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Hepatitis C virus (HCV) is an important cause of chronic liver disease and is complicated by
hepatocellular carcinoma (HCC). Mechanisms whereby the virus promotes cellular transforma-
tion are poorly understood. We hypothesized that the guanosine triphosphatase activity encoded
in the HCV NS4B protein’s nucleotide binding motif (NBM) might play a role in the transfor-
mation process. Here we report that NS4B can transform NIH-3T3 cells, leading to tumor
formation in vivo. This transformation was independent of co-transfection with activated Ha-
ras. Detailed analyses of NS4B mutants revealed that this transforming activity could be progres-
sively inhibited and completely abrogated by increasing genetic impairment of the NS4B
nucleotide binding motif. Conclusion: NS4B has in vitro and in vivo tumorigenic potential, and
the NS4B transforming activity is indeed mediated by its NBM. Moreover, our results suggest
that pharmacological inhibition of the latter might inhibit not only HCV replication but also the
associated HCC. (HEPATOLOGY 2008;47:827-835.)

Chronic infection with the hepatitis C virus (HCV) is
a major risk factor for the development of hepato-
cellular carcinoma (HCC). The incidence of HCC

and the mortality rate associated with it are increasing dra-
matically.1,2 Although chronic inflammation, fibrosis, and
liver cell proliferation are considered the major factors con-
tributing to the development of HCC, accumulating data
support direct viral effects as well.3

HCV is a positive single-stranded RNA virus. Its
9.6-kb genome encodes a single �3000-amino-acid

polyprotein, which is proteolytically processed into struc-
tural proteins, which are components of the mature virus,
and nonstructural proteins, which are involved in repli-
cating the viral genome.4 Several viral proteins including
NS3, NS5A, and core have been implicated in cellular
transformation.5-8 NS4B, a 27-kDa membrane protein,
has been similarly shown by Park et al9 to transform NIH
3T3 cells.9 Transformation, however, only occurred
when NS4B was co-transfected with the activated Ha-ras
gene. The mechanism by which NS4B mediates its trans-
formation potential remains unknown.

We have recently reported the identification of a nu-
cleotide-binding motif (NBM) within NS4B and shown
that this motif mediates both binding and hydrolysis of
guanosine triphosphate (GTP) and HCV RNA replica-
tion.10 The NBMs of human oncogenes, such as ras, me-
diate their malignant transformation.11,12 We thus
hypothesized that the NBM of NS4B may similarly me-
diate its role in transformation. Here we report that NS4B
of the Con 1 isolate transforms NIH3T3 cells indepen-
dently of exogenous Ha-ras, the transformed cells lead to
tumor formation in nude mice, and the NBM of NS4B
mediates the latter’s role in transformation, with exciting
implications for novel therapies.

Materials and Methods

Plasmids. Standard recombinant DNA technology
was used to construct and purify all plasmids. All regions
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that were amplified by polymerase chain reaction were
analyzed by automated DNA sequencing. Plasmid DNAs
were prepared from large-scale bacterial cultures and pu-
rified by a Maxiprep kit (Marligen Biosciences, Ijamsville,
MD). Restriction enzymes were purchased from New En-
gland Biolabs (Ipswich, MA).

The plasmid pcDNA3.1-NS4B, which encodes the
Con1 NS4B sequence, was generated by amplification of
the NS4B gene from the Bart79I plasmid13 with primers
containing BamH1 and EcoR1 restriction sites (primers 1
and 2; Table 1), digestion with BamH1 and EcoR1 and
ligation into the corresponding site in pcDNA3.1 (In-
vitrogen, Carlsbad, CA). The mutations I131N, D228L,
and F211A were introduced into this plasmid and into
pcDNA-NS4B-GFP by site-directed mutagenesis [using
primers 3-8; Table 1, and the QuikChange kit (Strat-
agene, La Jolla, CA)].

To create an NS4B homologous to the K isolate, we
introduced 7 amino acid changes by using site-directed
mutagenesis [using primers 9-18, Table 1, and the
QuikChange kit (Strategene)] into the Con1 NS4B se-
quence within the pcDNA3.1-NS4B plasmid.

The plasmid pEJ6.614 encoding the Ha-ras gene was
provided by Dr. R. Weinberg (Whitehead Institute,
Cambridge, MA).

pUC19 was obtained from Promega Corporation
(Madison, WI).

Cell Cultures. NIH 3T3 cells were a gift from Dr.
J. M. White. A second clone was obtained from the
ATCC (Manassas, VA). Cells were propagated in Dulbec-
co’s modified Eagle’s medium (Gibco/Invitrogen, Carls-
bad, CA), supplemented with 10% calf serum (Colorado
Serum Co., Denver, CO), 1% penicillin, 1% streptomy-

cin, 1% L-glutamine (Gibco/Invitrogen, Carlsbad, CA),
and maintained at 37°C in a humidified 10% CO2 incu-
bator. Cells were discarded after 3 passages.

Antibodies. A mouse monoclonal antibody against
NS4B was purchased from Virostat (Portland, ME). A
rabbit polyclonal antibody against ras was purchased from
Santa Cruz Biotechnology Inc (Santa Cruz, CA).

Transfection Assay. A standard transfection assay was
performed essentially as previously described.9,12,15-17 Sin-
gle stock NIH 3T3 cells were plated in 6-well plates
(2.5 � 105 cells per well), grown for 24 hours, and then
transfected with 0.5 �g of the pcDNA3.1-NS4B plasmid
(wild-type or mutant versions), 0.5 �g pEJ6.6, or both,
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA).
Empty pcDNA3.1 plasmid was co-transfected with
pEJ6.6 samples as a source for neomycin resistance. The
total amount of transfected DNA was kept constant at 2
�g per well by the addition of the empty vector, pUC19,
as a carrier. Twenty-four hours after transfection, cells
were split at a ratio of 1:20, transferred into 10-cm plates,
and grown under G418 selection (400 �g/mL) (Invitro-
gen, Carlsbad, CA) for 2 weeks. G418-resistant colonies
were stained with crystal violet, and colonies larger than 2
mm were counted using ImageJ analysis (NIH) of
scanned plates. The morphology of G418-resistant colo-
nies was analyzed microscopically. Experiments were re-
peated 2 to 4 times, each time with duplicates.

Secreted Alkaline Phosphatase Reporter Gene As-
say. Transfection efficiency was determined using a se-
creted alkaline phosphatase (SEAP) reporter gene assay
(Roche Applied Science, Indianapolis, IN). Relative
SEAP activity was measured in the transfected media su-
pernatants using a Berthold LB 96 V luminometer.

Table 1. Sequences of the Oligonucleotides Used in This Study

Primer No. Primer Namea Sequence (5�->3�)

1 BamH1-4B-for CGCGGATCCGGGATGGCCTCACACCTCCCTTACATCGAACAGGG
2 EcoR1-4B-rev CCGGAATTCCTAGCATGGCGTGGAGCAGTCCTCG
3 I131N-for GCGGCTGTTGGCAGCAACGGCCTTGGGAAGGTGC
4 I131N-rev GCACCTTCCCAAGGCCGTTGCTGCCAACAGCCGC
5 D228L-for GTGCCTGAGAGCCTCGCTGCAGCACGTGTCACTCAGATCC
6 D228L-rev GTGCCTGAGAGCCTCGCTGCAGCACGTGTCACTCAGATCC
7 F211A-for GGATGAACCGGCTGATAGCGGCCGCTTCGCGGGGTAACC
8 F211A-rev GGTTACCCCGCGAAGCGGCCGCTATCAGCCGGTTCATC
9 MV1-for CATCGAACAGGGAGTGCAGCTCGCCGAAC

10 MV1-rev GTTCGGCGAGCTGCACTCCCTGTTCGATG
11 IL-for CAAACAGAAGGCACTCGGGTTGCTGCAAACAGC
12 IL-rev GCTGTTTGCAGCAACCCGAGTGCCTTCTGTTTG
13 TA-AP-for CCAAGTGGCGGGCCCTCGAACCCTTCTGGGCGAAGC
14 TA-AP-rev GCTTCGCCCAGAAGGGTTCGAGGGCCCGCCACTTGG
15 HN-for GCTCACCACCCAAAATACCCTCCTGTTTAAC
16 HN-rev GTTAAACAGGAGGGTATTTTGGGTGGTGAGC
17 VI-MV2-for GGCCTTTAAGATCATGAGCGGCGAGGTGCCCTCCACCG
18 VI-MV2-rev CGGTGGAGGGCACCTCGCCGCTCATGATCTTAAAGGCC

afor, forward primers; rev, reverse primers.
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Establishment of Stable Clones. At least 3 represen-
tative colonies were isolated from plates transfected with
NS4B, Ha-ras, or both, and passaged 3 times in the pres-
ence of G418. These clones were used to study the trans-
formed phenotype of the cells as well as for determining
protein expression by western blot analysis.

Western Blot Analysis. Cell lysates prepared from
stable clones expressing wild-type NS4B, NS4B NBM
mutants, Ha-ras, or both, were subjected to western blot
analyses, essentially as described,18 using primary anti-
bodies to either NS4B (Virostat, Portland, ME) or Ras
(Santa Cruz Biotechnology Inc, Santa Cruz, CA) and ac-
tin (Sigma), followed by a corresponding pair of Alexa
Fluor 680-coupled (Molecular Probes) and IRDye
800CW-coupled (Rockland Inc.) secondary antibodies.
Proteins were visualized with a LI-COR infrared imager
(Odyssey), and the bands were quantified with Odyssey
version 1.2 infrared imaging software.

Growth Rate, Saturation Density, and Serum De-
pendence. Standard methods were used essentially as de-
scribed.15 Briefly, 105 cells of NS4B, ras, or empty
pcDNA3.1 stable clones were seeded in a 10-cm dish in
growth medium and incubated at 37°C. Cells were rinsed
with phosphate-buffered saline, trypsinized, and counted
daily for 7 days. Growth rates were determined from the
slope of the logarithmic curve during exponential growth,
and saturation densities were measured. Serum depen-
dence was determined by performing this experiment in
the presence of serum depletion (1% fetal bovine serum).

Soft Agar Assays. These were performed essentially as
described.15 In brief, cells (5000 or 20,000 of NS4B, ras,
and empty pcDNA3.1 stable transfectants) were sus-
pended in 0.25% agar mixture and overlayed onto 0.75%
agar in 10-cm dishes. Cells were fed with growth medium
weekly. After a 2-week incubation, colony morphology
was assessed microscopically, and the number of colonies
was counted after staining with crystal violet.

Tumorigenicity in Nude Mice. NS4B stable trans-
fectants (106 cells) were resuspended in 0.1 mL phos-
phate-buffered saline and injected subcutaneously into
the flanks of 4-week-old to 6-week-old nude mice (Balb/c
nude male, Taconic, Hudson, NY). Five clonal lines of
NS4B cells were injected, each into 5 different mice.
Three stable clones of ras transfectants were used as a
positive control (each injected into 3-5 mice). Non-trans-
fected NIH3T3 cells and neomycin vector alone stably
transfected NIH3T3 cells were used as negative controls.
Tumor size was measured biweekly with linear calipers,
and cross-sectional area was calculated using the formula
3.14 � 0.5 � length � 0.5 � width—shown to correlate
best with tumor mass when tumor size is �6 grams.19

Tumors were defined as a growth with a section area larger

than 1.5 cm2. Mice were sacrificed before tumors reached
a cross-sectional area of 2 cm2. All animals received hu-
mane care according to the criteria outlined in the Guide
for the Care and Use of Laboratory Animals (NIH).

GTP Binding Assays. These were performed essen-
tially as described.10 Briefly, Huh-7 cells were transfected
in duplicate with NS4B-GFP constructs harboring com-
binations of mutations in the A, B, and G elements of the
NBM. Membrane fractions were prepared and aliquots
incubated with 32P-labeled GTP—4-azidoanilide (an ul-
traviolet-photoactivatable, non-hydrolyzable GTP ana-
log) (Affinity Labeling Technologies Inc.) followed by a
brief pulse of ultraviolet irradiation, immunoprecipita-
tion with a rabbit anti–green fluorescent protein antibody
(Molecular Probes), sodium dodecyl sulfate polyacryl-
amide gel electrophoresis, transfer to nitrocellulose, west-
ern blotting with a mouse anti-green fluorescent protein
primary antibody (Roche) and goat anti-mouse Alexa
Fluor 680-coupled secondary antibody (Molecular
Probes). Bound GTP was quantified by phosphorimager
(Molecular Dynamics), and NS4B protein by LI-COR
infrared scanner (Odyssey).

Results

NS4B Transforms NIH 3T3 Cells Independently of
Co-transfected Exogenous Ha-ras. The K-isolate of ge-
notype 1b NS4B was shown to transform NIH3T3 cells
when co-expressed with the activated Ha-ras gene.9 To
test the hypothesis that the Con1 isolate of genotype 1b
NS4B13,20 has a similar transformation potential, we con-
structed a plasmid termed pcDNA3.1-NS4B, which en-
codes the Con1 NS4B sequence. The plasmid pEJ6.614

encoding the Ha-ras gene was provided by Dr. R. Wein-
berg (Whitehead Institute, Cambridge, MA). These plas-
mids were then used in a standard transfection assay,
essentially as described.9,12,15-17 As shown in Fig. 1A and
B, a large number of colonies were detected in cells trans-
fected with NS4B, Ha-ras, or both. Large colonies were
present very rarely (�1 per 2 plates) in cells transfected
with pcDNA3.1 vector encoding neomycin resistance
only. When present, these were used for background sub-
traction. As expected, no colonies were seen in cells trans-
fected with just the carrier vector pUC19. Transfection
efficiency was determined using an SEAP reporter gene
assay (Roche Applied Science, Indianapolis, IN). The
transfection efficiency of the various constructs was quite
comparable.

To exclude the possibility that the observed findings
were attributable to the use of a specific NIH3T3 cell
clone, the experiment was repeated using another
NIH3T3 cell clone (ATCC, Manassas, VA). Although
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subtle differences in background did occur, the results
described were not significantly different between the 2
tested clones.

Microscopic analysis of the morphology of the G418-
resistant colonies (Fig. 1C) showed a multi-layered dense
growth characteristic of a loss of density-dependent
growth inhibition phenotype in the NS4B transfectants,
similar to that observed in the Ha-ras transfectants. In
contrast, pcDNA3.1 transfectants formed monolayers
under the same conditions. This suggests that the large
colonies detected in the NS4B transfectants are likely
transformed. Thus, as shown by Park et al.,9 NS4B indeed
transformed NIH3T3 cells when co-expressed with the
Ha-ras gene. Surprisingly, however, NS4B was able to
robustly transform NIH3T3 cells even in the absence of
Ha-ras. Furthermore, co-transfection with Ha-ras
(pEJ6.6) did not seem to increase the number of trans-
formed foci induced by NS4B alone.

Expression of Transfected NS4B and Ha-ras in
Stable Cell Lines. To determine whether the transfected
NS4B or Ha-ras were successfully expressed in transfected
cells, we isolated at least 3 representative colonies from
plates transfected with NS4B, Ha-ras, or both, and pas-
saged them 3 times in the presence of G418. Cell lysates
prepared from these stable clones were then subjected to
western blot analyses using mouse anti-NS4B (Virostat,
Portland, ME) and rabbit anti-ras (Santa Cruz Biotech-
nology Inc, Santa Cruz, CA) antibodies. The appropriate
exogenously transfected gene(s) were present (Fig. 2A).
The level of NS4B expression was comparable in the var-
ious clones tested (Fig. 2B). Expression of ras was only
detected in cells transfected with activated Ha-ras (Fig.
2A). Although the anti-ras antibody was raised against a
domain common to multiple ras isoforms, and in theory
should detect endogenous ras proteins as well, only cells
transfected with exogenous Ha-ras exhibited detectable

Fig. 1. NS4B of Con1 isolate of genotype 1b transforms NIH 3T3 cells independently of co-transfection with exogenous Ha-ras gene. (A) NIH 3T3
cells transfected with empty pcDNA3.1 plasmid encoding neomycin resistance, carrier plasmid pUC19, and plasmids encoding NS4B or Ha-ras were
grown under G418 selection for 2 weeks. Representative plates stained with crystal violet are shown. (B) Percentages of colonies relative to wild-type
(WT) NS4B. (C) Morphology of representative colonies assessed by phase-contrast microscopy. Note a multilayered dense growth characteristic of
a loss of density-dependent growth inhibition phenotype in NS4B and ras transfectants but not in empty vector (pcDNA3.1) transfectants.

830 EINAV ET AL. HEPATOLOGY, March 2008



level of ras protein. Presumably, this reflects the higher
expression level of the transfected isoform, as has been
observed by others.21 Moreover, the expression level of
NS4B and ras in NS4B-ras double-transfected clones was
not lower than their expression level in the NS4B or ras
monotransfected clones (Fig. 2A). This suggests that the
absence of synergy observed between ras and NS4B is not
a result of a lower expression level of NS4B or ras in the
double transfectants.

Transformed Phenotype of NS4B Clones In Vitro.
Confirmation that NS4B-transfected clones are indeed
transformed was obtained using several phenotypic in
vitro assays. Standard methods were used to determine the
growth rate, saturation density, and serum dependence of
the stable clones.15 As shown in Fig. 3A, the doubling
time of NS4B clones was 15 � 2 hours. This was compa-
rable to the doubling time of ras clones (13.7 � 2.5 hours)
and significantly shorter than that of clones established by
transfection of empty pcDNA3.1 (32 � 2.5 hours).
Moreover, the saturation density of NS4B clones was ap-
proximately 14-fold higher than that of clones transfected
with the empty vector (10.2 � 106 cells versus 0.7 � 106)
and comparable to that of ras-transformed clones (4.4 �
106). Furthermore, NS4B and ras clones—but not empty
pcDNA3.1 transfectants—continued to readily prolifer-
ate in the face of serum depletion (1% fetal bovine serum)
and demonstrated loss of density-dependent growth inhi-
bition when grown to confluence (Fig. 3A).

To determine the anchorage-independent growth potential
of the G418-resistant clones, soft agar assays were performed

Fig. 2. Stable cell lines express NS4B, Ha-ras, or both. Representative
colonies were isolated from plates transfected with NS4B, Ha-ras, or both
and passaged in the presence of G418. Cell lysates prepared from these
stable clones were subjected to western blot analyses using mouse
monoclonal anti-NS4B (Virostat), rabbit polyclonal anti-ras (Santa Cruz),
and mouse anti- actin (Sigma) antibodies. (A) Expression of NS4B or
Ha-ras in NS4B, Ha-ras, or NS4B-Ha-ras double transfectants. (B)
Expression of NS4B in various clones of NS4B transfectants.

Fig. 3. NS4B clones demonstrate a transformed phenotype in vitro. (A) Transformed phenotype demonstrated by NIH 3T3 cells transfected with
WT NS4B. � indicates standard deviation. (B) Anchorage-independent growth: NS4B, ras, and empty vector (pcDNA3.1) G418-resistant transfectants
were grown in soft agar for 2 weeks. Representative foci are shown.
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essentially as described.15 NS4B-transformed cells were able to
formalargenumberof foci insoftagar (Fig.3).When5000and
20,000 cells were plated, 153 � 21 and 467 � 43 foci, respec-
tively, formed (Fig. 3A). Similar foci were formed with ras
transfectants; however, no foci were observed with stable
cell lines established from pcDNA3.1-transfected cells
(Fig. 3B). Although growth in soft agar is not absolutely
correlated with tumorigenic potential, this assay is the
best in vitro correlate to in vivo growth potential.15

These data suggest that NS4B from the 1b con-1 iso-
late can transform NIH 3T3 cells and that these trans-
formed cells demonstrate a classical transformed
phenotype.

NS4B Clones Are Tumorigenic in Nude Mice. To
examine whether NS4B transfectants are able to form
tumors in vivo, clonal lines of NS4B cells were injected
into the flanks of nude mice, tumor size was measured
biweekly, and cross-sectional area was calculated. Tumors
were defined as a growth with a section area larger than
1.5 cm2. Stable clones of ras transfectants were used as a
positive control, and non-transfected NIH3T3 cells and
neomycin vector alone stably transfected NIH3T3 cells
were used as negative controls. As shown in Table 2, 2 of
the NS4B-transfected clones formed tumors with no la-
tency period, appearing within 2 weeks after inoculation.
At 2 weeks, 1 of the positive control Ha-ras–transfected
clones similarly formed tumors, whereas none of the neg-
ative control Neo transfectants or non-transfected cells
induced tumors. At 5 weeks after inoculation, all but 1 of
the NS4B-transfected clones yielded tumors of consider-
able size around the inoculation site. Similarly, 2 of 3
Ras-transfected clones yielded tumors in the same time
frame. In contrast, no mice inoculated with Neo alone
transfected cells, and only one (presumably attributable to
spontaneous transformation) of 13 mice inoculated with
non-transfected NIH3T3 cells, had developed a tumor
after 5 weeks. To the best of our knowledge this is the first
report that NS4B has in vivo tumorigenic potential.

NS4B Transformation Potential Is Influenced by
Genotype Subtype. In contrast to Park et al.,9 we did not
observe a requirement for co-transfection with Ha-ras to
achieve NS4B-mediated transformation. Several possibil-

ities exist to explain the apparent difference in the require-
ment for co-transfected Ha-ras. Subtle variations in
subtype sequence within a given genotype have been
shown to affect the transformation potential of HCV pro-
teins.5,7,22 Although both of genotype 1b, the NS4B se-
quence of the con-1 isolate used by us differs in 7 amino
acids from the K isolate used by Park et al.9,23 To test the
hypothesis that these sequence variations account for the
different transforming phenotypes of the 2 HCV clones,
we introduced these 7 amino acid changes by using site-
directed mutagenesis into the Con1 isolate to create an
NS4B homologous to the K isolate (Fig. 4A). The trans-
formation potential of this construct was then tested by
the focus formation assay in comparison with the Con1
isolate. Similarly to Park et al., there was an increase in the
number of foci induced by the K isolate with Ha-ras co-
transfection. This exceeded the number of foci induced
by Ha-ras alone. The number of transformed foci induced
by the K isolate, however, was significantly (approxi-
mately 5-fold) lower than the number induced by the
Con1 NS4B (P � 0.0087 in Student t test) (Fig. 4B).
This was not a result of differences in transfection effi-
ciency (as monitored by SEAP reporter gene assay), cellu-
lar distribution, or level of expression (data not shown).
Again, although co-transfection of activated Ha-ras gene
did not change the number of foci induced by Con1
NS4B, it did increase the number of transformed foci
generated by the K isolate by 4-fold, similar to the report
by Park et al.9 Together, these results suggest that the
described sequence variations between genotype 1b sub-
types account for the difference in activated Ha-ras co-
transfection requirement for efficient transformation.

The NS4B NBM Mediates Cellular Transforma-
tion. The NBM of the human oncogene ras is known to
mediate ras’ role in transformation.11,12 We therefore hy-
pothesized that the NBM of NS4B may similarly mediate
NS4B’s role in transformation. To test this hypothesis, we
first introduced the I131N mutation (IN) in the A-motif
of the NS4B NBM—a mutation previously shown to
significantly impair guanosine triphosphatase activity10—
into the pcDNA3.1-NS4B vector by site-directed mu-
tagenesis (Fig. 5A). The transformation potential of this

Table 2. NS4B-Transfected NIH 3T3 Cells Are Tumorigenic in Nude Mice

Clone
Name

NS4B
Neo-transfected

NIH3T3
Non-transfected

NIH3T3

Ras

NS4B1 NS4B2 NS4B3 NS4B4 NS4B5 Ras1 Ras2 Ras3

2 weeks 3/5 0/5 0/5 0/5 1/5 0/3 0/13 4/5 0/4 0/3
5 weeks 5/5 0/5 2/5 1/5 4/5 0/3 1/13 5/5 1/4 0/3

NOTE. NS4B, Ha-ras, and neomycin stable transfectants as well as non-tranfected NIH3T3 cells, were injected subcutaneously into the flanks of Balb/c nude mice.
Tumors were measured bi-weekly, and cross-sectional area was calculated. A tumor was defined as a growth with a cross-sectional area larger than 150 mm2. Data
at 2 weeks and 5 weeks after inoculation are documented. Data are the number of mice with tumors/total number of mice inoculated.
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mutant was then analyzed by standard transfection assay,
as described previously. We detected a 2-fold reduction in
the number of colonies formed in comparison with the
wild-type (WT) NS4B construct (Fig. 5C, D). Although
this reduction was found to be statistically significant
(P � 0.001 by Student t test analysis), the IN mutation
failed to completely inhibit transformation mediated by
NS4B.

It is known from the solved crystal structures of several
other GTP-binding G-proteins that additional elements
of the NBM besides the A-motif participate in nucleotide
binding. In particular, the B and G motifs are positioned
together in space so as to mediate binding with the phos-
phates and guanine base, respectively, and contribute to
guanosine triphosphatase function.24,25 The importance
of the corresponding elements in the NS4B NBM (Fig.
5A) was revealed by the dramatic impairment in HCV
replication that results from point mutations in the NS4B
B-(D228L) and G-(F211A) motifs (to be published else-
where). Furthermore, to directly test the hypothesis that
these B-elements and G-elements of the NS4B NBM
(Fig. 5A) are involved in mediating nucleotide binding by
NS4B, combinations of these mutations were tested for
their GTP binding activity, as described.10 GTP binding
was progressively inhibited and completely abrogated by
increasing genetic impairment of the NS4B nucleotide
binding motif (Fig. 5B). Similarly, these combinations of
mutations had quite a dramatic effect on NS4B’s trans-

forming activity (Fig. 5C, D). The double mutant con-
taining the IN and DL mutations decreased the number
of transformed colonies by approximately 10-fold com-
pared with WT NS4B. Essentially no transformed colo-
nies were formed above the neomycin-transfected
background when cells were transfected with the triple
mutant harboring point mutations in the A-(IN),
B-(DL), and G-(FA) motifs. These findings were neither a
result of differences in expression levels (Fig. 5E) nor a
result of differences in transfection efficiency (monitored
by SEAP reporter gene assay) or an obvious gross effect of
the mutations on intracellular distribution patterns (data
not shown). Thus, impairment of NS4B transforming
activity is proportional to the degree of disruption of the
NBM, indicating the key role played by the NBM in
mediating cellular transformation.

Discussion
Together the above results demonstrate that NS4B can

robustly transform NIH3T3 cells in the absence of exog-
enous Ha-ras. Moreover, the transforming activity of
NS4B is mediated by its NBM. Thus, although our data
confirm a transforming activity of NS4B described by
others,9 our results extend their findings and differ in a
significant way. In contrast to Park et al.,9 we did not
observe a requirement for co-transfection with Ha-ras to
achieve Con1 NS4B-mediated transformation. Our find-

Fig. 4. NS4B transformation potential is influenced by genotype subtype. (A) Comparison of the NS4B protein-coding sequences of the Con1 and
K isolates. The amino acid sequence of Con1 is shown at the top. Differences in sequences are highlighted in bold. (B) NS4B of the K isolate was
cloned by genetically introducing 7 amino acid changes into the Con1 NS4B. The transformation potential of this construct in the absence of Ha-ras
or its presence was tested by the transfection assay in comparison with the Con1 isolate (as in Fig. 1). The asterisk represents a statistically significant
difference between the K isolate and the Con1 isolate (P � 0.0087 in Student t test).
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ings suggest that this difference in requirement for acti-
vated HA-ras co-transfection can be accounted for by the
sequence variations between the Con 1 and K genotype
1b isolates.

Interestingly, none of the 7 amino acid mismatches
between the K and the Con1 isolate are within the NBM.
It is possible that these amino acid mismatches affect
NS4B in a way that affects the 3-dimensional conforma-
tion of the NBM. Alternatively, we cannot exclude the
possibility that although the NBM is necessary for medi-
ating cellular transformation, other elements of NS4B
also may play a role.

Several reports on other HCV proteins describe a po-
tential for transformation.5-8 Similar to these, our data are
subject to the same limitations resulting from overexpres-
sion of a single protein. It is difficult to know whether
protein levels required to achieve transformation are met
in individual cells within the context of a natural infec-

tion. Moreover, HCV-associated HCC typically occurs
only after years of chronic viral infection, implying that
viral factors alone are likely not sufficient for cellular
transformation. Nevertheless, to the extent that viral fac-
tors are involved, our results suggest that NS4B may play
an important role in the transformation process. In addi-
tion, in contrast to former reports on other HCV proteins
describing a potential for transformation,5-8 our data on
the NS4B NBM mutants are the first to shed light on the
possible mechanism whereby an activity within the viral
protein can mediate the observed transformation. Our
findings demonstrate that mutating the domains that de-
fine the NBM impairs NS4B’s role in cellular transforma-
tion.

HCC is a significant complication of HCV infection.26

HCV is the leading cause of HCC in the United States,
and this is becoming an increasingly important problem
as the cohort of HCV-infected individuals ages, with in-

Fig. 5. The NBM of NS4B mediates the latter’s role in transformation. (A) NBM of HCV NS4B. The amino acid sequence of the consensus of all
HCV isolates available for examination, the genotype 1b clone used in this study, and the engineered I131N (IN), I131N-D228L (IN-DL), and
I131N-F211A-D228L (IN-FA-DL) NS4B mutants are indicated. (B) Progressive genetic impairment of the NS4B NBM is associated with progressive
inhibition of GTP binding. GTP binding of the double (IN-DL) and triple (IN-FA-DL) NS4B NBM mutants relative to the single (IN) mutant was
determined in duplicate. (C) NIH 3T3 cells transfected with WT NS4B or NS4B NBM mutants were grown under G418 selection for 2 weeks.
Representative plates stained with crystal violet are shown. (D) Percentages of colonies relative to WT NS4B. (E) Representative colonies were isolated
from plates transfected with WT or NBM mutant forms of NS4B, and passaged in the presence of G418. Cell lysates were prepared from these stable
clones, and the ratio of NS4B to actin (relative to WT) determined by western blot analyses probed with antibodies to NS4B and actin. Error bars
in (B) and (D) represent standard deviation. See Materials and Methods for additional details.
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creasing length of infection and risk of developing HCC.
Our findings that the NBM of NS4B not only mediates
NS4B’s role in viral replication10 but also mediates cellu-
lar transformation raise an exciting potential therapeutic
implication. To the extent viral factors contribute to the
increased risk of HCC, we hypothesize that inhibition of
NS4B’s NBM activity may not only suppress viral repli-
cation but also may decrease the rate of developing the
associated HCC.
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