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The hepatitis B virus encoded
oncoprotein pX amplifies TGF-� family
signaling through direct interaction with
Smad4: potential mechanism of hepatitis
B virus-induced liver fibrosis
Dug Keun Lee, Seok Hee Park, Youngsuk Yi, Shin-Geon Choi,3 Cecile Lee, W. Tony Parks,
HyeSeong Cho,1 Mark P. de Caestecker, Yosef Shaul,2 Anita B. Roberts, and Seong-Jin Kim4

Laboratory of Cell Regulation and Carcinogenesis, National Cancer Institute, Bethesda, Maryland 20892-5055, USA,
1Department of Biochemistry and Molecular Biology, Ajou University School of Medicine, Suwon 442-721, Korea; 2The
Weizmann Institute of Science, Rehovot 76100, Israel

Hepatitis B, one of the most common infectious diseases in the world, is closely associated with acute and
chronic hepatitis, cirrhosis, and hepatocellular carcinoma. Many clinical investigations have revealed that
hepatic fibrosis is an important component of these liver diseases caused by chronic hepatitis B. TGF-�
signaling plays an important role in the pathogenesis of fibrosis in chronic hepatitis and cirrhosis. As these
diseases are associated with hepatitis B virus (HBV) infection, we examined the possibility that the
HBV-encoded pX oncoprotein regulates TGF-� signaling. We show that pX enhances transcriptional activity
in response to TGF-�, BMP-2, and activin by stabilizing the complex of Smad4 with components of the basic
transcriptional machinery. Additionally, confocal microscopic studies suggest that pX facilitates and
potentiates the nuclear translocation of Smads, further enhancing TGF-� signaling. Our studies suggest a new
paradigm for amplification of Smad-mediated signaling by an oncoprotein and suggest that enhanced
Smad-mediated signaling may contribute to HBV-associated liver fibrosis.
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Hepatitis B is an important public health issue with an-
nual prevalence rate of 1 million cases in the United
States and 200,000 to 300,000 cases in Europe. It has
been estimated that over 2 billion individuals alive today
have been infected with hepatitis B virus (HBV) at some
point in their lives. In addition, approximately 350 mil-
lion people are chronic carriers of HBV. HBV causes
acute and chronic liver cell injury and inflammation and
is strongly associated with liver cirrhosis and hepatocel-
lular carcinoma (HCC; Lau and Wright 2000). To develop
effective therapeutic options for HBV, the precise
mechanism underlying the HBV-induced liver injury
must be elucidated.

The 16.5-kD X protein, pX, encoded by HBV, is ex-
pressed during viral infection and has been implicated in
HBV-mediated hepatocarcinogenesis (Chisarin et al.

1989; Kim et al. 1991). In addition to its role in the viral
life cycle, pX plays an important role during cellular
transcription, cell growth, and apoptotic cell death (Wu
et al. 1990). pX stimulates transcription of the HBV en-
hancer through an element termed E and activates tran-
scription of various promoters of other viral and cellular
genes through distinct DNA cis-acting elements, such as
those binding NF-�B, CREB/ATF, p53, AP1, AP2, and
Egr-1 (Seto et al. 1990; Maguire et al. 1991; Wang et al.
1994; Yoo et al. 1996). pX also interacts with several
preinitiation complex (PIC) components, including the
RNA Pol II enzyme (Haviv et al. 1996), TATA-binding
protein (TBP; Qadri et al. 1995), transcription factor IIH
(TFIIH; Qadri et al. 1995; Haviv et al. 1996), and TFIIB
(Lin et al. 1997; Haviv et al. 1998). It has been proposed
that the activation of promoters requires that pX inter-
acts with both the basal transcription complex and up-
stream activators (Haviv et al. 1996).

Cytokines affect many cellular functions in the liver.
In liver disease, cytokines are involved in liver regenera-
tion and in the fibrotic and cirrhotic transformation of
the liver after chronic chemical injury or viral infection.
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One of these cytokines, TGF-�, shown to be important
in the regulation of the production, degradation, and ac-
cumulation of extracellular matrix proteins (Robert and
Sporn 1990; Massague and Chen 2000), appears to have a
major regulatory role in hepatic fibrosis and cirrhosis as
shown in animal models and human hepatic injury (Cas-
tilla et al. 1991; Bedossa et al. 1995; Sanderson et al.
1995). Recent studies have identified novel Smad pro-
teins as signal transducers for members of the TGF-�
superfamily. On ligand stimulation, receptor-regulated
Smads (R-Smads) are phosphorylated by the type I recep-
tor serine/threonine kinase; form complexes with the
common mediator, Smad4; and translocate into the
nucleus, where they activate transcription of target
genes. Whereas R-Smads are restricted to pathways
downstream from particular TGF-� family ligands,
Smad4 plays a pivotal central role in signaling from the
entire set of ligands (Heldin et al. 1997; Massague and
Chen 2000). The association between HBV infection and
primary hepatocellular carcinoma (PHC), and the high
frequency of detection of the pX antigen in liver cells
from patients with chronic hepatitis, cirrhosis, and liver
cancer, suggested that there may be an association be-
tween the expression of pX and TGF-� signaling in the

liver. Based on these observations, we thought that pX
might alter TGF-� signaling.

Transcriptional activation of a TGF-�-responsive gene
by the pX

To examine the role of pX in TGF-�-induced transcrip-
tional activation, we cotransfected HepG2 cells with a
pX expression construct and with either the TGF-�-re-
sponsive 3TP-lux reporter construct, p800-Luc, a frag-
ment of the PAI-1 promoter (Dennier et al. 1998), or
SBE4-luc, which contains four Smad binding element
(SBE) sites in tandem (Zawel et al. 1998). Introduction of
pX greatly enhanced the TGF-�-dependent activities of
all three of these reporter gene constructs (Fig. 1A–C),
suggesting that pX enhances TGF-�-induced transactiva-
tion. Similar results were obtained in liver stellate cells
and NMUMG human breast cancer cells (data not
shown).

The enhancement of the SBE4-luc reporter activity by
pX suggests that it may directly amplify the transcrip-
tional activation activity of Smad complexes. To deter-
mine the specificity of this interaction, we used two
other Smad-dependent reporter constructs: ARE-lux, re-

Figure 1. pX enhances TGF-�-, activin-, or BMP-2-induced transcriptional activation. pX (1 µg) was cotransfected into HepG2 cells
with 0.5 µg of either 3TP-Lux (A), p800-Luc (B), or SBE4-luc (C). Luciferase activity was measured 24 h after TGF-�1 stimulation. (E)
pX was cotransfected into HepG2 cells with ARE-lux and FAST-1 gene. Cells were stimulated with activin for 24 h, and luciferase
activity was measured. (E) SBE-Jonk (Jonk et al. 1998) was cotransfected into HepG2 cells with pX, cells were treated with BMP-2 for
24 h, and luciferase activity was measured. (F) pX was cotransfected into MDA-MB 468 cells with SBE4-luc with or without Smad4
expression vector. (G) HepG2 cells were cotransfected with pG5E1B with or without 0.5 µg of GST-pX, as indicated along with Gal4
fusion proteins of p65 and PU.1. Cells were incubated in the presence or absence or TGF-�1 (5 ng/mL), and luciferase activity was
measured. Data shown are means of triplicate measurements from one representative transfection.

Lee et al.

456 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on July 8, 2012 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


sponsive to activin (Chen et al. 1997), another tandemly
repeated SBE reporter, and SBE-lux, derived from the Jun
B promoter and responsive to BMPs (Jonk et al. 1998). As
with TGF-�1, introduction of pX enhanced both activin-
and BMP-2-mediated activity (Fig. 1D,E), suggesting that
pX may regulate the activity of a signaling component
common to each of these pathways. Smad4 is a candidate
for such a molecule, as it functions as a common media-
tor, or co-Smad, interacting with receptor-activated
Smad downstream from TGF-�, activin, and BMP recep-
tor complexes (Heldin et al. 1997; Massague and Chen
2000). As expected, pX failed to enhance the SBE4-luc
activity experiment in the Smad4 null MDA-MB 468 hu-
man breast cancer cell line (Schutte et al. 1996). This
result confirmed that enhancement of TGF-�-responsive
SBE4-luc reporter activity by pX is dependent on Smad4
(Fig. 1F). Consistent with the ability of pX to enhance
basal transcription, we also observed a slight induction
of the basal, uninduced transcription level of TGF-�-re-
sponsive reporters (Fig. 1). To show that pX has specific
effect on Smad-mediated transcription, independent of
its effects on the basal transcription factors, we exam-
ined the effect of pX on non-TGF-� responsive transcrip-
tion factors, which depend on CBP/p300 as coactivator.
PU.1 interacts with CBP (Yamamoto et al. 1999), and

p300 interacts with the p65 subunit of NF-�B (Perkins et
al. 1997). In contrast to the strong transcriptional acti-
vation of Smad-dependent reporters by pX or by TGF-�,
the transcriptional activity of Gal4-PU.1 and the C-ter-
minal transcriptional activation domain of the p65 sub-
unit of NF-kB linked to the Gal4 DNA-binding domain
were not modulated by TGF-�1 treatment or pX (Fig.
1G).

HBX interacts with Smads

To examine the possibility that pX interacts directly
with Smad proteins, we performed GST pull-down as-
says using HepG2 cells transfected with pX in a mam-
malian GST fusion vector along with Flag-tagged Smad
expression constructs. Although there was a strong, li-
gand independent interaction between pX and Smad4
(Fig. 2A), pX formed complexes with Smad1, Smad2, or
Smad3 only following ligand activation (Fig. 2B–D). To
examine the possibility that pX may interact directly
with Smad1, Smad2, and Smad3 on ligand stimulation,
we performed GST pull-down assays using Smad4-defi-
cient cell lines: MDA-MB-468 human breast cancer cell
line and SW-480 human colon cancer cell line (Zhang et
al. 1996) transfected with GST-pX and flag-Smad3, and

Figure 2. pX interacts with the Smad4. GST-pX was transfected into HepG2 cells with the Flag-tagged Smad1, Smad2, and Smad3 and
Myc-tagged Smad4 constructs. Cells were treated with either BMP-2 (B) or TGF-�1 (A,C,D) for 1 h. Cell extracts were subjected to GST
pull-down assay using glutathione-Sepharose beads followed by immunoblotting with anti-Flag or anti-Myc antibody. Expression of
GST, GST-pX, and Smads was monitored as indicated. The interaction between Smads and pX was examined by GST pull-down assay
in vitro. Bacterially expressed GST-pX and GST alone were incubated with [35S]methionine-labeled Smad proteins (E). Twenty-five
percent of [35S]methionine-labeled Smad proteins used for the assay were applied as controls (Input).
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treated with TGF-�. No significant association of Smad3
with pX was detected in MDA-MB-468 and SW-480 cells,
although after long exposure we could detect a faint band
in SW-480 cells (data not shown). This minimal associa-
tion may represent a low affinity of the Smad3 for pX
that is only observable following ligand stimulation and
the subsequent conformational changes. The interaction
between Smad proteins and pX was also studied by GST
pull-down assays in vitro using 35S-labeled Smad1,
Smad2, Smad3, and Smad4 proteins. Only pX interacted
with 35S-labeled Smad4 (Fig. 2E).

HBX interacts with the Smad4 through the N-terminal
domain

We next mapped the domain of pX responsible for inter-
action with Smad4 in vivo. Testing of pX deletion mu-
tants in both binding and transcription assays showed
that the full-length pX bound Smad4 (Fig. 3B), but that
deletion of pX residues 1–72 abrogated both the direct
interaction with Smad4 as well as the enhancement of
TGF-�-induced transactivation of 3TP-lux (Fig. 3C). In
contrast, deletion of only the first 51 or last 11 amino
acids of pX did not inhibit its interaction with Smad4

and only slightly reduced transcriptional activation.
These results suggest that the region of pX between resi-
dues 73 and 143 is required for interaction with Smad4
and transcriptional activation (Fig. 3C).

HBX interacts with the MH1 domain of Smad4

Similar GST pull-down assays were performed using
GST-tagged pX along with various Flag-tagged Smad4 ex-
pression constructs to determine the domain of Smad4
interacting with pX. GST-pX was found to associate with
the full-length and the N-terminal MH1 domain of
Smad4, but not with the C-terminal MH2 or middle
linker domains of this molecule (Fig. 3E), showing that
the MH1 domain contained the pX interaction domain.

Induction of expression of the endogenous
plasminogen activator inhibitor-1 (PAI-1)
in NIH-3T3 cells stably expressing pX

One of the critical cellular activities of TGF-� is the
transcriptional activation of matrix genes, including col-
lagen, fibronectin, and plasminogen activation inhibitor-

Figure 3. Mapping of domains which
Smad4 interacts with the pX. (A) Sche-
matic drawings of pX truncation mu-
tants. (B) Binding of the pX mutants to
Smad4. Myc-Smad4 was cotransfected
with GST-pX and its mutants. Associa-
tion of Smad4 with various pX proteins
was analyzed by blotting the GST pull-
down proteins with anti-Myc antibody.
(C) HepG2 cells were transfected with
3TP-lux and various pX mutants. After
transfection, cells were stimulated with
5 ng/mL TGF-�1 for 24 h, and luciferase
activity was measured. (D) Schematic
drawings of Smad4 deletion constructs.
(E) Myc-tagged full-length or Flag-tagged
truncated Smad4 proteins were cotrans-
fected into HepG2 cells together with
GST-pX and isolated by GST pull-down
assay with glutathione-Sepharose beads.
The Smad4-bound pX was detected by
protein immunoblotting with an anti-
Flag or anti-Myc monoclonal antibody
(top). Cell lysates were blotted with
anti-Flag or anti-Myc to control for Myc-
Smad4 and Flag-Smad4-deletion mu-
tants (middle). The expression of GST-
pX protein in the lysates was detected
using anti-GST antibody (bottom).
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1. Because pX activates TGF-�-induced transcriptional
activation, we speculated that stable overexpression of
pX in cells may augment the ability of these cells to
induce expression of endogenous matrix genes in re-
sponse to TGF-� and that this could be the molecular
basis for the hepatic fibrosis associated with HBV infec-
tion. To test this hypothesis, we generated NIH3T3 cells
stably expressing pX (Fig. 4A). The activation of the 3TP-
Lux reporter in response to TGF-� was much greater in
pX-expressing NIH-3T3 cells compared with control
cells (Fig. 4B). We also confirmed that Smad4 interacted
with pX in these cells by immunoprecipitation with
Smad4 antibody and subsequent immunoblotting with
anti-pX antibody (Fig. 4C). Although basal expression of
PAI-1 mRNA was slightly higher in NIH-3T3-pX cells
than in control NIH-3T3 cells, TGF-�-induced activa-

tion of PAI-1 mRNA expression was markedly enhanced
in NIH-3T3-pX cells (Fig. 4D). The level of PAI-1 mRNA
induced by either activin or BMP was also higher in pX
expressing NIH-3T3 cells than in the control cells. Simi-
lar results were obtained with FAO rat hepatoma cells
expressing pX (data not shown). These results suggest
that pX can activate TGF-�-, activin-, or BMP-induced
transcription in vivo.

HBX enhances nuclear localization of Smads

To determine whether pX might affect the subcellular
localization of Smad4, we performed confocal micro-
scopic analysis using anti-pX, anti-Smad4, and anti-
Smad3 antibodies in NIH3T3 and NIH3T3-pX cells. In
NIH3T3 cells, the TGF-�-induced nuclear accumulation

Figure 4. pX enhances PAI-1 mRNA expression induced by TGF �1, activin, and BMP-2. (A) Northern blot analysis of HBV-X mRNA
in NIH3T3 cells and NIH3T3-pX stable cells. Total RNA was isolated from these cell lines and analyzed by Northern analysis using
32P-labeled HBV-X probe. (B) NIH3T3 cells expressing the HBV-X gene were transfected with a 3TP-lux and then cells were incubated
in the presence (closed square) or absence (open square) of TGF-�1 (5 ng/mL). (C) Endogenous Smad4 was isolated by immunopre-
cipitation using Smad4 antibody, and the Smad4-bound pX was detected protein immunoblotting with an anti-pX monoclonal
antibody. Cell lysates were blotted with either anti-pX or anti-Smad4 antibody for expression of pX and endogenous Smad4. (D) pX
influences on the expression of PAI-1 gene induced by TGF-�1, activin, or BMP-2. Cells were treated with TGF-�1, activin, or BMP
for 3 h, and then total RNA was isolated from these cell lines and analyzed by Northern blot analysis using 32P-labeled PAI-1 probe.

HBX amplifies Smad-mediated TGF-� signaling
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of endogenous Smad4 peaked at 1 h of TGF-� treatment
and was maintained even at 2 h after TGF-� treatment
(Fig. 5A,b and C). In NIH3T3-pX cells, pX is found in
both nuclear and cytoplasmic compartments, with a
roughly equal distribution. Considerable variability to
this distribution was observed; however, and Fig. 5
shows a cell showing predominantly a nuclear localiza-
tion (Fig. 5B,b). In the NIH3T3-pX cells, most Smad4 also
localized to the nucleus even without TGF-� treatment

(Fig. 5B,C), suggesting that pX may facilitate the nuclear
translocation of Smad4 protein both in the presence and
absence of TGF-� signaling. Comparison of the subcel-
lular distribution of endogenous Smad 4 and pX by con-
focal microscopy revealed extensive overlap in NIH3T3-
pX cells (Fig. 5B,d). After TGF-� treatment, Smad 3 trans-
locates to the nucleus both in NIH3T3 and NIH3T3-pX
cells (Fig. 5D,E). However, more Smad3 was translocated
into the nucleus in the presence of pX (Fig. 5E). This

Figure 5. Localization of the endogenous Smad and pX in NIH3T3 and NIH3T3-pX cells. (A) NIH3T3 cells were cultured for 2 h in
the presence (b) or absence (a) of 5 ng/ mL TGF-�1. The cells were incubated with rabbit anti-Smad4 antibody. TRITC-conjugated (red)
anti-rabbit IgG was used as secondary antibody. Localization is shown by the red signal. (B) NIH3T3-pX cells were cultured in the
absence of TGF-�. The cells were incubated with rabbit anti-Smad4 antibody (a) and mouse anti-pX monoclonal antibody (b).
TRITC-conjugated (red) anti-rabbit IgG (a) and FITC-conjugated (green) anti-mouse IgG (b) were used as secondary antibodies. Nuclei
were visualized with DAPI (c). Colocalization is shown by the yellow signal, generated by the overlay of the red and green signal (d).
(C) The percentage of NIH3T3-pX cells showing nuclear staining of Smad4 in the absence of TGF-�. (D) NIH3T3-pX cells were cultured
for 2 h in the presence (c) or absence (a) of 5 ng/mL TGF-�1 and incubated with rabbit anti-Smad3 antibody. TRITC-conjugated (red)
anti-rabbit IgG was used as secondary antibody. Localization is shown by the red signal. Nuclei were visualized with DAPI (b,d). (E)
The percentage of NIH3T3 and NIH3T3-pX cells showing nuclear staining of Smad3 in the presence or absence of 5 ng/mL TGF-�.
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enhancement of Smad-nuclear translocation by pX may
contributes in part to effect of pX on basal transcription
of Smad-dependent reporters.

pX stabilizes the association of Smad proteins
with TFIIB

The transcriptional coactivators, CBP/p300, have been
shown to interact with the Smads in the nucleus and to
be required for their transcriptional activating activity
(Feng et al. 1998). pX has been shown to bind to TFIIB
and to target TFIIB in transcriptional activation, and the
domain of pX implicated in this activity overlaps with

that we have shown to be essential for Smad4 interaction
and transcriptional activating activity (Fig. 3; Haviv et al.
1998). Therefore, we postulated that pX might stabilize
the complex between TFIIB and Smads, thereby enhanc-
ing Smad-mediated transcription. To test this possibil-
ity, we examined whether TFIIB, p300, and Smads can be
found in pX complexes using pull-down assays coupled
with immunoblotting in HepG2 cells. As shown in Fig-
ure 6A, lysates of cells pulled down with glutathione-
Sepharose beads and subjected to Western blotting using
antibodies against either the HA-, Flag-, or Myc-epitope
tags showed that TFIIB, Smad3, and Smad4 were each
found in pX complexes. These data also suggest that the

Figure 6. pX interacts with both Smads and TFIIB. (A) HA-TFIIB was cotransfected with Flag-Smad3 or Myc-Smad4 either alone or
together (lanes 4 and 8) or together with GST (lanes 1–4) or GST-pX (lanes 5–8). Whole cell lysates were reacted with glutathione-
Sepharose beads for overnight, washed with lysis buffer containing 200 mM NaCl and 75 mM KCl, and detected by Western blotting
with anti-Flag, anti-myc, or anti-HA antibody. Cell lysates were also blotted with anti-Flag, anti-myc, anti-GST, and anti-HA anti-
bodies for control of Smads, TFIIB, and pX expression. (B) GST-pX or GST was coexpressed with Flag-Smad3 and Myc-Smad4. The cell
lysates of transfected HepG2 cells were subjected to immunoprecipitation with anti-TFIIB antibody followed by immunoblotting with
anti-Flag, anti-Myc, or anti-GST antibody. The upper three panels show the interaction and the lower two panels show the expression
of each protein as indicated. I.p., immunoprecipitation. (C) HepG2 cells were transfected with the indicated combinations of plasmids.
The cell lysates were subjected to GST pull-down assay followed by immunoblotting with antibodies indicated in the figure.
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interaction of pX with TFIIB and Smad4 occurs in a li-
gand-independent manner. To examine whether Smad4
and TFIIB might interact, and whether this interaction is
affected by pX, flag-tagged Smad3 and Myc-tagged Smad4
were transfected into HepG2 cells in the absence or pres-
ence of pX. The level of Smad4 co-precipitated with en-
dogenous TFIIB was much higher in cells cotransfected
with pX (Fig. 6B). Because it is known that Smads inter-
act with p300 directly, we also investigated whether en-
dogenous p300 might also be present in this protein com-
plex. The lysates of cells transfected with Smad3,
Smad4, and GST-pX and pulled down with glutathione-
Sepharose beads contained p300 (Fig. 6C).

Taken together, these data suggest that pX has the
capacity to form quaternary complexes containing pX-
Smads-TFIIB and p300. To determine the functional sig-
nificance of these complexes, we examined the ability of
the adenoviral oncoprotein E1A to suppress the effects of
pX on TGF-�-dependent transcriptional responses. E1A
is known to repress TGF-�-induced, Smad-dependent
transcriptional activation by blocking the interaction of
p300 with the receptor activated Smads (Nishihara et al.
1990). Because our data show that pX can mediate inter-
action of Smad4 with TFIIB, we hypothesized that pX
would be able to bypass E1A-mediated suppression of
Smad-dependent transcriptional activity. Cotransfection
of E1A with the 3TP-lux reporter construct showed that
full-length E1A is able to specifically suppress the TGF-
�-induced reporter activity, whereas introduction of in-
creasing amounts of pX resulted in a recovery in TGF-�-
induced reporter back to the levels observed in the ab-
sence of E1A (Fig. 7A). However, given the continuing
presence and inhibitory activity of the E1A protein in
these cells, the maximal enhancement of reporter activ-
ity observed with pX alone (as shown in Fig. 1A) was no
longer attainable. A deletion construct of E1A, in which
the p300 interaction domain (residues 2–35) has been
removed, was used as a control.

Similar results were obtained with the 4xSBE-lux re-
porter construct (Fig. 7B). This suggests that even though
E1A inhibits the interaction between p300 and the
Smads, pX can overcome this block, presumably by cata-
lyzing and stabilizing the formation of a TFIIB/Smad
complex in the absence of p300, resulting in TGF-�- and
Smad-dependent transcriptional activation.

Discussion

In this study, we have shown that pX can stabilize the
association of the Smad complex with the transcrip-
tional machinery, including TFIIB (Fig. 8). Our data ad-
ditionally suggest that pX facilitates the nuclear translo-
cation of Smad4 protein even in the absence of TGF-�
signaling, and it enhances the nuclear translocation of
Smad1, 2, and 3 on ligand stimulation. Both of these
effects likely contribute to the ability to amplify Smad-
dependent signaling.

It has been shown that Smads cooperate with DNA-
binding partners to regulate transcription of target genes
(Heldin et al. 1997; Derynck et al. 1998; de Caestecker et

al. 2000). Smad2 and/or Smad3 can associate with AP-1,
ATF2, TFE3, PEBP2/CBF, and the vitamin D receptor.
The transcriptional activity of Smads also depends on
interactions with coactivators within the complex. CBP
and p300 proteins are important transcriptional coacti-
vators for Smad activity (Feng et al. 1998; Pouponnot et
al. 1998; Topper et al. 1998). Both R-Smads and Smad4

Figure 7. pX relieves E1A-mediated repression of TGF-�-in-
duced transcription. HepG2 cells were cotransfected with either
0.5 µg 3TP-lux (A) or 0.5 µg SBE4-lux (B), 0.25 µg of either E1A
(�2–36), which deleted the p300 binding domain, or wild-type
E1A, and increased amounts of pX expression construct as in-
dicated. Luciferase activity was measured 24 h after stimulation
with 5 ng/mL TGF-�1.
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can activate transcription by recruiting the coactivators
CBP/p300 and MSG1, respectively (Janknecht et al.
1998; Pouponnot et al. 1998; Shiota et al. 1998; Yahata et
al. 2000).

Alternatively, they can also recruit corepressors, such
as TGIF or Ski family members, which, in turn, bind
histone deacetylases (Akiyoshi et al. 1999; Luo et al.
1999; Sun et al. 1999; Wotton et al. 1999). A Ski-related
protein, SnoN, represses transactivation of Smads by re-
cruitment of the transcriptional corepressor N-CoR
(Stroschein et al. 1999). The activity of Smad3 can also
be blocked by interactions with the nuclear oncopro-
teins, E1A or Evi-1 (Kurokawa et al. 1998; Nishihara et
al. 1999), which inhibit the interaction of Smad3 and
p300. Thus, Smad-interacting proteins can both posi-
tively or negatively regulate transcription of specific
genes in response to TGF-� family signaling. In this
study, we have shown that another Smad-interacting
protein, the viral oncoprotein pX, can function as a tran-
scriptional coactivator for Smad activity by stabilizing
the Smad complex with the general transcriptional ma-
chinery, thereby amplifying the transcriptional activity
of the complex.

pX activates transcription of a vast number of promot-
ers of cellular genes through a distinct DNA cis element
(Seto et al. 1990; Maguire et al. 1991; Yoo et al. 1996). We
have shown that pX enhances transcriptional activity of
the PAI-1 promoter in response to TGF-�. In contrast,
another group has recently reported that the stable over-
expression of pX has no effect on the TGF-�-mediated
induction of the PAI-1 p800-luc reporter in Hep 3B hu-
man hepatoma cell line (Shih et al. 2000). This apparent
discrepancy may be because the Hep 3B cells contain an
integrated HBV genome, whereas NIH3T3 and Hep G2
cells do not carry the HBV genome. Thus, the introduc-
tion of pX may not have the same effect in Hep 3B cells

because of the potential role of HBV genome and the
potential levels of pX already existing in those cells.

pX has been reported to bind p53, TFIIB, and a cellular
protein associated with DNA repair (Wang et al. 1994;
Truant et al. 1995; Haviv et al. 1998). These findings
suggest a possible role of pX in HBV replication, as well
as the potential to disturb growth control and DNA re-
pair in host cells. Malignant transformation has been
observed in some pX-transfected cell lines and in HBV-X
transgenic mice, suggesting that the HBV-X gene plays
an important role in neoplastic transformation of hepato-
cytes in HBV-infected livers (Chisari et al. 1989; Kim et
al. 1991). Recent study showed that the expression of pX
among the three HBV antigens (pX, surface antigen, and
core antigen) examined was preferentially maintained
through the multistage process from foci and nodules of
altered hepatocytes, for which a preneoplastic nature has
been shown, to HCC (Su et al. 1998), suggesting the im-
portant role of the pX in HBV-associated hepatocarcino-
genesis in humans. The strong association of persistent
HBV infection and HCC is intriguing, yet the mecha-
nism of oncogenesis has not been elucidated. The risk of
HCC is increased 10-fold to 390-fold in patients chroni-
cally infected with HBV. Cirrhosis of the liver is present
in more than 90% of HBV-related HCC, and the chronic
inflammation and cellular proliferation and regeneration
associated with cirrhosis may lead to a predisposition to
cellular transformation and frank malignancy. An alter-
native and intriguing possibility is that pX may be aug-
menting specific oncogenic activities of TGF-� such as
may result from synergistic interaction between Smad
and MAPK signaling pathways, including activation of
AP1 sites, important in invasion and metastases, as well
as the transduction of signals mediating autoinduction
of TGF-�, itself associated with malignant transforma-
tion (de Caestecker et al. 1998).

TGF-� is an important cytokine in the pathophysiol-
ogy of liver fibrosis, stimulating the production of extra-
cellular matrix (Robert and Sporn 1990). In a number of
epithelia, repeated or prolonged injury leads to progres-
sive fibrosis and subsequent development of excessive,
unwanted scarring. The late stage of this process in the
liver is termed cirrhosis. TGF-� appears to have a major
regulatory role in this process (Castilla et al. 1991; Nagi
et al. 1991; Bedossa et al. 1995; Sanderson et al. 1995;
Yoo et al. 1996; De Bleser et al. 1997; Qi et al. 1999). In
hepatic fibrosis, the hepatic extracellular matrix pro-
teins, including collagens, glycoproteins, and glu-
cosaminoglycans, are markedly increased. In both ex-
perimental models of hepatic fibrosis and in patients
with liver cirrhosis, increased expression of type I colla-
gen genes is detected (Castilla et al. 1991; Nagi et al.
1991). Transgenic mice overexpressing TGF-�1 are char-
acterized by fibrosis in many organs, including the liver
(Sanderson et al. 1995). The TGF-�s also stimulate type
I collagen gene expression in primary cultures of hepa-
tocytes, Ito cells, and fibroblasts. Castilla et al. (1991)
have shown that the level of TGF-�1 mRNA in liver
biopsy specimens correlated positively with hepatic fi-
brosis in a large group of patients with chronic viral

Figure 8. pX stabilizes Smads complex with transcription ma-
chinery. CBP/p300 can act as a coactivator of Smad2 and Smad3
through direct association. pX can stabilize the heteromeric
Smad complex with the transcription machinery and enhances
transcription mediated by the TGF-� family signaling.
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hepatitis, suggesting that TGF-�1 may play a role in the
pathogenesis of hepatic fibrosis.

Our data now suggest new insights into the mecha-
nisms of disease pathogenesis resulting from HBV infec-
tion. Our data suggest that pX, which is present in HBV-
infected liver cells including hepatocytes and Kupffer
cells, binds to Smad4 and enhances its transcriptional
activating activity, including, especially, its activation of
genes involved in extracellular matrix production and,
possibly, also expression of the TGF-�1 gene, which we
previously showed to be enhanced by pX (Yoo et al.
1991). pX-dependent increases in TGF-�1 levels may fur-
ther activate liver cells in an autocrine or paracrine man-
ner, increasing extracellular matrix production and lead-
ing eventually to fibrosis and cirrhosis. A recent report
suggests that activin is also involved in liver fibrosis and
cirrhosis, because activin is overexpressed in rat cir-
rhotic and fibrotic livers (Sugiyama et al. 1998). Our re-
sults suggest that pX can amplify signaling not only by
TGF-�, but also by activin and BMP, and that this, in
turn, may contribute to hepatic fibrosis associated with
the hepatitis B virus.

Materials and methods

Constructs

Flag-tagged Smad 4 deletion constructs and GST-pX deletion
constructs were generated by polymerase chain reaction (PCR)
using a proofreading polymerase and subcloned into pcDNA3
(L-MH2 and MH2 domains of Smad4), EF-Flag (MH1 and L-MH1
domains of Smad4), or mammalian GST fusion vectors. All
PCR-generated products were sequenced using the dideoxy-
nucleotide method.

Generation of NIH-3T3 cell lines expressing pX

The HBV-X of hepatitis B virus was PCR amplified, restriction
digested, and purified to be subcloned into the MFG vector
(Chang et al. 1997). An IRES-NEO cassette was also subcloned
into the constructs to obtain the stable transfectants. The con-
trol vector, MFG-CAT, was described previously (Ohashi et al.
1992).

Northern blot analysis

Total RNA was isolated using TRIZOL reagent (GIBCO BRL),
and 10 µg of each sample was separated on 1% agarose 0.66 M
formaldehyde gels, transferred onto Zeta-Probe (Bio-Rad) in 10×
SSC for 4 h, and covalently bound using a ultraviolet Stra-
talinker (Stratagene). Northern blots were hybridized using ra-
diolabeled PAI-1, HBV-X, or �-actin cDNA probes.

Cell culture, transfection, and reporter assays

Cell lines were maintained in DMEM or MEM supplemented
with 10% fetal bovine serum. HepG2, MDA-MB-468, SW-480,
NIH-3T3, and NIH-3T3-pX stable cells were transfected with
3TP-Lux (Wrana et al. 1992), 4xSBE-luc (Zawel et al. 1998),
ARE-Luc (Chen et al. 1997), or BMP-responsive SBE-lux (Jonk et
al. 1998) with or without pX expression construct (1 µg) in six-
well plates using Lipofectin (Life Technology) according to the
manufacturer’s instructions. After transfection, cells were

treated with 5 ng/mL TGF-�1 for 24 h in media. All assays were
performed in triplicate, and represented as mean (± S.E.) of three
independent transfections.

Western blots, GST pull-down assay,
and immunoprecipitation

HepG2 cells were transiently transfected with the indicated
plasmids. After 24 h, cells were switched to 0.2% serum over-
night and induced 5 ng/mL TGF-�1 for 1 h, and then whole cell
extracts were prepared as described (Haviv et al. 1998). Extracts
were separated by SDS-PAGE followed by electrotransfer to ni-
trocellulose membranes and probed with polyclonal or mono-
clonal antisera followed by horseradish peroxidase-conjugated
anti-rabbit, anti-mouse, and anti-goat IgG, respectively, and vi-
sualized by chemiluminescence according to the manufactur-
er’s instructions (Pierce). GST pull-down assay was performed
by incubation GST bead (Pharmacia), with each extract for over-
night. After washing GST beads four times with the buffer con-
taining 200 mM NaCl and 75 mM KCl, Western blots were
performed. Immunoprecipitation were performed by incubation
with anti-HA (Santa Cruz) for 1 h. After immunoprecipitates
were washed four times with the buffer containing 200 mM
NaCl and 75 mM KCl, Western blots were prepared.

Immunofluorescence

NIH3T3 and NIH3T3-pX cells were cultured in the presence or
absence of 5 ng/mL TGF-�1 for 2 h. Endogenous Smad 3/4 pro-
teins or pX protein were detected by incubating with anti-rabbit
Smad3/4 antibodies or pX mouse monoclonal antibodies over-
night at room temperature, followed by incubation with goat
anti-mouse FITC or TRITC-conjugated goat anti-rabbit second-
ary antibody for 1 h at room temperature. The cells were
mounted with medium containing DAPI (Vectashield, Vector
Labs). Cells were visualized by use of a fluorescence micro-
scope.
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