RNA replication. To test this possibility, a 5=-3= co-
precipitation assay was used, wherein radiolabeled 3=-UTR RNA
was precipitated by using the biotin-labeled 5= UTR in the pres-
ence of La protein (Fig. 10A). We observed a significant increase
(P 	 0.0001) in the 5=-UTR–3=-UTR interaction in the presence of
La protein (Fig. 10B). In contrast, in control reaction mixtures
where La protein was absent or the unrelated protein BSA was
used, very little coprecipitation was observed. Similarly, P4La
(mutant La) could not coprecipitate 5= and 3= UTRs (data not
shown). Moreover, increasing amounts of the unlabeled 5=- or
3=-UTR RNA could compete away the interaction between 5= and
3= UTRs (Fig. 10C), demonstrating that La linkage to both ends of
the HCV RNA is a specific interaction.

Since the GCAC motif plays an important role in HCV repli-
cation, it was therefore likely that La promotes this interaction
between the 5= and 3= UTRs via the GCAC motif. To test this
hypothesis, we performed a 5=-3= coprecipitation assay with mu-

FIG 8 The GCAC motif participates directly in enhancing HCV replication. (A and B) Huh7 cells were transfected with in vitro-transcribed wild-type or mutated
pSGR-JFH1/Luc RNA, followed by treatment with puromycin (A) or cycloheximide (B) (12 h posttransfection) and detection of HCV negative-strand RNA at
different time points (as indicated) by using a two-cycle RNase protection assay (the arrow above the 12-h time point indicates the time point of addition of
puromycin or cycloheximide). (C and D) Luciferase assays were performed to check HCV IRES-mediated translation.
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tated RNAs; RNAs bearing an ACCG, G345A, C348G, or A338U
mutation formed significantly fewer 5=-3= interactions, whereas
the A347C and C324U mutations did not affect these interactions
(Fig. 10D and E). Interestingly, coprecipitation assays of GCAC
mutations gave results similar to those obtained by RT-PCR assays
(Fig. 9A), suggesting that La mediating specific interactions be-
tween the GCAC motif (within the 5= UTR) and the 3= UTR is an
important mechanism required for efficient HCV RNA replica-
tion.

DISCUSSION

Hepatitis C virus translation and replication are facilitated by sev-
eral host and viral protein factors. One such host cell protein that
facilitates HCV RNA translation as well as replication is the hu-
man La protein (11, 26, 27). Previous publications reported that

FIG 9 Effect of point mutations of the GCAC motif on HCV replication and
translation. (A) Huh7 cells were transfected with in vitro-transcribed wild-type
or mutated pSGR-JFH1/Luc RNA. The cells were harvested at 24 h posttrans-
fection, and HCV negative-strand RNA levels were quantified by using semi-
quantitative RT-PCR. GAPDH was used as an internal control (ACCG indi-
cates the same mutant represented in Fig. 1A, whereas G345A, A347C, C348G,
A338U, and C324U represent point mutants). (B) One microgram of wild-
type and various mutated pSGR-JFH1/Luc RNAs was translated in RRL, and
percent luciferase activities were plotted (“ns” represents data that are not
significant). (C) Wild-type and mutated (G345A, A347C, and C348G) HCV
IRES-Luc RNAs (42) were translated in vitro in RRL, and percent luciferase
activities were plotted. (D) In vitro binding of �-32P-labeled wild-type and
mutated HCV IRES RNAs with increasing concentrations of recombinant La
was performed by using a UV cross-linking assay. No protein was used as a
negative control.

FIG 10 La protein interaction with the GCAC motif promotes 5=-to-3= link-
age. (A) Schematic representation of the 5=-3= coprecipitation assay carried out
with a biotinylated 5= UTR and a 32P-labeled 3= UTR. The location of the
GCAC motif is also indicated. (B) Autoradiograph of precipitated RNAs in the
absence or presence of increasing amounts of La (25, 50, and 100 ng). BSA (100
ng) was used as an unrelated protein control. (C) Increasing amounts of un-
labeled (cold) 5= UTR and 3= UTR competed away the binding of the 32P-
labeled 3= UTR to the biotinylated 5= UTR (Bio-5=UTR). (D and E) The same
assay was performed with wild-type and various indicated mutated 5=-UTR
RNAs in the presence of La (50 ng). Nonspecific RNA (unrelated nonviral
RNA) that replaced the 5= UTR in the assay mixture was used as a control.
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the La protein binds to the GCAC motif of the SLIV region of the
HCV IRES and thereby aids in ribosome assembly and translation
initiation (31, 32). Apart from La and other proteins, such as
NF90/NFAR, Rck/p54, and LSm1-7 (43, 44), RNA elements in the
5= UTR are known to be crucial for RNA replication. However, the
mechanistic details of replication enhancement by cis-acting RNA
elements are not fully understood (12). The full mechanism of
HCV RNA replication, therefore, is still under investigation.

In this study, we have explored whether the GCAC motif plays
any role in HCV replication. Mutation of this region reduced the
replication abilities of both subgenomic and full-length infectious
JFH1 RNAs. Considering the fact that mutation of a critical RNA
structural element might alter its stability, the loss of HCV RNA in
a mutated genome could be simply the result of altered stability
and not of decreased replication. Our observations using a repli-
cation inhibitor, hemin (40, 41), suggested that mutation of the
GCAC motif does not affect RNA stability.

Furthermore, we found that an important reason behind the
low level of negative-strand synthesis in the case of the mutant was
the reduction in La protein association with the positive-sense
mutated RNA. Therefore, an overexpression of La allowed an in-
crease in the level of replication of the mutant RNA significantly.
Moreover, our observations from the experiments performed
with the bicistronic replicon clearly indicated the possibility of the
existence of an independent role of the La protein interaction with
the GCAC motif in replication. Here, we also found that La over-
expression could rescue replication inhibition but not translation
inhibition. It is possible that, apart from binding the La, the GCAC
motif is involved in some other tertiary RNA-RNA interactions in
the HCV genome that might be critical for internal initiation of
translation (but not replication). It seems that, in the case of the
mutated bicistronic replicon RNA, these interactions are not re-
stored even after supplying La exogenously, and thus, IRES-me-
diated translation could not be rescued, although replication was
restored to some extent.

The regulatory functions of IRES elements of HCV and picor-
naviruses are mediated through their interactions with many host
proteins (18, 43, 51). For example, PTB interacts with multiple
pyrimidine tracts in the HCV 5= UTR and positively regulates
HCV IRES translation (16). In the current study, we observed that
the cis-acting element GCAC in the HCV IRES regulates the inter-
action between the host factor La and the viral polymerase NS5B.
While levels of NS5B synthesized by transfected (positive-sense)
wild-type and mutated pSGR-JFH1/Luc RNAs were equal, the
association of NS5B with La (and vice versa) in an immunopre-
cipitated complex was reduced in mutated RNA compared to the
wild type. Although we have not deciphered whether the interac-
tion of NS5B and La in an RNP complex is a direct protein-protein
interaction or is mediated indirectly via HCV RNA, it is still very
clear that mutation of the GCAC motif affects this interaction.
Therefore, we suggest that the GCAC motif mutation might block
the initiation of negative-strand synthesis by affecting the binding
of La protein to the GCAC motif and thus reduces the recruitment
of NS5B at the replication site.

Recently, it was demonstrated that La protein and NS3 pro-
tease share a binding region near the initiator AUG in SLIV. It has
been speculated that as soon as viral positive-strand RNA enters a
cell, La binds to the GCAC motif and facilitates synthesis of viral
proteins by IRES-mediated translation. However, once a thresh-
old level of NS3 protein is synthesized, NS3 inhibits the La-medi-

ated enhancement of translation by dislodging La protein from
SLIV. This in turn allows HCV RNA to undergo replication (45).
It is possible that NS3 does not dislodge La protein completely but
instead competes with La until equilibrium is attained, as both
proteins have similar Kd (dissociation constant) values for binding
to the HCV IRES. Therefore, it appears that this interaction of La
with the GCAC motif switches its role from translation to replica-
tion in the presence of NS3 by initiating the assembly of a func-
tional replication complex on the positive strand involving NS5B
and 5=- and 3=-UTR RNA elements. This hypothesis was sup-
ported by our data where the mutation of the GCAC motif (which
affects negative-strand synthesis) reduces La and NS3 interac-
tions. Therefore, apart from the role of NS3 in translation inhibi-
tion, this study suggests a possible role of NS3 in replication initi-
ation, perhaps as a part of the replication complex formed by RNA
circularization (as described below and as shown in Fig. 11).

It is well known that extensive evolution of HCV quasispecies
takes place during persistent infection, which may lead to escape
from host immune effector mechanisms through changes in B-
and T-cell epitopes (52). Our studies also provide support for the
possibility that replication can be regulated by incorporating
point mutations in HCV RNA to promote long-term persistence
of HCV infection in humans. Moreover, this kind of regulation
might be a general phenomenon in the HCV life cycle due to the
high level of conservation of the GCAC motif across most geno-
types.

Genome circularization by long-range RNA-RNA interactions
between the functional domains of the 5= and 3= ends is a common
feature of many positive-stranded RNA viruses. However, specific
details of circularization mechanisms likely vary from family to
family, e.g., RNA-RNA interactions for flaviviruses (53), RNA-
protein-protein-RNA interactions for picornaviruses (51), and
cRNA-protein-protein-RNA interactions for coronaviruses and
alphaviruses (54). The HCV genome contains well-defined RNA
structural elements in its UTRs. Previous studies demonstrated
that the protein-independent interaction of domain IIId and short
stem-loop 5BSL3.2 is essential for replication (55). Also, previ-
ously reported data indicated the participation of different cellular
factors in inducing interactions between the HCV 5= and 3= UTRs
(38, 56). Although many studies have shown the interaction of La
protein with both 5= and 3= UTRs (26, 49, 50), our study is the first
to demonstrate that La binds to the 5= and 3= ends via the highly
conserved GCAC motif and that this binding may aid in HCV
genome circularization. As the GCAC motif plays an essential role

FIG 11 Model for initiation of HCV replication. La interaction with the
GCAC motif within HCV IRES promotes 5=-to-3= communication in favor of
HCV negative-strand synthesis by assisting in the assembly of the replication
complex.
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in La and NS5B associations, it is possible that 5=-to-3= cross-
communication through La positively regulates HCV replication
by providing a suitable platform for the viral polymerase NS5B to
localize at the appropriate site to form a functional replication
complex (Fig. 11).

Since La has RNA chaperone activity, it is also possible that this
activity could be important for viral genome replication in various
ways, e.g., by assisting in refolding of local RNA elements into
different conformations and/or annealing complementary se-
quences in the 5= and 3= UTRs. There may be many other factors
involved in HCV RNA replication that may interact along with La,
NS5B, and NS3 at the GCAC motif. Future studies should focus on
identifying the protein partners of this complex. Furthermore, it
would be interesting to investigate whether this RNA-protein
complex interacts with any other part of the HCV RNA to enhance
the replication process.

Taken together, our study demonstrates that human La pro-
tein plays a critical role in regulating HCV replication by interact-
ing with the GCAC motif. Our results firmly support the existence
of La-dependent 5=-to-3= communication in the HCV genome
that involves RNA elements essential for viral translation and rep-
lication. Particularly, this study highlights the role of the GCAC
motif within the IRES in HCV RNA replication in addition to its
role in internal initiation of translation. Therefore, we may also
consider this motif as a potent antiviral target. The interaction of
La and GCAC was targeted previously to inhibit primarily IRES-
mediated translation (42). However, this interaction can also be
targeted specifically to block viral RNA replication. Since the La
protein is less abundant in the cytoplasm of the host cell than in
the nucleus, blocking of this protein might have drastic effects on
viral RNA functions. These findings may also have important con-
sequences for understanding the HCV replicative cycle and the
genetic variability of the virus.
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