JOURNAL OF VIROLOGY, Feb. 2001, p. 1401-1407
0022-538X/01/$04.00+0 DOI: 10.1128/JV1.75.3.1401-1407.2001

Vol. 75, No. 3

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Hepatitis C Virus NS5A Physically Associates with p53 and
Regulates p21/wafl Gene Expression in a
pS3-Dependent Manner

MAINAK MAJUMDER,' ASISH K. GHOSH,' ROBERT STEELE,' RANJIT RAY,*?
AND RATNA B. RAY ?*

Department of Pathology," Division of Infectious Diseases and Immunology,”> and Department of Molecular
Microbiology and Immunology,” Saint Louis University, St. Louis, Missouri 63104

Received 25 April 2000/Accepted 6 November 2000

We have previously demonstrated that hepatitis C virus (HCV) NS5A protein promotes cell growth and
transcriptionally regulates the p21/wafl promoter, a downstream effector gene of p53. In this study, we
investigated the molecular mechanism of NS5A-mediated transcriptional repression of p21/wafl. We observed
that transcriptional repression of the p21/wafl gene by NS5A is p53 dependent by using p53 wild-type (+/+)
and null (—/—) cells. Interestingly, p5S3-mediated transcriptional activation from a synthetic promoter con-
taining multiple p53 binding sites (PG13-LUC) was abrogated following expression of HCV NS5A. Additional
studies using pull-down experiments, in vivo coimmunoprecipitation, and mammalian two-hybrid assays
demonstrated that NSSA physically associates with pS3. Confocal microscopy revealed sequestration of p53 in
the perinuclear membrane and colocalization with NS5A in transfected HepG2 and Saos-2 cells. Together these
results suggest that an association of NS5A and p53 allows transcriptional modulation of the p21/wafl gene

and may contribute to HCV-mediated pathogenesis.

Hepatitis C virus (HCV) is a major causative agent of acute
and chronic hepatitis, which may lead to liver cirrhosis and
hepatocellular carcinoma (2, 4, 30). The molecular mechanism
of HCV persistence and pathogenesis is not well understood;
however, these processes would likely require interaction of
viral proteins with a cellular factor(s). HCV contains a single-
stranded positive-sense RNA genome which encodes a precur-
sor polypeptide of approximately 3,000 amino acids. This pre-
cursor polypeptide is cleaved by both host and viral proteases
to at least 10 individual proteins: C, E1, E2, p7, NS2, NS3,
NS4A, NS4B, NS5A, and NS5B (3). The nonstructural protein
5A (NS5A) is generated as a mature product by the action of
NS3 protease in conjunction with NS4A.

NSS5A exists as two forms of polypeptides p56 and p58 (16)
which are phosphorylated at serine residues, and phosphory-
lation occurs after the mature NS5A protein is released from
the polyprotein (29). NSS5A protein localizes in the nuclear
periplasmic membrane (37). Apart from the probable role of
NS5A in the virus replication cycle, it may play a critical role in
determining the susceptibility of the virus to treatment with
interferon (IFN). The sensitivity to IFN correlates with muta-
tions within the discrete region of NS5A (7) and is named the
IFN sensitivity-determining region. Subsequent analysis sug-
gested that the likely mechanism of IFN resistance occurs
through a direct interaction of NS5A with the IFN-induced
protein kinase, PKR (9). Since PKR is a critical factor in the
response to IFN (17), its inactivation by NS5A may be a pos-
sible mechanism by which HCV evades the host immune re-
sponse. However, the selective pressures exerted on HCV qua-
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sispecies during IFN therapy appear to differ among different
patients (26, 32). A recent study suggests that NS5A nucleotide
and amino acid phylogenies did not correlate with clinical IFN
responses and that the domains involved in NS5A functions in
vitro were all well conserved before and during IFN treatment
(24).

NS5A protein transcriptionally down-regulates the cyclin-
dependent kinase inhibitor p21/wafl gene (11) and promotes
cell growth (8, 11). Induction of p21/wafl is a common mech-
anism of growth arrest in different physiological situations (6).
p21/wafl may participate in apoptosis, and increased p21/wafl
expression correlates with enhanced cell death under certain
conditions (6, 34). p21/wafl is transiently induced in the course
of replicative senescence, reversible and irreversible forms of
damage-induced growth arrest, and terminal differentiation of
postmitotic cells. The p53 tumor suppressor gene serves as a
checkpoint in maintaining genomic stability (19), and p53 func-
tion is impaired in the majority of human cancers. p53 is a
nuclear protein and consists of at least three functional do-
mains: the N-terminal transcriptional activation domain, the
central sequence-specific DNA binding domain, and the C-
terminal oligomerization domain (18). The induction of p21/
wafl is regulated through p53-dependent and -independent
mechanisms (10). pS3 acts as a transcriptional activator and
upregulates p21/wafl, leading to p53-dependent G, arrest (6).
Viral gene products target residues of the N terminus of p53
that are employed to interact with the transcriptional machin-
ery of cells (20). In this study, we investigated the molecular
mechanism of NS5A functions for requirement of p53 in the
p21/wafl transcriptional regulation.

MATERIALS AND METHODS

Cell lines. NIH Swiss mouse embryo fibroblast (NIH 3T3), human hepatoma
(HepG2), and human osteosarcoma (Saos-2) cells were obtained from the Amer-
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ican Type Culture Collection (Rockville, Md.). Cells were grown in Dulbecco’s
modified Eagle’s medium containing 10% fetal bovine serum.

Luciferase assay. NIH 3T3 and HepG2 cells were transfected with 4 pg of
reporter plasmid WWP-luc, Ap53p21-luc, or A1.9p21-luc (human p21/wafl pro-
moter or its deletion mutants in the upstream portion of the luciferase gene) and
2 ng of CMV-NS5A using Lipofectamine (Life Technologies). Empty vector or
the CMV MBP-1 gene (12) was used as the control in the luciferase assay. In a
different experiment, Saos-2 cells were transfected with 5 wg of PG13-LUC
(reporter construct which contains an array of 13 p53 binding sites upstream of
the luciferase [LUC] gene), 0.1 ng of CMV-p53 (p53 expression plasmid under
the control of the CMV promoter), and different doses of CMV-NS5A (0.1 to 2
ng) by the calcium phosphate precipitation method (Life Technologies). Lucif-
erase activity was determined as previously described (11). Briefly, cells were
lysed with reporter lysis buffer (Promega), and the luciferase activity was deter-
mined using a luminometer (Optocomp II; MGM Instruments). The activities
were normalized with respect to the protein concentration of the cell lysates.

GST pull-down assay. A glutathione S-transferase (GST)-p53 fusion protein
or GST-MBP-1 (13) was expressed in bacteria and immobilized onto GST-
agarose beads. The **S-methionine-labeled full-length NS5A was generated by in
vitro translation and incubated with the beads. Subsequently, the beads were
washed five times with NETN buffer (20 mM Tris-HCI [pH 8.0], 100 mM NaCl,
1 mM EDTA, 4 mM MgCl,, 1 mM dithiothreitol, 0.02% NP-40, 1 mg of bovine
serum albumin/ml), and proteins were analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) followed by autoradiography as
previously described (13).

His pull-out assay. The nuclei from HepG2 cells were prepared as described
earlier (41). Briefly, cells were harvested, washed with ice-cold phosphate-buff-
ered saline, and resuspended in hypotonic lysis buffer (10 mM Tris [pH 7.9], 10
mM KCJ, 1.5 mM MgCl,). Cells were homogenized, and the nuclei were isolated
by centrifugation. Nuclei were resuspended in phosphate-buffered saline with
0.5% NP-40 and sonicated briefly. Extracts were clarified by centrifugation and
incubated with His-NS5A or His-MBP-1 beads (14) at 4°C for 2 h. The beads
were washed and resuspended in SDS sample buffer. The eluted proteins were
separated by SDS-8% PAGE and transferred onto nitrocellulose. The blot was
probed with a mouse monoclonal antibody against p53 conjugated to horseradish
peroxidase (DO-1; Santa Cruz). Proteins were detected by enhanced chemilu-
minescence (Amersham).

Coimmunoprecipitation. HepG?2 cells were cotransfected with 2 ug of CMV-
p53 and 2 pg of CMV-NS5A, and cell lysates were prepared after 48 h using 0.3
ml of lysis buffer (150 mM NaCl, 10 mM HEPES, pH 7.6, 0.5% NP-40, 5 mM
EDTA) containing a cocktail of protease inhibitors (aprotinin, leupeptin, pep-
statin, and phenylmethylsulfonyl fluoride). Cell lysates were incubated with a
rabbit antiserum to NS5A or pooled normal rabbit sera as a negative control for
4 h at 4°C, followed by an overnight incubation with protein G-Sepharose beads
(Pharmacia). The immunoprecipitates were separated by SDS-8% polyacryl-
amide gel electrophoresis and electroblotted onto a nitrocellulose membrane.
Immunoblotting was performed by incubation of the membrane for 1 h with a
mouse monoclonal antibody against p53 conjugated to horseradish peroxidase
(DO-1; Santa Cruz). Proteins were detected by enhanced chemiluminescence
(Amersham). The nitrocellulose membrane was reprobed with a monoclonal
antibody to NS5A for detection of the viral protein. To examine the expression
of exogenous p53, a Western blot analysis was performed using p53 or mock-
transfected (control) cell lysates and a monoclonal antibody to p53, followed by
detection of chemiluminescence.

Mammalian two-hybrid system. A mammalian expression plasmid encoding
the VP16 transactivation domain of herpesvirus (44) fused to full-length NS5A
(VP16-5A) or its deletion mutants and a Gal4 construct of either full-length p53
or different deletion mutants of p53 were used in this study. NIH 3T3 or HepG2
cells were cotransfected with 1 pg of Gal4 responsive reporter gene (G5E1b-
CAT) and 2 pg of VP16-5A and p53-Gal or its deletion mutants as effector
plasmid DNAs (15), and the chloramphenicol acetyltransferase (CAT) assay was
performed as previously described (14). Transfection efficiencies were normal-
ized to an internal B-galactosidase control.

Immunofluorescence study. HepG2 cells were transfected with 2 pg of CMV-
NS5A or empty vector, and after 48 h, cells were washed and fixed with 3.7%
formaldehyde followed by blocking with 3% bovine serum albumin. Cells were
incubated with either anti-p53 mouse monoclonal antibody (DO-1; Santa Cruz)
or a rabbit antibody to NS5A for 1 h at room temperature. Cells were washed and
incubated with anti-mouse immunoglobulin (Ig) conjugated with Alexa 568 or
anti-rabbit Ig conjugated with Alexa 488 (Molecular Probes) for 30 min at room
temperature. Finally, cells were rinsed and mounted for confocal microscopy
(Bio-Rad model 1024), and the images were superimposed digitally to allow fine
comparison (14, 40). Colocalization of red and green signals in a single pixel
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produces a yellow color, whereas separated signals remain red or green. A
control cell preparation was made using only the secondary antibody conjugates.
HepG2 cells expressing NS5A were also stained with antibody to p53 alone for
specific detection of endogenous protein. To determine the effect of NS5A on
the localization of p53 deletion mutants, HepG2 cells were cotransfected with
pS53(AN14-18)Gal4 and CMV-NS5A plasmid DNAs. Cells were fixed with form-
aldehyde (3.7%) and stained with a monoclonal antibody to the Gal4 DNA
binding domain (Santa Cruz) and/or a rabbit polyclonal antibody to NS5A. Cells
were treated with specific secondary antibody and mounted for confocal micros-
copy.

RESULTS

p53-dependent effect of NS5A on the p21/wafl promoter.
HCV NS5A protein transcriptionally down-regulates p21/wafl
promoter activity and does not bind to the promoter sequences
(11). The p21/wafl promoter is regulated by a p53-dependent
or -independent mechanism (10). To determine whether the
effect of NS5A on the human p21/wafl promoter activity is
dependent upon the presence of pS53-responsive elements
(PRE), an in vitro transient-transfection assay was performed
using NIH 3T3 and HepG2 cells. Cells were transfected using
Lipofectamine with a luciferase reporter construct having ei-
ther full-length p21/wafl promoter or its deletion mutant (27)
and CMV-NS5A. An unrelated gene, that encoding MBP-1
(12), was used as a negative control and cotransfected with the
full-length p21/wafl promoter reporter construct. The total
amount of DNA in each transfection was kept constant using
empty vector. After 48 h of transfection, luciferase activity in
the cell lysates was measured by a luminometer. Results sug-
gested that NS5A represses the full-length p21/wafl promoter
activity in both cell lines (Fig. 1A). p21/wafl promoter se-
quences contain two PREs (6). The extent of repression re-
mains similar when one of the two PREs of the promoter was
deleted (panel B). However, when both the responsive ele-
ments were deleted, NSSA had no significant effect on the
p21/wafl promoter (Fig. 1C). Thus, NS5A-mediated transcrip-
tional repression of p21/wafl, at least in part, appears to be p53
dependent.

NS5A represses p53-mediated gene expression. To deter-
mine whether the repressive effect of NS5A is indeed depen-
dent on the presence of the PRE of the promoter, we have
used a synthetic reporter plasmid with an array of 13 p53-
binding sites (PG13-LUC). Saos-2 cells were chosen for this
experiment since p53 alleles are deleted in this cell line and
endogenous p353 is absent (5). Cells were transfected with the
PG13-LUC reporter plasmid, CMV-p53, and various doses of
CMV-NS5A. Luciferase activity was measured after 24 h of
transfection. pS3-dependent activation of the PG13 synthetic
promoter was inhibited by NS5A in a dose-dependent manner
(Fig. 2). This result suggests that NS5A interferes with p53-
dependent transactivation.

NSS5A physically interacts with p53. To examine whether
NS5A physically associates with p53, an in vitro GST pull-down
assay was performed. GST-p53 or GST-MBP-1 was expressed
in bacteria, immobilized onto GST beads, and incubated with
%S-methionine-labeled NS5A generated by in vitro transla-
tion. Analysis of the proteins in the binding mixture, by SDS-
PAGE and autoradiography, suggested retention of the NS5A
polypeptide by GST-p53 beads (Fig. 3A). However, under sim-
ilar experimental conditions, GST-MBP-1 did not pull down
the NS5A protein. Results from this binding assay suggested an
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FIG. 1. NS5A represses p21/wafl promoters containing PREs in a reporter assay. (A) A schematic diagram of the regulatory region of a
p21/wafl promoter (WWP-luc) containing two PREs is shown at the top. p21/wafl promoter activity is down-regulated by NS5A in NIH 3T3 and
HepG2 cells. CMV MBP-1 plasmid DNA was used similarly as a negative control. (B) Repression of activity of a p21/wafl promoter with one PRE
site deleted (Ap53p21-luc) by NS5A in NIH 3T3 and HepG2 cells. (C) Absence of NS5A repressor activity in a p21/wafl promoter lacking PRE
sites (A1.9p21-luc). Cells were cotransfected with the indicated plasmid DNAs, and cell extracts were prepared after 48 h of transfection for
determining luciferase activity. In each set of experiments, triplicate transfections were performed. The absolute values of the luciferase in vector-
and unrelated-gene (MBP-1)-transfected control were ~1.7 X 107 relative light unit in NIH 3T3 cells and ~4 X 10° relative light unit in HepG2
cells. In all cases, the relative luciferase activity of the vector control was arbitrarily assigned a value of 100%.

in vitro association of NS5A with p53. We also examined
whether endogenous p53 protein, present in the nuclear ex-
tracts, interacts with NS5A. For this experiment, His-NS5A or
His-MBP-1 protein was incubated with the nuclear extracts
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FIG. 2. NS5A modulates p53-dependent transcription. Saos-2
(p53—/—) cells were cotransfected with PG13-LUC reporter (5 pg),
CMV-p53 (0.1 png), and increasing amounts of CMV-NS5A (0.1, 0.5, 1,
and 2 pg) plasmid DNAs. The total amount of plasmid DNA was kept
constant by the addition of empty vector in each transfection, and
luciferase activity was measured after 24 h. Triplicate transfections
were performed in each set of experiments. RLU, relative light unit.

from HepG2 cells and His pull-out assay was performed. Re-
sults suggested that endogenous p53 protein specifically inter-
acts with NS5A and MBP-1 did not exhibit an interaction with
p53, as expected (Fig. 3B).

To further determine whether NS5A and p53 can form a
complex in vivo, a coimmunoprecipitation assay was per-
formed. HepG2 cells were transfected with CMV-p53 and
CMV-NSS5A. Cells were lysed after 48 h of transfection with a
low-stringency lysis buffer. Cell lysates were incubated with a
rabbit antiserum to NS5A or pooled normal rabbit sera as a
negative control. The immunoprecipitates immobilized on pro-
tein G-Sepharose beads were separated by SDS-PAGE and
blotted onto nitrocellulose membrane. The presence of p53 on
nitrocellulose membrane was detected by Western blot analy-
sis using a monoclonal antibody to p53 conjugated to horse-
radish peroxidase (DO-1; Santa Cruz). Coprecipitation of p53
with NS5A was evident from the specificity of the antibody and
the size of the p53 protein (Fig. 3C). On the other hand, cell
lysates when similarly analyzed with pooled normal rabbit sera
did not exhibit precipitation of p53 protein. The blot when
stripped and reprobed with a specific monoclonal antibody also
detected NS5A (bottom of Fig. 3C). The levels of pS3 expres-
sion from transfected and control HepG2 cells are also shown
by Western blot analysis (Fig. 3D). However, in untransfected
cells endogenous p53 could not be detected as coprecipitate
with NS5A in several attempts, possibly for a very low level of
pS3 expression.

Mapping of p53 and NS5A interacting domains. We have
used Gal4-constructs of p53 deletion mutants (Fig. 4A) and
VP16-5A (14) in a mammalian two-hybrid assay to initially
identify the region of p53 responsible for the binding with
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FIG. 3. Physical association of NS5A with p53. (A) **S-methionine-
labeled NS5A was subjected to a pull-down analysis with GST-p53
fusion protein immobilized on agarose beads (lane 2) or GST-MBP-1
as a negative control (lane 3). Twenty percent of the in vitro-translated
NS5A (lane 1) was loaded for gel electrophoresis to authenticate the
position of the band derived from the experimental sample. (B) En-
dogenous p53 protein binds to NSSA. Nuclear extracts of HepG?2 cells
were incubated with His-NS5A (lane 1) and His-MBP-1 (lane 2) for
binding and detection of p53 by Western blot analysis. (C) In vivo
coimmunoprecipitation of NS5A with p53. HepG2 cells were cotrans-
fected with CMV-p53 and CMV-NS5A. After 48 h of transfection, cell
lysates were immunoprecipitated with a rabbit antiserum to NS5A
(lane 1) or pooled normal rabbit sera (lane 2) and immunoblotted with
a monoclonal antibody to p53 (DO-1). The molecular weight of the
p53 protein band was ascertained from the migration of standard
protein molecular weight markers (Life Technologies). The blot was
reprobed with a monoclonal antibody for detection of NS5A (bottom
panel). The positions of NS5A and Ig heavy chain (from experimental
reagents) are shown. (D) Exogenous and endogenous expression of
p53 in HepG2 cells. Cells transfected with CMV-p53 (lane 1) and
vector control (lane 2) were immunoblotted with a monoclonal anti-
body to p53.

NS5A. A significant increase in CAT activity was observed
when p53-Gal4 (wild type), p5S3(AN11-33)-Gal4, p5S3(AC316)-
Gal4, or pS3(AC241)-Gal4 was cotransfected with VP16-5A.
However, CAT activity was not altered following coexpression
of p53 deletion mutants and VPFlag empty vector as a negative
control. A significant increase in CAT activity was not observed in
cell lysates from transfection with VP16-5A and p53(AN14-
18)-Gal4 or p53(ANS5-157)-Gal4 as compared to NS5A fusion
protein and empty Gal4 chimeric vector coexpression (Fig.
4B). The results from this assay suggested that the NS5A
interacting domain is localized in the N-terminal region (ami-
no acids 33 to 88) of p53. To map the region of NS5A associ-
ating with p53, deletion mutants of the NS5A genomic region
were constructed by cloning in frame downstream of the VP16
acidic transactivation domain into the vector VPFlag. These
mutants were employed to identify the NS5A binding region of
p53 using a mammalian two-hybrid assay. Cells were cotrans-
fected with the deletion mutants of NS5A and the reporter
gene GSE1b-CAT with or without p53-Gal4 plasmid DNA.
Results suggested that the p53-interacting domain of NS5A is
localized within the first 150 amino acid residues (data not
shown). These findings further exhibited a specific association
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between p53 and NS5A through the identified regions of these
two proteins. However, the precise sequences responsible for
interaction between p53 and NS5A await further investigation.

NS5A retains p53 in the perinuclear membrane. Since p53 is
a nuclear protein (33) and NS5A localizes in the perinuclear
membrane (37), the physical association of these two proteins
indicated by pull-down assay, in vivo coimmunoprecipitation,
and mammalian two-hybrid assay was somewhat surprising. To
determine the biological significance of this interaction and to
address this paradox, we investigated whether NS5A and p53
colocalize intracellularly. Initially, localization of endogenous
p53 was examined by indirect immunofluorescence using emp-
ty-vector-transfected HepG2 cells and a monoclonal antibody
to p53. Immunofluorescent staining of endogenous p53 exhib-
ited a distinct nuclear localization (Fig. 5A). To compare the
subcellular localization of p53 with that of NS5A, HepG2 cells
were transfected with CMV-NS5A, and after 48 h, cells were
stained with a mouse monoclonal antibody to p53 (Fig. 5C)
and a rabbit antiserum to NS5A (Fig. 5D). Confocal micros-
copy suggested colocalization of the endogenous p53 with
NS5A primarily in the perinuclear membrane (Fig. 5SE), while
control antibodies did not produce any detectable fluores-
cence. Specificity of p53 localization in the presence of NS5A
was also examined. Sequestration of p53 protein in the perinu-
clear membrane of NS5A-transfected HepG2 cells was ob-
served when cells were stained with p53 antibody alone (Fig.
5B). Similar results were obtained when Saos-2 cells were
transfected with p53 alone or together with NS5A (data not
shown). These results suggested that cells expressing NSSA
sequester pS3 on the perinuclear membrane. To further verify
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FIG. 4. Mapping of the NS5A binding domain in p53. Various
amino- and carboxy-terminus deletion mutants of p53 fused with the
Gal4 DNA binding domain (A) were cotransfected with VP16-5A
(NS5A fused with VP16 activation domain) and reporter construct
(GSE1b-CAT) for mammalian two-hybrid assay (B). The total amount
of plasmid DNA in each transfection was kept constant by the addition
of empty vector, and CAT activity was measured after 48 h of trans-

fection. Results from triplicate transfections are presented.
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FIG. 5. Colocalization of NS5A and endogenous p53 in HepG2 cells. Immunofluorescent staining using a monoclonal antibody to p53 exhibits
nuclear localization of p53 in mock-transfected cells (A) or perinuclear localization of p53 in CMV-NS5A-transfected cells (B). Cells transfected
with NS5A were stained with a monoclonal antibody to p53 (C) and a rabbit antibody to NSSA (D). Fluorescence images of panels C and D were

superimposed digitally for fine comparison (E).

that perinuclear retention of p53 is indeed a result of physical
interaction between p53 and NS5A, p53(AN14-88) construct
tagged with the Gal4 DNA binding domain (for detection of
mutant p53) was coexpressed with NS5A in HepG2 cells. A
monoclonal antibody to the Gal4 DNA binding domain (Santa
Cruz) and an antiserum to NS5A were used to stain the cells as
described above. Results exhibited that these two proteins do
not colocalize in the perinuclear membrane (Fig. 6B to D).
Surprisingly, pS3(AN14-18) when expressed alone localized in
the perinuclear membrane (Fig. 6A) even though the nuclear
localization signals of p53 reside in the carboxy terminus of the
protein. A similar observation was made with the amino ter-
minal mutants of p53 (Michael F. Clarke [University of Mich-
igan], personal communication).

DISCUSSION

We have previously shown that HCV NS5A down-regulates
p21/wafl expression at the transcriptional and translational
levels (11). The p21/wafl gene has been identified as an effec-
tor of p53-mediated cell growth regulation (6). Two conserved
PREs are recognized by the p21/wafl promoter; one is located
at —1.3 kb and the other is at —2.2 kb (6). In this study, we
have demonstrated the requirement for a PRE in the p21/wafl
promoter for NS5A-mediated transcriptional repression. Sim-
ilarly, association of NS5A and p53 reduced the transcriptional
activation from a p53-dependent synthetic promoter in Saos-2
cells. NS5A physically associates with p53 both in vitro and in
vivo and sequestered p53 in the perinuclear membrane. Thus,

a decrease of p53 in the nucleus may in turn affect the down-
regulation of the p53-mediated gene expression for normal cell
growth regulation. The down-regulation of p21/wafl promoter
activity by NS5A appears to be due to an interaction between
NS5A and p53, possibly blocking the access of p53 to the
p21/wafl promoter.

Sequestration of nuclear protein by viral gene products has
been reported in earlier studies. Hepatitis B virus X protein
interacts with and retains p53 in the cytoplasm (35) and inhib-
its p53-mediated transcriptional activation (42). Simian virus
40 large T antigen binds to a novel proapoptotic protein, p193,
and results in cytoplasmic sequestration of both the proteins
(38). Cytoplasmic sequestration of p53 has been proposed as a
mechanism by which the function of this protein can be sup-
pressed (22). Our initial study suggests that the domain of p53
that interacts with NS5A is located in the N-terminal region
(amino acids 33 to 88), and the N-terminal 73 residues of p53
contain one of the strongest known activation domains (21). A
number of viral and cellular proteins interact with p53 through
this region and modulate its function. The adenovirus E1B
55-kDa protein, the human MDM?2 protein, and hepatitis B
virus X protein are known to bind to the transactivation do-
main of p53 for inhibition of its functional activity (19, 23, 25,
43). Recently, a novel functional region of p53 (amino acids 43
to 63) was identified as both transcriptional activation and
apoptotic domains (45). The N-terminal region of p53 contains
a proline-rich region (amino acids 63 to 97), and the fact that
it contains five repeats of SH3-binding motifs (PXXP) makes it
an interesting candidate for physical interaction with other
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FIG. 6. NS5A does not colocalize with an amino terminal deletion mutant of p53. HepG2 cells were transfected with a p5S3(AN11-88)-Gal4
construct and stained with a monoclonal antibody to the Gal4 DNA binding domain (A). Cells cotransfected with pS3(AN11-88) and NS5A were
stained together with a monoclonal antibody to Gal4 DNA binding domain (B) and a rabbit antibody to NS5A (C). Fluorescence images of panels

B and C were superimposed digitally for fine comparison (D).

cellular factors (21). Our initial study suggests that the N ter-
minus of NS5A (150 amino acids) is required for physical
association with p53, which also possesses proline-rich se-
quences. Thus, we speculate that NSSA may physically interact
with p53 through proline-rich domains and modulates tran-
scriptional regulatory functions. However, further studies are
necessary to elucidate the functional association between p53
and NS5A by precise mapping of the amino acid residues.
NSS5A physically interacts with Grb2 protein through its C-
terminal proline-rich sequence and perturbs the mitogenic sig-
nal transduction pathway (36). NS5A also interacts with the
IFN-inducible double-stranded-RNA-dependent protein ki-
nase (PKR) and functions as a repressor of PKR (8). NS5A
associates with the C terminus of hVAP-33, a SNARE-like
protein, and may provide a mechanism for membrane associ-
ation of the HCV RNA replication complex (40). A novel
cellular transcriptional factor, SRCAP, also associates with
NS5A and acts as a transcriptional corepressor (14). NS5A
may have different target motifs for interaction with cellular
proteins. The choice of these motifs may vary according to the
transcription factors present in different cell types and/or the
cellular environments. A fundamental aspect of p53 is that it
has been shown to participate in cell cycle checkpoint and to be
involved in apoptotic functions that regulate homoeostatic tis-
sue renewal (21). As such, p53 appears to be the head of key
cellular pathways, and the association of p53 with NS5A may
disrupt the normal cell cycle. The lack of a suitable cell culture
system or a small animal model for HCV infection makes it

difficult to understand the virus replication and the pathogen-
esis of HCV-related disease. However, as other HCV proteins
(core and NS3) have a role in transcriptional regulation and
cell growth control (1, 28, 31, 39), the functional effect of NS5A
is difficult to assess when this protein is expressed along with
other HCV proteins. Furthermore, we do not know the differ-
ence between the levels of NS5A expression in transfected cells
and naturally infected cells or its magnitude of incorporation
during virus morphogenesis. It is possible that one or more of
these viral proteins may contribute to HCV-mediated multi-
step disease progression. The results presented here highlight
the functional role of NS5A, and its direct relationship with
HCV-mediated pathogenesis remains to be elucidated.
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