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Hepatitis B virus (HBV) X protein (pX) is implicated in hepa-
tocellular carcinoma (HCC)pathogenesis by anunknownmech-
anism.Deletions ormutations of genes involved in the p53path-
way are often associated with HBV-mediated HCC, indicating
rescue from p53 apoptosis is a likely mechanism in HBV-HCC
pathogenesis. Herein, we determined the mechanism by which
pX sensitizes hepatocytes to p53-mediated apoptosis. Although
it is well established that the Rb/E2F/ARF pathway stabilizes
p53, and theDNAdamage-activatedATM/ATRkinases activate
p53, the mechanism that coordinates these two pathways has
not beendetermined.Wedemonstrate that the p38MAPKpath-
way activated by pX serves this role in p53 apoptosis. Specifi-
cally, the activated p38MAPK pathway stabilizes p53 via E2F1-
mediated ARF expression, and also activates the transcriptional
function of p53 by activating ATR. Knockdown of p53, E2F1,
ATR, or p38MAPK� abrogates pX-mediated apoptosis, demon-
strating that E2F1, ATR, and p38MAPK� are all essential in p53
apoptosis in response to pX. Specifically, in response to pX
expression, the p38MAPK pathway activates Cdk4 and Cdk2,
leading tophosphorylationofRb, release of E2F1, and transcrip-
tion ofARF.The p38MAPKpathway also activatesATR, leading
to phosphorylationof p53onSer-18 andSer-23, transcriptionof
pro-apoptotic genes Bax, Fas, and Noxa, and apoptosis. In con-
clusion, pX sensitizes hepatocytes to p53 apoptosis via activa-
tion of the p38MAPK pathway, which couples p53 stabilization
and p53 activation, by E2F1 induction and ATR activation,
respectively.

p53 protects the integrity of the genome in response to stress
signals including hypoxia, metabolic stress, DNA damage, and
expression of cellular and viral oncoproteins by inducing
growth arrest, senescence, or apoptosis (1–3). p53 stabilization
by overexpression of cellular or viral oncoproteins is well estab-
lished, involving E2F1-mediated ARF expression (3–5). Acti-
vated p53 exhibits increased half-life after dissociation from
Mdm2 (6). This p53 stabilization step involves Rb phosphoryl-

ation, E2F1 release, and induction ofArf gene transcription (7).
ARF sequesters Mdm2 from interaction with p53, decreasing
p53 degradation thereby enhancing p53 stability (8). In
response to stress, p53 becomes heavily phosphorylated (2),
inhibiting Mdm2 binding and p53 degradation (6). Transcrip-
tional activation of p53 involves multisite modifications,
including phosphorylation and acetylation (2, 9). ATM and
ATR kinases phosphorylate Ser-15 and Ser-20 of p53 following
DNA damage (10, 11). However, despite the plethora of studies
dealing with p53 stabilization and p53 transcriptional activa-
tion, how these two pathways become simultaneously activated
to affect p53 apoptosis remains to be determined.
Deletions or mutations of p53 (12) as well as disruption of

p53 activation mechanisms, such as loss of Rb, Arf, or amplifi-
cation of genes that inactivate the cellular stress pathways (13)
are linked to cancer (14), including Hepatitis B virus (HBV)2-
mediated hepatocellular carcinoma (HCC) (15). 50% of HCCs
are caused by chronic HBV infection (16). The World Health
Organization reports 400 million people are chronically
infected with HBV, placing them at a greatly increased risk for
HCC development. The 16.5-kDa X protein (pX) encoded by
HBV is required for the viral life cycle and is implicated in HCC
pathogenesis (17). pX is multifunctional, inducing activation of
the mitogenic Ras-Raf-MAPK, JNK, and p38MAPK pathways
(18), and transcription of select viral and cellular genes (17).
The consequence of these pX activities is deregulation of cellu-
lar gene expression resulting in unscheduled cell cycle progres-
sion (19, 20), apoptosis (21), and transformation of differenti-
ated hepatocytes (22). Genes transcriptionally induced by pX
and linked to deregulated cell growth and apoptosis include the
cyclins (23), TNF�/TNFRI, Fas/FasL, and p53-responsive
genes (21). Importantly, expression of pX is preferentially
maintained in HCC (24), although themechanism by which pX
contributes to HCC development remains to be determined.
HBV-mediated HCC often exhibit genetic alterations in the
tumor suppressor genes p53, Rb, and Arf (15), indicating that
rescue from p53 apoptosis is a likely mechanism of HBV-medi-
atedHCC (25). However, themechanism bywhich pX activates
p53 has not been determined.
In this study, we investigate themechanism of p53 activation

by pX, employing the well-characterized 4pX-1 cell line (21–
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23); 4pX-1 cells conditionally express pX via the tet-off system.
The significance of this cellular model is that pX expression is
very low, resembling expression levels occurring in natural
HBV infection (22). In our earlier studies we have shown that
pX sensitizes 4pX-1 cells to apoptosis only when challenged by
additional sub-apoptotic signals such as growth factor depriva-
tion, by activating the p38MAPKpathway (21). Importantly, we
have shown that pX expression induces sustained activation of
the p38MAPK pathway within 6 h following serum withdrawal
(21). By contrast, in the absence of pX expression, serum with-
drawal induces the p38MAPK pathway later, at 24 h. Thus, the
effect of pX on the activation of the p38MAPK pathway pre-
cedes the effect of serum withdrawal. Moreover, inhibition of
the p38MAPK pathway by SB 202190 inhibits pX-mediated
apoptosis. Accordingly, our earlier studies (21) have clearly
established that the activation of the p38MAPK pathway by pX
is necessary for initiation of pX-mediated apoptosis. The role of
the p38MAPK pathway in pX-mediated apoptosis remains to
be determined.
Herein we demonstrate that the p38MAPK pathway, acti-

vated by pX following growth factor withdrawal, induces
p53 stabilization by E2F1-mediated ARF expression. The
p38MAPK pathway also induces the transcriptional activity of
p53 by activating ATR, leading to phosphorylation of Ser-18
and Ser-23 of murine p53. Knockdown of p53, E2F1, ATR, or
p38MAPK� abrogates pX-mediated apoptosis, identifying the
essential role of the p38MAPK pathway, E2F1, and ATR in p53
apoptosis. We conclude that activation of the p38MAPK path-
way by the weakly oncogenic pX couples the stabilization and
activation of p53, via ARF induction and ATR activation,
respectively, leading to p53-mediated apoptosis.

EXPERIMENTAL PROCEDURES

Cell Culture—The4pX-1 cell line, derived fromAML12 cells,
was propagated as described (22) in medium containing 5
�g/ml tetracycline to turn-off pX expression. Apoptotic condi-
tions are as described (21). Briefly, confluent 4pX-1 cells were
treated � 5 �g/ml tetracycline for 24 h in medium containing
10% fetal calf serum; apoptosis was initiated by switching cul-
tures to 2% fetal calf serum � 5 �g/ml tetracycline. Concentra-
tions of inhibitors were: SB202190 (CalBiochem), 5 �M;
SP600125 (Tocris), 5 �M; PFT-� (BioMoL), 10 �M; caffeine, 8
mM; cycloheximide, 10 �M.
Transient Transfections—Transient transfections of lucifer-

ase reporters were performed using FuGENE 6 (21). DNA was
added to apoptotic 4pX-1 cultures 8 h prior to serum with-
drawal; cells were harvested after 24 h. Assays were performed
in triplicate and quantified per �g of protein extract. NF�B-
Luc, NFAT-Luc, p53-Luc were purchased from Stratagene. Fas
(�1.7 kb)-Luc was kindly provided by Dr. Owens-Schaub.
Construction of Clonal 4pX-1-p53kd, 4pX-1-E2F1kd, 4pX-1-

ATRkd, and p38MAPKkd Cell Lines—4pX-1 cells were trans-
fected with pSilencer CMV-Puro (Ambion) containing the p53
sequence forming a short hairpin (26), or the E2F1 and ATR
sequences listed below. The p38MAPK�-shRNA vector was
purchased from Open Biosystems. Clonal stable cell lines
were isolated by puromycin (1.0 �g/ml) selection and
screened by Western blot assays employing antibodies for

p53, E2F1, ATR and p38MAPK�. Clonal stable cell lines
exhibiting the highest level of knockdown were selected for
further analyses. Clonal stable cell lines isolated from the
same cultures exhibiting absence of knockdown referred to
as pseudo-knockdown cell lines (pseudokd), serve as the
negative control: E2F1shRNA: 5�-GATCCACGGAGGCTG-
GATCTGGAGTTCAAGAGACTCCAGATCCAGCCTCC-
GTTTTTTTGGAAT-3�; ATRshRNA: 5�-GATCCTC-
TACATCATCTTTGTAAGTTCAAGAGACTTACAAAG-
ATGATGTAGATTT-3�.
Real-time Quantitative PCR—Real-time quantitative PCR

was performed as described (23), employing 18 S RNA as
internal control. Primers used were: ARF: Fwd, 5�-ATAGC-
TTCAGCTCAAGCACG-3� and Rev, 5�-AAGCCACATGC-
TAGACACG-3�; ASPP2: Fwd, 5�-GGAGATCGAGCAGAT-
GAATAGC-3� and Rev, 5�-ATCCTGCCGTTCTTCAGC-
3�; CHK2: Fwd, 5�-AACCTGAAGAACCTGGTCC-3� and
Rev, 5�-TCGAAGCAATATTCACAGC-3�; pX: Fwd, 5�-TCC-
CAGCAATGTCAACGACC-3� and Rev, 5�-CCAATTTATG-
CCTACAGCCTCC-3�. DNA fragmentation assays were per-
formed as described (21). In vitro Cdk4 kinase assays were
performed as described (23).
Western Blot Analyses—Western blot analyses were per-

formed employing whole cell extracts (WCE) isolated from
apoptotic cultures (107 cells), grown �5 �g/ml tetracycline,
and harvested in 200�l of 1� SDS loading buffer.Western blot
analyses were performed using Amersham Biosciences ECL
reagent. Antibodies used were purchased from: p53 (Vector);
phospho-Ser18-p53, phospho-Ser23-p53, and phospho-
Ser389-p53, Rb, phospho-Ser800/804-Rb, active caspase3,
phospho-ATR, Cdk2, and phospho-Y15-Cdc2 (Cell Signaling);
ATM, phospho-Ser1987-ATM (Calbiochem); ATR (Abcam);
E2F1 (Activemotif); ARF (Novus).
Chromatin Immunoprecipitation (ChIP) Assays—ChIP was

performed as described (27, 28) employing 3 �g of ChIP-vali-
dated E2F1 (Activemotif) antibody. Immunoprecipitated DNA
was quantified by real-time PCR or following PCR amplification
by agarose gel electrophoresis. Sequences of the forward and
reverse primers flanking the functional E2F1 binding sites of the
Arf,Chk2, andASPP2 promoters are: ARF: Fwd, 5�-GCGGCGC-
TGGCTGTCACCGCG-3� and Rev, 5�-CCTCAGCGGCGGC-
CTCACCG-3�; ASPP2: Fwd, 5�-ACATCAGGCATGTATGA-
CATT-3� and Rev, 5�-CTGCTGAACTGGAAACCCCA-3�;
Chk2: Fwd, 5�-TAGGTAGCAAGACCCGAGGG-3� and Rev,
5�-CCTTCCTCCCCGGCAGGACC-3�.

RESULTS

pX expression Induces p53-mediated Apoptosis—TheHBVX
protein sensitizes the 4pX-1 hepatocyte cell line to apoptosis
after growth factorwithdrawal by inducing sustained activation
of the p38MAPK pathway (21). Specifically, 4pX-1 cultures
expressing pX via the Tet-off expression system (22), exhibit
sustained activation of the p38MAPK pathway within 6 h fol-
lowing growth factor withdrawal. By contrast, in the absence of
pX expression, serum withdrawal induces the p38MAPK path-
way later at 24 h. Thus, the effect of pX on the activation of the
p38MAPK pathway precedes the effect of serum withdrawal.
Moreover, inhibition of the p38MAPK pathway by SB 202190
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inhibits pX-mediated apoptosis. Thus, our earlier studies (21)
established that the activation of the p38MAPK pathway by pX
is necessary for initiation of pX-mediated apoptosis. Moreover,
the pX-mediated activation of the p38MAPK pathway induces
expression of TNFRI/TNF-�, Fas/FasL, and p53-regulated
genes Fas, Bax, and Noxa (21). Expression of pro-apoptotic
p53-regulated genes in response to pX suggested the involve-
ment of p53 in pX-mediated apoptosis, in agreement with ear-
lier observations (30). The mechanism by which pX stabilizes
and activates pro-apoptotic p53 transcription is unknown.
To obtain initial indications whether pX activates p53 tran-

scription, the p53-responsive luciferase constructs p53-Luc,
pBax-Luc (23), and pFas-Luc (31) were transiently transfected
in apoptotic 4pX-1 cells. All p53-responsive promoters display
induction in response to pX expression (Fig. 1A). Treatment
with 10 �M PFT-�, known to specifically inhibit p53 transcrip-
tional activity (29), inhibits induction by pX from the p53-de-
pendent reporter, without significantly inhibiting NF�B- or
NFAT-driven luciferase expression, suggesting pX activates
p53 (Fig. 1A). To confirm the effect of pXonp53 transcriptional
activation and pX-mediated apoptosis, we examined expres-
sion of the endogenous p53-regulated genes Bax and p21, in a
time course, following incubation of 4pX-1 cells in apoptotic
conditions by growth factor withdrawal (Fig. 1B). pX induces
expression of both p21 and Bax, as early as 3 h following incu-
bation in apoptotic conditions. Importantly, by 12 h pX medi-
ates a 3-fold increase in the expression of pro-apoptotic Bax in
comparison to a 1.6-fold increase in expression of the growth
arrest gene p21, suggesting the involvement of p53 in apoptosis,
in response to pX expression.
To determine whether p53 activation is involved in pX-de-

pendent apoptosis, radioactive DNA fragmentation assays
were performed in apoptotic 4pX-1 cultures, as a function of
PFT-� addition (Fig. 1C). PFT-� profoundly inhibits onset of
apoptosis in response to pX (Fig. 1C). Likewise, PFT-� inhib-
its pX-dependent caspase3 activation and apoptosis, assayed
by the cell-permeable fluorigenic Z-DEVD-FMK caspase3
substrate (Fig. 1D).
To directly demonstrate involvement of p53 in pX-mediated

apoptosis, a 4pX-1 p53 knockdown (kd) cell line was generated,
4pX-1-p53kd, displaying more than 90% silencing of p53. p53-
responsive luciferase plasmids transfected in the 4pX-1-p53kd
cell line do not exhibit pX-dependent induction. Importantly,
this cell line is resistant to apoptosis in response to pX expres-
sion (Fig. 1D), assayed by immunofluorescence microscopy,
using the cell-permeable fluorigenic Z-DEVD-FMK caspase3
substrate (21). Together, these results (Fig. 1) support that pX
activates p53 and induces p53-mediated apoptosis.
p53 Stabilization by pX Requires Activation of the p38MAPK

Pathway—Our earlier studies (21) have linked apoptosis by pX
to activation of the p38MAPK pathway. Because our results
now show that p53 mediates apoptosis in response to pX
expression (Fig. 1), we investigated the link between the
p38MAPK pathway and p53. A p38MAPK� knockdown cell
line (4pX-1-p38MAPK�kd) was constructed, exhibiting �80%
reduction in the endogenous p38MAPK� (Fig. 2A). Employing
the 4pX-1 and 4pX-1-p38MAPK�kd cell lines, we investigated
whether pX stabilizes p53, and if p53 stability is dependent on

activation of the p38MAPK pathway. Confluent, 4pX-1, and
4pX-1-p38MAPK�kd cultures were grown as a function of pX
expression, and apoptosis was initiated by serum withdrawal
(21). Cycloheximide was added 2 h after onset of apoptosis. p53
protein levels were determined by Western blot analyses and
quantified in a time course, following cycloheximide addition
(Fig. 2,B andC). In 4pX-1 cells grown in the absence of pX, 50%
of p53 remains 30 min after cycloheximide addition, reaching
basal levels by 120 min. By contrast, in the presence of pX, 80%
of p53 remains at the 30-min interval, decreasing to 60% by 60
min, and reaching the basal level 180 min after cycloheximide
addition. The half-life of p53 is estimated to be �30 min in
apoptotic 4pX-1 cultures without pX, whereas in the presence
of pX, the p53 half-life is increased to 75 min, demonstrating
that pX stabilizes p53. Interestingly, in 4pX-1-p38MAPK�kd

cells expressing pX, knockdown of the p38MAPK� decreased
the half-life of p53 to 45min, indicating the p38MAPKpathway
plays a role in pX-mediated stabilization of p53. Similar conclu-
sions were derived from pulse-chase studies of p53, employing
in vivometabolic labeling with [35S]methionine, in conjunction
with treatment using the p38MAPK pathway inhibitor
SB202190 (data not shown).
The p38MAPK Pathway Activated by pX Promotes E2F1

Function via Cdk4/Cdk2 Activation—The E2F family of tran-
scription factors is sequestered from function by binding to
unphosphorylated Rb. Activated Cdk4 and Cdk2 phosphoryl-
ate Rb, releasing E2Fs which mediate transcription of either
proliferative S-phase genes, or pro-apoptotic genes such as Arf
(7, 32). To obtain initial indications whether pX induces E2F1
activity, the E2F1-responsive APAF-Luc (33) and CyclA-Luc
(34) reporters were transiently transfected in apoptotic 4pX-1
cultures. pX expression promoted a 3–4-fold luciferase induc-
tion (Fig. 3A), suggesting that pX mediates E2F1 release. Based
on these observations, we determined the phosphorylation sta-
tus of Rb in pX-expressing cells grown in apoptotic conditions.
Enhanced Rb phosphorylation was observed in apoptotic
4pX-1 cultures expressing pX, detected byWestern blot analy-
ses with the phospho-Rb Ser-800/804 antibody (Fig. 3B). Spe-
cifically, in pX-expressing 4pX-1 cells, phosphorylation of Rb
increased by 8-fold starting 0 to 12 h after growth factor with-
drawal. By contrast, in 4pX-1-p38MAPK�kd cells expressing
pX, only a 1.5-fold increase in Rb phosphorylation is observed
(Fig. 3B), supporting that the pX-activated p38MAPK pathway
is required for Rb phosphorylation.
Because Rb phosphorylation is mediated by G1 phase cyclin-

dependent kinases, we examined by in vitro immunocomplex
kinase assays, the level of Cdk4 activation as a function of pX
expression (Fig. 3C). Employing extracts isolated from apopto-
tic 4pX-1 cells, we demonstrate that Cdk4 activation is main-
tained for 12 h following onset of apoptosis in the presence of
pX. Inhibition of the p38MAPK pathway by SB202190 sup-
presses this pX-dependent Cdk4 activation, whereas inhibition
of the JNK pathway by treatment with SP600125 has only a
small effect (Fig. 3C). To further confirm these results, we also
examined the activation state of Cdk2, and its link to the
p38MAPK pathway. A critical step in Cdk2 activation, similar
to Cdc2 activation (35), is dephosphorylation of Tyr-15 (36).
Employing extracts from the 4pX-1 and 4pX-1-p38MAPK�kd
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FIGURE 1. pX expression mediates apoptosis via p53. A, transient transfections of p53-Luc (100 ng), pBax-Luc (100 ng), pFas-Luc (100 ng), pNF�B-Luc (100
ng), and NFAT-Luc (100 ng) plasmids in apoptotic 4pX-1 cells grown as a function of pX expression, with (�) or without (�) PFT-� (10 �M), as indicated. pX
expression is via the Tet-off system, by tetracycline removal (5 �g/ml). Results are expressed as pX-dependent induction, �Tet/�Tet ratio, quantified from
three independent assays performed in triplicate. B, immunoblot of Bax and p21 employing WCE from apoptotic 4pX-1 cultures grown with (�) or without (�)
pX. Actin is the internal control. Quantification is by the Scion software, relative to actin. C, pX-dependent apoptosis, �Tet/�Tet ratio, by PhosphoImager
quantification of three independent radioactive DNA fragmentation assays of apoptotic 4pX-1 cultures (21) grown with (�) or without (�) PFT-�, as indicated.
D, upper left panel, Western blot of p53 using WCE from 4pX-1 and 4pX-1-p53kd cell lines grown with (�) pX in apoptotic conditions for 2 h. Upper right panel,
transient transfections of p53-Luc (100 ng) and pBax-Luc (100 ng) plasmids in 4pX-1-p53kd cells, grown as a function of pX and expressed as the �Tet/�Tet
ratio. Lower left panel, immunofluorescence microscopy using the fluorigenic Z-DEVD-FMK caspase3 substrate (21) and 4pX-1 and 4pX-1-p53kd cells grown in
apoptotic conditions for 24 h with (�) or without (�) pX or PFT-� (10 �M), as indicated. Lower right panel shows flow cytometric quantification of caspase3-
positive cells in 4pX-1 and 4pX-1-p53kd cell lines, using the fluorigenic Z-DEVD-FMK caspase3 substrate (21). Error bars in A, C, and D represent the S.D.
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cell lines, wemonitored byWestern blot analyses the phospho-
rylation state of Tyr-15 of Cdk2 as a function of pX expression
(Fig. 3D). In 4pX-1 cells grown in apoptotic conditions for 12 h,
pX expression results in Tyr-15 dephosphorylation of Cdk2,
indicating pX mediates activation of Cdk2. By contrast, the
inhibitory Tyr-15 phosphorylation is maintained in 4pX-1 cells
not expressing pX, as well as in pX-expressing cells in which
p38MAPK� has been knocked-down (4pX-1-p38MAPK�kd

cells). We interpret these results to mean that pX cannot acti-

vate Cdk2 in the absence of the p38MAPK pathway. We con-
clude activation of the p38MAPK by pX expression mediates
activation of Cdk4 and Cdk2, in turn phosphorylating Rb.
Phosphorylation of Rb results in release of E2F leading to

transcription of E2F-responsive genes. Functional E2F1 bind-
ing sites have been mapped in the promoters of Arf (7), ASPP2
(37), andChk2 genes (38). To determinewhether pX expression
induces the release of E2F1, we examined by ChIP assays the
association of endogenous E2F1 with the promoters of Arf (7),
ASPP2 (37), and Chk2 genes (38). ChIP assays with the E2F1
antibody were performed employing the 4pX-1 cell line and an
E2F-1 4pX-1 knockdown cell line (4pX-1-E2F1kd) displaying
nearly 70% depletion of endogenous E2F1 (Fig. 4A), grown in
apoptotic conditions as a function of pX expression. E2F1 ChIP
assays were analyzed both by quantitative real-time PCR and
agarose gel electrophoresis of the PCR products (Fig. 4B). We
observe increased association of endogenous E2F1 with the
Arf, ASPP2, and Chk2 promoters in the presence of pX in the
4pX-1 cell line, but not in the 4pX-1-E2F1kd cell line (Fig.
4B). In addition, pX-dependent transcriptional induction of
the endogenous Arf, ASPP2, and Chk2 genes, 12 h following
onset of apoptosis, was observed only in 4pX-1 cells, and not
in the 4pX-1-E2F1kd cell line (supplemental Fig. S4B for Fig.
4B). Accordingly, both assays support that pX expression
induces expression of endogenous E2F1-regulated genes
including the ARF gene.
E2F1-induced ARF expression (7) promotes the dissociation

of p53 from Mdm2 and, in turn, the stabilization of p53.
Because E2F1 release is mediated by Rb phosphorylation, and
the p38MAPK pathway via Cdk2/4 activation (Fig. 3, C and D)
phosphorylates Rb (Fig. 3B), we examined the induction of ARF
protein in the 4pX-1, 4pX-1-E2F1kd, and 4pX-1-p38MAPK�kd

cell lines in response to pX expression; cell lysates were pre-
pared in a time course following the onset of apoptosis by serum
withdrawal. In 4pX-1 cells expressing pX, ARF expression is
observed at time 0 h, and maintained for 24 h following the
onset of apoptosis by serumwithdrawal (Fig. 4C), in agreement
with the pX-dependent activation of Cdk4/Cdk2 and phospho-
rylation of Rb (Fig. 3, B–D). In the 4pX-1-E2F1kd cell line used
as our control, pX expression does not induce ARF (Fig. 4C).
Importantly, in the 4pX-1-p38MAPK�kd cell line, ARF induc-
tion is also not observed in response to pX expression, clearly
demonstrating that activation of the p38MAPK pathway by pX
is necessary for E2F1 release and expression of ARF. pX expres-
sion increased the p53 protein level only in the 4pX-1 cell line,
and not in the 4pX-1-E2F1kd and 4pX-1-p38MAPK�kd cell
lines, which lack pX-mediated ARF expression (Fig. 4D).More-
over, ARF is important for the observed p53 stabilization,
because only in 4pX-1 cells, and not in the 4pX-1-E2F1kd and
4pX-1-p38MAPK�kd cells, p53 co-immunoprecipitates with
ARF (supplemental Fig. S4D for Fig. 4D). Together, these
results link the stabilization of p53 with the activation of the
p38MAPK pathway by pX.
pX Activates ATR via the p38MAPK Pathway Leading to

Activation of p53 Transcription—Our previous studies have
shown that pX induces Ser-18 phosphorylation of p53 within
1 h following onset of apoptosis (21). Ser-18 phosphorylation
participates in p53 stabilization by disrupting interaction with

FIGURE 2. p53 stabilization by pX via the p38MAPK pathway. A, Western
blot of p38MAPK� using WCE from 4pX-1 and 4pX-1-p38MAPK�kd cell lines.
Quantification is by the Scion software, relative to actin. B, confluent 4pX-1
and 4pX-1-p38MAPK�kd cells grown with (�) or without (�) pX, were incu-
bated in 2% fetal calf serum to initiate apoptosis (21). Cycloheximide (10 �M)
was added 2 h after onset of apoptosis, for the indicated time course. WCE
isolated 0 –180 min after treatment with cycloheximide, immunoblotted for
p53. Actin is the internal control. A representative assay is shown from at least
three independent experiments. C, quantification by the Scion software of
p53 immunoblots shown in B, expressed as % p53 remaining versus min of
cycloheximide treatment. Quantification is relative to actin, from at least
three independent experiments. Error bars represent S.D.
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Mdm2 and in promoting p53 nuclear retention (39) and asso-
ciation with CBP (40). Ser-18 phosphorylation of p53 is medi-
ated by ATM/ATR kinases (10, 41).
Accordingly, we investigated whether pX induces activation

of ATR and ATM in apoptotic 4pX-1 cultures. Immunoblot
analyses employing the phosphospecific ATR and ATM anti-
bodies show pX-dependent activation of ATR in the 0–3-h
interval following the onset of apoptosis by serum withdrawal,
without detectable ATM activation (Fig. 5A). In agreement
with the role of ATR-mediated Ser-18 phosphorylation in p53
stability, a 2–3-fold increase in the p53 level is observed within
1–2 h following onset of pX-dependent apoptosis. Importantly,
this increase in p53 stability in the presence of pX, is suppressed

to a basal level following addition of the ATM/ATR-specific
inhibitor caffeine (Fig. 5A). To confirm these observations we
constructed an ATR knockdown 4pX-1 cell line (4pX-1-
ATRkd) displaying nearly 70% reduction in the level of the ATR
protein (Fig. 5B), and determined the level of p53 as a function
of pX expression. In contrast to 4pX-1 cells, which exhibit
increased p53with pX expression, ATRknockdown in the 4pX-
1-ATRkd cell line abrogates this increase (Fig. 5C).
In apoptotic 4pX-1 cultures, the early effect of pX is activa-

tion of the p38MAPKpathway, regulating expression of the p53
pro-apoptotic genes Bax, Fas, andNoxa, and initiating apopto-
sis (21). Because our results (Fig. 5A) show that p53 activation
by pX requires activation of ATR, we investigated whether the

FIGURE 3. pX-mediated p38MAPK activation induces Cdk4/Cdk2 leading Rb phosphorylation. A, transient transfections of E2F1-responsive plasmids
APAF-Luc (100 ng) and CyclA-Luc (100 ng) in apoptotic 4pX-1 cells grown as a function of pX expression. Results are expressed as pX-dependent induction,
�Tet/�Tet ratio, quantified from three independent experiments performed in triplicate. Error bars are S.D. B, Western blot assays using WCE from apoptotic
4pX-1 and 4pX-1-p38MAPK�kd cells grown with (�) or without (�) pX as indicated, employing antibodies specific for phospho-Ser800/804-Rb and Rb. Actin is
the loading control. Quantification performed by the Scion software, is expressed as relative intensity to total Rb. A representative assay is shown from three
independent experiments. C, upper panel, in vitro Cdk4 immunocomplex kinase assays of WCE (2 mg) from apoptotic 4pX-1 cells grown with (�) or without (�)
pX, SB202190 (5 �M) or SP600125 (5 �M), as indicated, using GST-Rb as substrate and [�-32P]ATP. Reactions were analyzed by SDS-PAGE and autoradiography.
pX-dependent induction quantified by PhosphorImager is the �Tet/Tet ratio. Lower panel, Western blot analyses of Cdk4 immunoprecipitates with the Cdk4
antibody. D, Western blot analyses of Cdk2 immunoprecipitates using the phospho-Tyr15-Cdc2 antibody. WCE were isolated from apoptotic 4pX-1 and
4pX-1-p38MAPK�kd cells grown with (�) or without (�) pX, at 0 and 12 h after onset of apoptosis. Quantification is relative to Cdk2 (lower panel), using the Scion
software.
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FIGURE 4. pX induces E2F1 release and ARF expression. A, Western blot of E2F1 using WCE from 4pX-1 and 4pX-1-E2F1kd cell lines grown with (�) pX in
apoptotic conditions for 2 h. Quantification is by the Scion software, relative to actin. B, ChIP employing E2F1-specific antibody and apoptotic 4pX-1 and
4pX-1-E2F1kd cells grown with (�) or without (�) pX, with PCR primers for the E2F1 binding sites of ARF, Chk2, and ASPP2 promoters. Left panel, quantification
of ChIP assays by real-time PCR from three independent assays. Relative to IgG the pX-dependent induction is significant (p � 0.005). Right panel, agarose gel
electrophoresis of PCR products from ChIP assays immunoprecipitated with E2F1 antibody or IgG using apoptotic 4pX-1 cells grown with (�) or without (�)
pX. C, Western blot of ARF using WCE from apoptotic 4pX-1, 4pX-E2F1kd, and 4pX-1-p38MAPK�kd cell lines grown with (�) or without (�) pX, as indicated. Actin
is the internal control. Quantification relative to actin is by the Scion software. D, Western blot of p53 using WCE isolated from apoptotic 4pX-1, 4pX-E2F1kd, and
p38MAPK�kd cell lines grown with (�) or without (�) pX, as indicated. Quantification relative to actin is by the Scion software.
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activation of ATR is dependent on the p38MAPK pathway.
Employing the 4pX-1-p38MAPK�kd cell line, we examined by
Western blot analyses the activation of ATR in response to pX
expression (Fig. 6A). In 4pX-1 cells, pX expression mediates a
2-fold induction in ATR activation; by contrast, knockdown of
p38MAPK� significantly reduces this pX-mediated activation
of ATR (Fig. 6A).
To confirm these results, we employed 4pX-1, 4pX-1-

ATRkd, and 4pX-1-p38MAPK�kd cell lines and mapped the
p53 phosphorylations required for p53 transcriptional acti-
vation. These include phosphorylations on Ser-18 and
Ser-23 required for nuclear retention (39) and association
with CBP (40), as well as ensuing modifications on Ser-389
of murine p53 (42). p53 was immunoprecipitated using
lysates isolated from 4pX-1, 4pX-1-ATRkd, and 4pX-1-

p38MAPK�kd cells at 2 h following onset of pX-dependent
apoptosis. Moreover, to have an internal control for the
immunoprecipitation reactions, the actin antibody was
added together with the p53 antibody. The p53/actin immu-
noprecipitates were analyzed byWestern blots using p53 and
phospho-p53-specific antibodies. In the 4pX-1 cell line, pX
induces p53 stabilization and phosphorylations on Ser-18,
Ser-23, and Ser-389. By contrast, p53 protein and Ser-18,
Ser-23, and Ser-389 modifications are not detected, either in the
ATR or the p38MAPK� knockdown cell lines (Fig. 6B). These
results couple activation of the p38MAPK pathway to the activa-
tion of ATR by pX, in mediating the stabilization (Fig. 2) and the
transcriptional modifications of p53 (Fig. 6B).
To investigate whether activation of the p38MAPK pathway

and activation of ATR by pX induce p53 transcription, we

FIGURE 5. pX expression in apoptotic conditions by growth factor withdrawal activates ATR but not ATM. A, Western blot analyses using WCE from
apoptotic 4pX-1 cells grown with (�) or without (�) pX and caffeine (8 mM) as indicated, with antibodies specific for phospho-ATR, ATR, phosphor-
Ser1987-ATM, ATM, and p53. Actin is the loading control. Control lanes include treatment of 4pX-1 cells with UV for ATR activation, or with 0.5 �g/ml
doxorubicin for ATM activation. B, Western blot of ATR using WCE isolated from 4pX-1 and 4pX-ATRkd cell lines. C, Western blot analyses of p53 using
WCE isolated from apoptotic 4pX-1 and 4pX-ATRkd cell lines grown with (�) or without (�) pX, as indicated. Quantification (A–C) is by the Scion software.
A representative assay is shown from three independent experiments.
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examined by real-time PCR expression of endogenous p53-reg-
ulated genes Bax, Fas, andNoxa, employing the p53, ATR, and
p38MAPK� knockdown cell lines (Fig. 6C). The 4pX-1-ATRkd

and 4pX-1-p38MAPK�kd cell lines as well as the control 4pX-1
and 4pX-1-p53kd cell lines were grown as a function of pX for
12 h following the onset of apoptosis. In the 4pX-1 cell line, pX
induces expression of Bax and Noxa mRNAs by nearly 4-fold
and FasmRNAexpression by 7-fold (21). By contrast in the p53,
ATR, or p38MAPK� knockdown cell lines, pX mediates only a
minimal induction of these mRNAs (Fig. 6C). Inhibition of the
p38MAPK pathway by addition of SB 202190 or inhibition of
ATR by caffeine abrogated the induction of Fas, Bax, and Noxa
in response to pX (supplemental Fig. S6C for Fig. 6C). These
results provide conclusive evidence of the essential role of the
p38MAPK pathway and the activation of ATR in p53 pro-apo-
ptotic gene transcription induced by pX.
p38MAPK�, E2F1, and ATR Are Essential in p53 Apoptosis

Induced by pX—To investigate whether both E2F1 release
and ATR activation mediated by p38MAPK activation are
essential in p53 apoptosis in response to pX, we employed
the 4pX-1 cell line as well as the 4pX-1-p53kd, 4pX-1-E2F1kd,
4pX-1-ATRkd, and 4pX-1-p38MAPK�kd cell lines in apopto-
sis assays. Apoptosis in response to pX expression was
assayed by Western blots monitoring the level of activated,
cleaved caspase3, in a time course following onset of apopto-
sis by growth factor withdrawal (Fig. 7A). In addition, apo-
ptotic assays were performed in pseudo-knockdown 4pX-1
cell lines for p53, E2F1, ATR, and p38MAPK� (Fig. 7, B and
C). These pseudo-knockdown cell lines were isolated in par-
allel with each of the respective knockdown cell lines. This
control was performed to exclude effects of puromycin
selection and propagation on the observed phenotype of
each of the knockdown cell lines. Furthermore in Fig. 7D, we
demonstrate that all knockdown cell lines exhibit tetracy-
cline-regulated expression of pX.
In 4pX-1 cells a 3- and 5-fold activation of caspase3 is

observed at 12 and 24 h following the onset of apoptosis,
respectively. By contrast, pX-dependent caspase3 activation is
nearly undetectable in the 4pX-1-p53kd cell line, supporting
that p53mediates apoptosis in response to pX expression. Like-
wise, the absence of pX-dependent caspase3 activation in the
4pX-1-E2F1kd and 4pX-1-ATRkd cell lines demonstrates the
essential role of E2F1 andATR in stabilizing and activating p53,
respectively. Finally, minimal activation of caspase3 is detected
in the 4pX-1-p38MAPK�kd cell line. By contrast, all the pseu-

FIGURE 6. pX activates ATR via the p38MAPK pathway leading to p53
transcriptional activation. A, Western blot analyses of phospho-ATR using
WCE from apoptotic 4pX-1 and 4pX-1-p38MAPK�kd cells grown with (�) or
without (�) pX, as indicated. ATR is the internal control. B, WCE (2 mg) from

4pX-1, 4pX-1-ATRkd, and 4pX-1-p38MAPK�kd cells grown with (�) or without
(�) pX, isolated at 2 h following the onset of apoptosis, were immunoprecipi-
tated with p53 and actin antibodies added in the same reaction. Immunopre-
cipitates were analyzed by Western blots using antibodies for p53, phospho-
Ser18, phospho-Ser23, and phospho-Ser389 of p53. Actin and IgG are used as
immunoprecipitation controls. Quantification for A and B is by the Scion soft-
ware. A representative assay is shown from three independent experiments.
C, real-time PCR quantification of Bax, Fas, and Noxa mRNAs employing RNA
isolated from 4pX-1, 4pX-ATRkd, and 4pX-1-p38MAPK�kd cell lines grown in
apoptotic conditions for 12 h as a function of pX. Results, expressed as pX-de-
pendent induction, �Tet/�Tet ratio, are from three independent RNA isola-
tions, each PCR reaction performed in identical triplicates. Quantification is
relative to 18 S rRNA. The pX-dependent induction of Bax, Fas, and Noxa
mRNAs in 4pX-1 cells relative to the knockdown cell lines is significant (p �
0.005).
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do-knockdown cell lines exhibit activation of caspase3 in
response to pX expression (Fig. 7B). Similar results were
obtained bymonitoring caspase3 activation by immunofluores-
cence microscopy, employing the cleaved caspase3 antibody
(data not shown).
Because our results show that activation of the p38MAPK

pathway by pX is necessary both for the stabilization of p53 (Fig.
2) and the activation of ATR (Fig. 6), we conclude that the
p38MAPK pathway couples the stabilization of p53 with the
transcriptional activation of p53.

DISCUSSION

In this study, we determined the mechanism by which the
weakly oncogenic HBVX protein activates p53, leading to apo-
ptosis. The significance of our study is the determination of the
mechanism by which a viral oncoprotein induces both the sta-
bilization and transcriptional activation p53; this mechanism
involves the sustained activation of the p38MAPK pathway
(21). Stabilization of p53 differs from p53 activation, the latter
requiring multisite phosphorylations necessary for nuclear
retention, p53 oligomerization, DNA binding, CBP recruit-
ment, and pro-apoptotic gene transcription, leading to p53-
mediated apoptosis (42). It is well established that Ser-18 and
Ser-23 phosphorylations of murine p53, mediated by ATM/
ATR, transcriptionally activate p53 (10, 41, 49). Viral oncopro-
teins including E1A, SV40T-antigen, E7 ofHPV16 induce p53-
mediated apoptosis by binding to Rb, releasing E2F, and
inducing ARF expression, thereby stabilizing p53 (3). Likewise,
overexpression of cellular oncogenes including c-myc (50) and
H-RasV12 (51), induce p53-mediated apoptosis. Overexpres-
sion of oncogenic c-myc promotes p53 apoptosis via ATM-
mediated activation of p53 (52). However, how overexpression
of these cellular and viral oncogenes mediate transcriptional
activation of p53 has not been determined.
In this study we provide evidence that pX expression

increases the half-life of p53 by activating the p38MAPK path-
way which induces Cdk4/Cdk2 activation, Rb phosphorylation,
E2F1 release, and E2F1-mediated ARF expression. This mech-
anism of pX-mediated p53 stabilization is in agreement with
the frequent genetic deletions or mutations of Rb, Arf, and p53
observed in HBV-mediated liver cancer patients (15).
In addition, we show that the viral pX, under conditions of

growth factor deprivation, activates ATR via the p38MAPK.
Knockdown of the p38MAPK� significantly reduces the acti-
vating phosphorylation of ATR aswell as the stability and phos-
phorylations of p53 required for p53 activation. Likewise,
knockdown of ATR reduces the stability and phosphorylations
required for p53 transcriptional activation, supporting that
p38MAPK� acts via ATR, and not by directly phosphorylating
p53. Moreover, knockdown of ATR or p38MAPK� abrogates
transcription of endogenous p53-regulated genes Bax, Fas, and
Noxa in response to pX expression. These results clearly dem-

onstrate that both ATR and p38MAPK� are essential in pro-
apoptotic gene transcription mediated by p53 in response to
pX. Knockdown of p53, E2F1, ATR, and p38MAPK� rescues
4pX-1 cells from pX-mediated apoptosis, conclusively demon-
strating that the p38MAPK pathway couples the Rb/E2F1/ARF
and DNA damage response pathways to p53-mediated apopto-
sis (Fig. 8).
ATR is the sensor of replication stress. The pX-dependent

ATR activation we report agrees with our earlier studies (23),
demonstrating that pX expression in 4pX-1 cells promotes
robust cell cycle entry, unscheduled entry into the S-phase,
and an S-phase pause. This activity of pX resembles the
unscheduled S-phase entry of other viral oncoproteins
including E1A, T-antigen, E7 of HPV 16, whose expression
also induces p53-mediated apoptosis (3). However, in those
studies (3), the mechanism of p53 activation was not deter-

FIGURE 7. E2F1, ATR and p38MAPK� are essential in p53 apoptosis in response to pX. A and B, Western blot assays of active caspase3 using WCE isolated
from (A) apoptotic 4pX-1 and 4pX-1-p53kd, 4pX-1-E2F1kd, 4pX-1-ATRkd, and 4pX-1-p38MAPK�kd cells or (B) the respective pseudo-knockdown cell lines, grown
with (�) or without (�) pX as indicated. Quantification is by the Scion software. A representative assay is shown from three independent experiments. C,
Western blot assays of p53, E2F1, ATR, and p38MAK� using WCE from 4pX-1 cells and the indicated pseudo-knockdown cell lines. D, agarose gel electrophore-
sis of PCR reactions employing RNA isolated from the indicated cell lines grown with (�) or without (�) tetracycline for 24 h. pT7-X is the positive control.
GAPDH is the internal control.

FIGURE 8. Mechanism of p53 activation by pX. pX stabilizes p53 by activat-
ing p38MAPK, leading to Cdk4- and Cdk2-mediated E2F1 release and ARF
expression. E2F1 also induces transcription of additional E2F1 genes, includ-
ing ASPP2 and Chk2. The pX-mediated p38MAPK activation induces ATR acti-
vation, leading to p53 activation, p53 pro-apoptotic gene transcription, and
apoptosis. Furthermore, ATR activation contributes to p53 stabilization upon
serum withdrawal as shown in Fig. 6B.
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mined. Accordingly our study provides the first evidence of a
weakly oncogenic viral protein, the HBV pX, activating p53
pro-apoptotic gene transcription via ATR activation medi-
ated by the p38MAPK pathway. How the p38MAPK pathway
activates ATR remains to be determined. The effect of the
p38MAPK pathway may be indirect, acting by inactivating
Cdc25 required for Cdc2 activation and progression to mito-
sis (53). G2/M checkpoint activation results in S-phase pause
(54) and stalled replication forks, which in turn signal ATR
activation (55). Our recent studies3 have determined that pX
expression induces replication stress (DNA re-replication)
and ATR activation, further supporting this mechanism (54).
Alternatively, ATR activation may occur via direct phospho-
rylation by the p38MAPK enzyme. Because ATR and its
downstream Chk1 are essential in embryonic development
(48), the p38MAPK pathway might be an in vivo inducer of
ATR/Chk1 activation. In contrast to ATR activation by pX,
the activation of ATM by pX is detectable only with doxoru-
bicin co-treatment of apoptotic 4pX-1 cells.4
It has been suggested that E2F1 activation integrates the

Rb/ARF pathway to the DNA damage response pathway (38).
Functional E2F1 binding sites have been mapped in the pro-
moters ofARF,ASPP2, ATM, andChk2 genes, using E2F1 over-
expression or overexpression of viral E1A or E7 proteins known
to deregulate the Rb/E2F pathway (38, 56). In contrast to those
studies, our studies monitored the endogenous E2F1 activity
induced by pX, and importantly this E2F1 induction was asso-
ciated with p53-mediated apoptosis. Specifically, E2F1 ChIP
assays show that in apoptotic conditions the endogenous E2F1
associates with the Arf, ASPP2, and Chk2 promoters in a pX-
dependent manner.
In summary, our studies show that: (i) pXmediates apoptosis

via p53; (ii) E2F1 is essential in pX-mediated apoptosis, stabi-
lizing p53, and integrating with the DNA damage pathway; (iii)
ATR is essential in pX-mediated apoptosis by transcriptionally
activating p53; and (iv) p38MAPK� is essential both in the sta-
bilization of p53 and in the activation ofATR.We conclude that
the p38MAPK pathway coordinates Rb/E2F1/ARF and DNA
damage response pathways by inducing both p53 stabilization
and p53 transcriptional activation, respectively, leading to p53-
mediated apoptosis in response to pX.
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