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The key cellular regulator p53 is a common target of viral oncoproteins. However, the mechanism by which p53 transcription
regulation is modulated by hepatitis B virus X protein (HBx), a transcription cofactor implicated in hepatitis B virus-associated
hepatocellular carcinoma (HCC), is poorly understood. By integrating p53 chromatin immunoprecipitation (ChIP)-on-chip and
expression profiling of an HBx-expressing cell culture system, we report that HBx alters p53 binding site selectivity in the regula-
tory regions of genes, and this is associated with their aberrant expression. Using an HBx-deregulated gene, p53AIP1, as a model,
we show that HBx aberrantly increases p53AIP1 expression by conferring p53 selectivity for a more conserved binding site in its
regulatory region. We further demonstrate that HBx-deregulated increased p53AIPI expression is relevant in HCC livers and
define a functional role for p53AIP1 in mediating HBx-induced apoptosis in vitro. Significantly, we provide evidence that spe-
cific p53-associated transcription cofactors and coregulators are differentially recruited in the presence of HBx, effecting a
PCAF-mediated “p53 Lys320 acetylation switch” that results in altered binding site selection of distinct p53 transcription cas-
settes. The findings here clarify the role of HBx in modulating p53 transcription regulation and provide a novel mechanistic in-

sight into this deregulation.

53 is a critical regulator of important cellular processes, such

as cell cycle arrest, DNA repair, and apoptosis (1). Predomi-
nantly functioning as a transcription factor (TF), tetrameric p53
transactivates or transrepresses its target genes by binding to their
regulatory regions in a sequence-specific manner (2, 3). The p53
protein itself can be regulated by a myriad of posttranslational
modifications. For instance, low cellular p53 protein levels are
maintained by mdm2-mediated polyubiquitination and protea-
somal degradation of the protein, but stress-induced phosphory-
lation in its N-terminal transactivation domain rapidly stabilizes
P53 (4-6). Additionally, p53 site-specific phosphorylation, acety-
lation, and methylation have been shown to alter its selectivity for
promoters of distinct classes of target genes and consequently to
influence cell fate (7-10). Since proper regulation of p53 is central
to maintaining normal homeostasis, any aberrations in its regula-
tion would conceivably facilitate neoplastic transformation.

Viral oncoproteins are known to disrupt p53-dependent tran-
scription regulation. For instance, human papillomavirus (HPV)
E6, adenovirus E1B 55 kDa, and Epstein-Barr virus nuclear anti-
gen 3C (EBNA3C) have been reported to inactivate p53 by pro-
moting its ubiquitination and proteasomal degradation (11-15).
The viral proteins also inhibited p53 DNA-binding and transcrip-
tion activity (16—19), although the underlying molecular mecha-
nisms remain less well defined. In contrast, much less is known
about how the tumor suppressor p53 protein is modulated by
hepatitis B virus X protein (HBx), a viral factor that is strongly
implicated in the carcinogenesis process of hepatitis B virus-asso-
ciated hepatocellular carcinoma (HCC) (20-23).

HBx is a small 17-kDa protein that deregulates cellular pro-
cesses through various modes depending on its subcellular local-
ization in the cytoplasm (24-26), nucleus (24-26), and mitochon-
dria of liver cells (27, 28). In this study, we focus on the role of
nuclear HBx as a transcription cofactor in deregulating cellular
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gene expression. Lacking a DNA-binding domain, nuclear HBx
does not bind DNA directly but interacts with and modulates the
DNA-binding ability and/or activity of transcription factors, such
as p53 (29-31), ATF/CREB (32, 33), E2F1 (34, 35), YY1 (35), and
CREB-binding protein/p300 (36). Of these, the HBx-p53 interac-
tion is the most studied. Several independent groups have dem-
onstrated that HBx interacts with p53 in vitro (29, 30, 37), but they
report different effects of HBx on p53 sequence-specific binding
to DNA. On one hand, HBx was found to inhibit p53 DNA bind-
ing (31, 38), while a subsequent study by Truant et al. described
enhanced p53 oligomerization on DNA oligonucleotide in the
presence of HBx (30). Importantly, Chung et al. demonstrated the
biological significance of HBx-altered p53 recruitment to DNA
that resulted in inhibition of the tumor suppressor PTEN gene
(39). Recognizing its importance and the increasing accessibility
to global profiling technologies, a more comprehensive under-
standing of p53 DNA-binding modulation and consequent gene
deregulation by the viral X protein would clarify virus-host inter-
actions and further advance our understanding of cellular p53-
mediated transcription regulation.

In this study, we examined p53 modulation by HBx and report
for the first time that HBx alters global p53 binding site selection
that is associated with aberrant gene expression. By detailed char-
acterization of an HBx-deregulated candidate p53-regulated apo-
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TABLE 1 Table of primers and respective DNA sequences

Primer use and name Orientation” DNA sequence (5'-3")"
ChIP-qPCR
p53AIP1 promoter p53 RE F TCAGGGTGAGATGTCTTATC
R CACAGGCAGAATTGTCATTT
p53AIP 1 intron 1 p53 RE F CTCTTGCTAATGCCAGCCTG
R GCATCAGGAAGTTCATCTCG
RT-qPCR: p53AIP1 F CACCCAGTCACAGCAGCACA
R CAGAGGAAGATCCCATCCAG
Cloning and mutagenesis
Wild-type construct F AGGAACGATGGAATCAGAGTCAC
R GCAGCAGCAAGGCACCATCATG
Mutant promoter p53 RE F TAGaATtTCTGAAAGTTGGCAAgtgGTAAAAAGGC
R TTACcacTTGCCAACTTTCAGAaATtCTATTCCG
Mutant intron 1 p53 RE F CTCTaTTaCCCGGGtactTCGAGATGAAC
R CATCTCGAagtaCCCGGGtAAtAGAGGAG
Mutant YY1 RE F TACAATAAAAgacaGcCTAGGGAGAAATTACCCAGCAC
R TTCTCCCTAGgECtgtcTTTTATTGTAGAGAATGGAAACCTG
Mutant GATA-1 RE F GATGTCTTcTCCGGTTAACTGC
R GCAGTTAACCGGAgAAGACATC
Mutant Spl RE F CCTCATCttGCCCCCTGCAC
R GTGCAGGGGGCaaGATGAGG
p53 K320Q mutant F CAGCCAAAGCAGAAACCACTGGATGG
R TGGTTTCTgCTTTGGCTGGGGAGAGG
p53 K320R mutant F CAGCCAAAGAgGAAACCACTGGATGG
R TGGTTTCcTCTTTGGCTGGGGAGAGG

“F, forward; R, reverse.
b Lowercase letters denote introduced mutations.

ptosis-inducing protein 1 gene (p53AIPI), we provide the first
evidence of a novel shift in p53 binding in the regulatory region of
P53AIP1 by HBx that directly results in its deregulated increased
expression. Mechanistically, our findings further reveal that HBx
enhances a PCAF-mediated p53 Lys320 “acetylation switch” that
modulates binding site selection of p53, together with distinct
transcription cofactors and coregulators termed p53 transcription
cassettes, providing new insights into host transcription deregu-
lation by the viral oncoprotein.

MATERIALS AND METHODS

Cell culture, viral transduction, and small interfering RNA (siRNA)
transfection. The human HCC cell lines HepG2 (p53 wild type) and
Hep3B (p53 deficient) were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 10% fetal bovine serum (FBS). Non-
transformed THLE-3 (ATCC CRL-11233) normal human liver cells were
cultured in bronchial epithelial basal medium (Clonetics; Lonza) without
addition of gentamicin-amphotericin and epinephrine and supplemented
with 10 ng/ml epidermal growth factor (EGF), 100 ng/ml phosphoetha-
nolamine, and 10% FBS.

For viral transduction, recombinant HBx and control adenoviruses
were prepared as described previously (40). Cells were transduced at mul-
tiplicities of infection (MOI) of 10 and 6, respectively, to achieve physio-
logical levels of HBx expression, as well as high transduction efficiency,
minimal cytotoxicity, and equivalent viral transduction. HepG2 cells were
treated with UVC (254 nm) irradiation, as described previously, 48 h
postransduction and harvested 24 h after UV irradiation (40). Hep3B and
THLE-3 cells that were not exposed to UV irradiation were harvested 24 h
postransduction.

For transfection of siRNA, chemical transfection using siPORT Amine
Transfection Agent (Ambion) was used for Hep3B cells while electropo-
ration was used for HepG2 and THLE-3 cells. siRNA (100 M) specific for
TP53 (s605) or TP53AIPI (241781), negative-control siRNA (AM4611)
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(Ambion), and PCAF (sc-36198) (Santa Cruz Biotechnology) was used.
Cells were harvested 24 h posttransfection unless otherwise stated.

Reverse-transcription real-time PCR. Total RNA was prepared using
an RNeasy Mini Kit (Qiagen) according to the manufacturer’s instruc-
tions and reverse transcribed using Superscript II (Invitrogen). p53AIP1
transcript abundance was determined by quantitative real-time PCR
(qPCR) using QuantiTect SYBR Green Master PCR mix (Qiagen) and
primers described in Table 1. Transcript abundance was normalized
against that of the B-actin housekeeping gene.

Immunoblotting and antibodies. Twenty micrograms of protein
from each sample was subjected to gel electrophoresis on a 12% SDS-
polyacrylamide gel. Western blotting was performed using standard tech-
niques, and the following primary antibodies were used: mouse anti-p53
(DO-1; 1:10,000 dilution), mouse anti-PCAF (E-8; 1:5,000 dilution),
mouse anti-YY1 (H-10; 1:1,000 dilution), rabbit anti-GATA-1 (H-200;
1:5,000 dilution), rabbit anti-histone deacetylase 1 (anti-HDAC1) (H-51;
1:10,000 dilution), mouse anti-Sp1 (1C6; 1:1,000 dilution), and goat an-
tiactin (I-19; 1:10,000 dilution), purchased from Santa Cruz Biotechnology;
rabbit anti-phosphorylated p53 Ser46 (1:1,000 dilution), purchased from
Cell Signaling Technology; rabbit anti-acetylated p53 Lys320-, Lys373-,
and Lys382-specific (1:5,000 dilution) and mouse anti-glyceraldehyde
phosphate dehydrogenase (anti-GAPDH; 1:20,000 dilution) antibodies,
purchased from Millipore; mouse anti-enhanced green fluorescent pro-
tein (anti-EGFP) antibody (1:20,000 dilution), purchased from Roche;
and rabbit anti-HBx antibody (1:10,000 dilution), generated in our labo-
ratory (40).

ChIP-real-time PCR. Protein and DNA in THLE-3 and UV-treated
HepG2 cells were cross-linked with 1% formaldehyde for 10 min at room
temperature and quenched by addition of 125 mM glycine for 5 min. Cells
(2 X 10°) were used for each chromatin immunoprecipitation (ChIP)
assay, performed according to the manufacturer’s instructions (Upstate,
Millipore). Essentially, cells were lysed using SDS lysis buffer supple-
mented with protease inhibitor cocktail (Roche Molecular Biochemicals).
Chromatin was sheared to an average size of 300 bp using a Bioruptor
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FIG 1 Physiological HBx expression levels in an in vitro cell culture system.
(A) HBx protein expression levels in HCC tumorous livers and an in vitro
HBx-expressing HepG2 cell culture system. (B) Immunoblots of HBx and
GAPDH protein expression levels in 3 representative paired HCC T and NT
livers, as well as in HBx-expressing UV-treated HepG2 cells. Pt, patient; C and
H, control and HBx HepG2 cells, respectively.

sonicator (Diagenode) at medium setting for 12 cyclesand 23 cycles of 30 s
on followed by 30 s off for HepG2 and THLE-3 cells, respectively. Cell
debris was removed by centrifugation at 10,000 X g, and cell lysate was
precleared with bovine serum albumin (BSA)-blocked protein G beads
(Upstate). A 100-pl aliquot of the cell lysate was saved as “input DNA.”
The clarified lysates were immunoprecipitated with 1 g of antibody spe-
cific for the protein of interest or 1 pg normal IgG antibody (nonspecific)
at 4°C overnight and then incubated with BSA-blocked protein G beads.
Following a series of washes, eluted protein-DNA complexes were reverse
cross-linked using 5 M NaCl and incubated at 65°C overnight. ChIP DNA
was recovered by phenol chloroform extraction and ethanol precipita-
tion. Input DNA extracted from the total lysate that had not been immu-
noprecipitated but was similarly reverse cross-linked and recovered was
used to normalize for differences in the starting amount of DNA in each
sample. The enrichment of ChIP DNA at the promoter and intron 1 p53
response elements (REs) was determined by qPCR using QuantiTect
SYBR Green Master PCR mix (Qiagen) and the following primer sets:
5'-TCAGGGTGAGATGTCTTATC-3’ (forward) and 5'-CACAGGCAG
AATTGTCATTT-3' (reverse) for the p53 RE-containing promoter re-
gion; 5'-CTCTTGCTAATGCCAGCCTG-3' (forward) and 5'-GCATCA
GGAAGTTCATCTCG-3’ (reverse) for the p53 RE-containing intron 1
region. The gPCR conditions were initial denaturation at 95°C for 10 min,
followed by 45 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s.

ChIP-on-chip, expression profiling, and computational analyses.
ChIP-on-chip assays were performed on control and HBx UV-treated
HepG2 cells with p53 DO-1 antibody (Santa Cruz) on NimbleGen 1.5-kb
promoter arrays according to the manufacturer’s recommendations. Dif-
ferential p53 binding regions were identified using the Partek Genomics
Suite with a minimum of five consecutive probes. Putative p53 REs in the
binding regions were identified using the p53MH algorithm (41). Expres-
sion profiles of control and HBx UV-treated HepG2 cells were obtained
using an Agilent whole genome expression array.

The transcription factor motif prediction tools TRANSFAC (Bio-
base) and MatInspector (Genomatix) were used to identify factors that
bind in the vicinity of the p53 REs (+300 bp). GeneMANIA software
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(http://www.genemania.org) was employed to identify potential co-
regulators that associate with the transcription complexes but that
may not bind DNA.

Generation of wild-type and mutant promoter constructs and beta-
galactosidase (3-Gal) reporter assay. To experimentally validate the pre-
dicted p53 REs of the p53AIPI gene, a 3.8-kb fragment containing both
the promoter and intron 1 p53 REs was PCR amplified from genomic
DNA of human liver tissue using Expand High Fidelity Tag DNA poly-
merase (Roche) and primers 5'-AGGAACGATGGAATCAGAGTCAC-3’
(forward) and 5'-GCAGCAGCAAGGCACCATCATG-3" (reverse) and
cloned upstream of a 3-Gal reporter gene. The promoter construct also
contained the EGFP gene for visualization of transfection efficiency. In
designing mutant promoter and intron 1 p53 REs, the transcription factor
motif prediction tool MatInspector (Genomatix) was employed to iden-
tify mutations that abolish the respective p53 REs but that do not affect
other proximal transcription factor binding sites. Mutant promoter con-
structs (M1, M2, and M3), as well as GATA-1, YY1, and Sp1 RE mutants,
were generated by fusion PCR using primers containing the desired mu-
tations (Table 1). All constructs were sequenced to verify the integrity of
the DNA sequences and the successful introduction of only the appropri-
ate mutations.

Hep3B cells (p53 deficient) were chemically transfected with 1 pg
TP53-expressing or control plasmid, 5 wg B-Gal reporter construct,
and/or 100 wM TP53-specific or control siRNAs using siPORT Amine
Transfection Agent (Ambion, TX) according to the manufacturer’s pro-
tocol. For experiments that investigated the role of HBx, cells were trans-
duced with either recombinant HBx or control vectors 24 h posttransfec-
tion. The crude lysates obtained were kinetically assayed for B-Gal
reporter activity using chlorophenol red—3-p-galactopyranoside (CPRG)
as the substrate and measured at 30-s intervals over 60 min at 570 nm
using a microplate reader. The 8-Gal activity of each construct was nor-
malized against the protein concentration determined using a BCA pro-
tein assay kit (Pierce Thermo Scientific) according to the manufacturer’s

TABLE 2 Experimentally validated genes with HBx-altered p53
occupancy and corresponding gene expression from p53 ChIP-on-chip
and expression profiling”

P53 occupancy

(ChIP-on-chip) Gene expression”

Gene

Gene product  Binding  p53 binding Fold change

no. name pattern (MAT score®)  (HBx/control) P value

1 p53AIP1  Decrease —15.17 1.66 5.0E—02

2 SPINK6 —-9.12 3.10 1.0E—02

3 DUX4 —4.98 —1.50 1.0E—-03

4 ERCC2 —14.42 1.01 9.7E—01

5 CI1D —12.10 1.00 9.2E—01

6 FAS Increase  7.20 2.11 4.5E—08

7 ABCD2 6.30 1.62 4,0E—02

8 AKT1S1 6.00 —2.51 4.0E—03

9 GDNF 4.00 —1.44 2.0E—03

10 HNF4 10.60 1.18 9.1E—01

11 TNP1 4.40 1.11 8.8E—01

12 SLC7A13  Shift —13.80 1.61 4.0E—-02
4.20

13 UNKL —4.30 —1.57 2.0E-03
4.00

14 KALRN —9.80 —1.11 9.6E—01
5.10

“ Significantly deregulated candidate genes (fold change, >1.5; P < 0.05) with altered
p53 binding are indicated in boldface.

b Ttalics indicates significantly upregulated genes; underlining represents significantly
downregulated genes.

¢ MAT (model-based analysis of tiling arrays) score indicates ChIP-enriched regions
(positive score, increased p53 binding; negative score, decreased p53 binding).
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protocol, as well as the respective basal 3-Gal activity to take into account
the small inherent differences in B-Gal activity between promoter con-
structs in the absence of p53.

Generation of p53 Lys320 acetylation mutant constructs. p53 Lys320
acetylation mutants K320Q and K320R were generated by fusion PCR
using primers containing the desired mutations (Table 1).

Apoptosis assay. HepG2 cells were electroporated with TP53AIP1
siRNA or negative-control siRNA (Ambion) and an HBx-expressing or
control plasmid and subjected to UV treatment. The apoptosis profiles of
the cells were analyzed by phycoerythrin (PE) annexin V and 7-amino-
actinomycin D (7AAD) staining according to the manufacturer’s protocol
(BD Biosciences Pharmingen), followed by flow cytometry using the BD
FACSCalibur (BD Biosciences) 24 h posttreatment. Cellular profiles were
analyzed using FlowJo software (Tree Star).

P53AIP1 gene expression and HBx profiling of HCC patients. De-
identified tumor (T) and paired nontumorous (NT) tissues from HCC
patients were obtained from the National Cancer Centre Singapore
(NCCS)/SingHealth Tissue Repository with prior approval from the Sing-
Health Centralised Institutional Review Board (2007/437/B). p53AIP1
gene expression profiles of 78 HCC patients were obtained using gPCR.
The transcript abundance of p53AIP1 was normalized to the respective
B-actin gene expression. HBx status was determined using immunoblot
analysis with HBx-specific antibody.

Statistical analysis of experimental data. Student’s ¢ test was per-
formed to analyze the significance of differences between sample means
obtained from at least three independent experiments.

RESULTS

HBx alters global p53 DNA binding with associated adjacent
gene deregulation. The role of HBx in p53 sequence-specific DNA
binding and consequent transcription deregulation is poorly un-
derstood. Therefore, using p53 ChIP-on-chip, we first examined
P53 occupancy profiles in a previously established HepG2 cell
culture system expressing levels of HBx within the range that is
observed in HCC patients (Fig. 1A and B) (40). Analysis of p53
ChIP-on-chip-identified binding regions containing p53MH-
predicted p53 response elements revealed several patterns of al-
tered p53 DNA binding in the regulatory regions of genes: HBx
abolished p53-DNA binding at a subset of candidate binding sites
but enhanced p53-DNA binding at other candidate sites (Table 2).
Strikingly, global p53 ChIP analysis also revealed a novel shift in
p53 DNA binding to a different candidate site within the same
regulatory region of a target gene (Table 2). This is the first report
to demonstrate that HBx can alleviate, as well as enhance, global
p53 binding to its response elements, significantly clarifying the
role of the viral protein in p53 sequence-specific DNA binding. To
identify biologically significant p53 binding site selectivity altera-
tions by HBx, gene expression profiles of HBx-expressing HepG2
cells were integrated with p53 ChIP-on-chip data. Table 2 shows a
list of experimentally validated candidate genes with altered p53

Perturbation of p53-DNA Binding by HBx

DNA binding and their corresponding gene expression changes.
Notably, only a subset of p53 DNA-binding alterations was asso-
ciated with strong adjacent gene deregulation (>1.5-fold; P =
0.05 [indicated in boldface in Table 2]). This observation was not
surprising, since not all transcription factor-DNA-binding events
affect gene expression (42). We also observed that each pattern of
HBx-altered p53 DNA binding (abolishment, enhancement, or
shift) did not associate with any gene deregulation pattern (up- or
downregulation) (Table 2). A possible explanation is that the ob-
served deregulated gene expression may be the result of an inter-
play of adjacent transcription cofactors and coregulators that in-
fluences p53-mediated transcription, typical of mammalian
transcription regulation. To further understand the molecular
mechanism underlying altered p53 binding site selection by HBx,
aknown p53-regulated candidate identified from the global study,
P53AIP1, was selected for further characterization (Table 2).

A novel HBx-induced shift in p53 binding in the regulatory
region of p53AIP1 aberrantly increased its gene expression.
Global p53 ChIP profiling revealed that p53 bound to a previously
unreported candidate p53 RE at the p53AIPI promoter and that
p53 DNA binding at this RE decreased in the presence of HBx (Fig.
2A, left). Located approximately 400 bp upstream of the p53AIP1
transcription start site, the novel promoter p53 RE consists of two
half-sites separated by a 9-bp spacer. Notably, the promoter RE
exhibits less sequence similarity (65%) to the p53 consensus se-
quence than the previously reported p53AIPI intron 1 p53 RE
(80%) (10) that was not captured by the 1.5-kb promoter chip
(Fig. 2A, right). Importantly, both p53 REs were found to be func-
tional and necessary for p53-mediated p53AIP] transcription.
Promoter assay of the p53AIPI regulatory region containing both
promoter and intron 1 REs (wild type [WT]) in p53-deficient
Hep3B cells showed a 6-fold increase (P < 0.01) upon addition of
p53, and this increase was abrogated by depleting p53 using p53-
specific siRNA (P < 0.01) (Fig. 2B). Moreover, mutation of either
promoter (M1) orintron 1 RE (M2) significantly reduced reporter
activities compared to that of the WT promoter (P < 0.05), con-
firming that both REs are bona fide p53 REs essential for regula-
tion of adjacent gene expression (Fig. 2C). We next examined the
effect of HBx on p53 binding at both REs. Consistent with global
p53 ChIP profiling, HBx decreased p53 binding at the p53AIP1
promoter RE (P < 0.01), as determined by p53 ChIP-qPCR on
HBx and control HepG2 cells (Fig. 2D, left). Conversely, HBx
increased bound p53 at the intron 1 RE (P < 0.01) (Fig. 2D, right),
suggesting a novel shift in p53 binding from the promoter to in-
tron 1 RE of p53AIPI. The shift in p53-DNA binding in the
P53AIPI regulatory region was also confirmed using another p53
antibody, sc-6243 (Santa Cruz) (data not shown). Importantly,

FIG 2 HBx shifts p53 binding at the p53AIPI regulatory region. (A) (Left) Illustration of the ChIP-on-chip-identified p53 binding region at the p53AIPI
promoter, generated using SignalMap software (NimbleGen Systems). Decreased p53 occupancy at the novel p53AIP1 promoter RE by HBx is indicated by the
absence of a peak in the HBx-p53 ChIP sample. (Right) Schematic of p53 RE positions relative to the p53AIPI gene. Each p53 RE is depicted as two black boxes,
each representing one half-site of the p53 consensus sequence. Nucleotides in capital letters represent identity of the genomic sequence to the consensus;
nucleotides in lowercase letters represent disparity with the consensus. The transcription start site (+1) and translation start site (ATG) of the p53AIPI gene are
shown. p53 motifs and percent similarity to the consensus sequence of promoter and intron 1 REs are shown. (B) p53 stimulates p53AIPI promoter activity.
p53-deficient Hep3B cells were cotransfected with the wild-type promoter construct and the indicated plasmids and/or siRNA and assayed for 3-Gal activity. (C)
Both promoter and intron 1 p53 REs are functional and necessary for p53AIPI regulation. Hep3B cells were cotransfected with the indicated wild-type or mutant
promoter constructs and p53 or control plasmid. Basal 3-Gal activity is denoted by the vertical black dashed line. Mutant p53 REs are indicated by xx. (D and E)
p53 ChIP-qPCR validation of decreased p53 occupancy at the promoter RE (left) and increased p53 occupancy at the intron 1 RE (right) in HBx and control
HepG2 (D) and THLE-3 (E) cells. Nonspecific ChIP control was performed using normal IgG. (F) ChIP-qPCR using HBx-specific antibody performed on HBx
and control HepG2 (left) and THLE-3 (right) cells. All error bars show standard errors of the mean from triplicate experiments.
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this phenomenon is not cell line or treatment specific, since the
HBx-induced shift in p53 DNA binding was consistently detected
in nontransformed THLE-3 liver cells without DNA-damaging
treatment (Fig. 2E). Next, since HBx binds DNA indirectly via
transcription factors such as p53, we examined if HBx was also
recruited to p53AIPI intron 1 using HBx ChIP-qPCR. Indeed,
HBx bound the intron 1 region in both cell lines (P < 0.05) (Fig.
2F), suggesting that an HBx-p53 transcription complex is re-
cruited to the intron 1 p53 RE. Taken together, these findings
demonstrate a novel shift in p53 selectivity for its binding sites in
the regulatory region of p53AIP1 by the viral X protein.

We next ascertained the biological significance of HBx-altered
p53 DNA binding at p53AIP1. Expression profiling of HBx-dereg-
ulated genes revealed a 1.6-fold increase in p53AIP1 expression in
the presence of HBx (Table 2). This was consistently validated in
both cell lines by qPCR (Fig. 3A). Moreover, depletion of p53
using p53-specific siRNA negated this increase (Fig. 3A), confirm-
ing that p53 mediates HBx-increased p53AIP1 expression. Next,
we tested whether the increased gene expression is a direct conse-
quence of the shift in p53 binding in the p53AIPI regulatory re-
gion by HBx. Indeed, only WT and promoter RE mutant M1
(which mimicked the shift in p53 occupancy) showed significantly
enhanced reporter activities in the presence of HBx (P < 0.01)
(Fig. 3B). In contrast, HBx did not significantly alter the reporter
activities of mutants that prohibit the shift in p53 DNA binding
(intron RE mutant M2 and double mutant M3) (Fig. 3B), provid-
ing strong evidence that the HBx-induced shift in p53 DNA bind-
ing directly results in the deregulated increase in p53AIPI expres-
sion.

HCC tumors with high HBx expression have significantly in-
creased p53AIP1 expression. To investigate if the observed HBx-
deregulated increase in p53AIP1 expression is relevant in HCC
tumors, p53AIP1 gene expression and HBx protein expression of
78 HCC T and paired adjacent NT tissues were profiled using
qPCR and immunoblotting, respectively. Relative p53AIP1 ex-
pression levels (T/NT) were compared in patients with high HBx
expression (>2-fold T/NT) versus patients with low HBx expres-
sion (<2-fold T/NT). Significantly higher p53AIP1 expression
was observed in patients with high HBx expression levels (median,
1.46) than in patients with low HBx expression levels (median,
—1.36) (P < 0.05) (Fig. 3C), highlighting the relevance of our
findings in the HCC patient setting.

Increased p53AIP1 expression mediates HBx-induced apop-
tosis and is independent of p53 Ser46 phosphorylation. Next, we
examined the biological consequence of p53AIP1 deregulation by
HBx. In our previous study, HBx was found to sensitize UV-
treated HepG2 cells to apoptosis (40). Therefore, we hypothesized
that the proapoptotic protein p53AIP1 may mediate HBx-in-
duced apoptosis. To test this hypothesis, p53AIPI was depleted in
HBx- or control UV-treated HepG2 cells using p53AIPI-specific
siRNA (Fig. 4A), and the apoptosis profiles were analyzed by an-
nexin V/7AAD staining. As expected, the apoptotic-cell popula-
tion increased from 12% to approximately 20% in the presence of
HBx (P < 0.01) (Fig. 4B). Transient depletion of p53AIP1 abro-
gated this increase (Fig. 4B), suggesting a functional role for
p53AIP1 in HBx-induced apoptosis.

As p53 serine 46 (Ser46) phosphorylation was reported to in-
duce p53AIPI expression and apoptosis (10), we examined if p53
phosphorylation at the site was altered by HBx. Immunoblot anal-
ysis using the modification-specific antibody showed comparable
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P53 Ser46 phosphorylation levels in HBx and control HepG2 (Fig.
4C, top) and THLE-3 (Fig. 4C, bottom) cells over 72 h despite
increasing HBx expression, suggesting that HBx deregulates
P53AIPI expression independently of p53 Ser46 phosphorylation.

Differential recruitment of distinct p53 transcription co-
regulatory modules by HBx. We further investigated the mecha-
nism by which HBx alters p53 binding site selection at the p53AIP1
gene. Since integration of global p53 ChIP and expression profil-
ing suggests a more complex mode of p53-mediated transcrip-
tional deregulation by the viral X protein, we hypothesized that
adjacent TFs and coregulators that modulate p53 transcription
regulation may be involved. To this end, proximal (=300 bp)
p53-interacting high-confidence TFs were identified using
TRANSFAC and MatInspector TF binding site prediction tools
and searched for reported interactions with p53. Notably, distinct
sets of strong p53-interacting candidates were predicted in the two
regions: transcription repressors YY1 and GATA-1 at the p53AIPI1
promoter and transcription activator Sp1 in the intron 1 region
(Fig. 5A). Strikingly, YY1/GATA1 and Sp1 recruitment to the re-
spective regions assessed by ChIP-qPCR on HBx and control
THLE-3 cells revealed binding patterns analogous to that of p53.
YY1 and GATA-1 recruitment to the p53AIP1 promoter was abol-
ished in the presence of HBx (P < 0.05 and P < 0.01, respectively)
(Fig. 5B, left and middle, respectively), while Sp1 recruitment to
intron 1 was enhanced in the presence of HBx (P < 0.01) (Fig. 5B,
right). Furthermore, using RNA interference and promoter assays
of each TF binding site mutant, we found that promoter-bound
transcription repressors YY1 and GATA-1 negatively modulate
P53AIPI expression (Fig. 5C and D) while intron 1-bound tran-
scription activator Spl positively modulates p53AIP1 expression
(Fig. 5E and F). This suggests that the surrounding transcription
cofactors recruited together with p53 at each RE also influence
transcription of the target gene.

To identify other potential transcription coregulators of the
P53AIPI promoter and intron 1 transcription complexes that do
not exhibit sequence-specific DNA binding, the GeneMANIA as-
sociation network prediction resource (http://www.genemania
.org/) was used. Importantly, histone deacetylase 1 (HDACI) was
the only strongly associated factor predicted in the promoter re-
gion, associating with p53, YY1, GATA-1, and HSF1 (Fig. 6A).
Similar to p53/YY1/GATA-1 recruitment, HDACI recruitment to
the p53AIPI promoter was markedly reduced in the presence of
HBx (P < 0.01) (Fig. 6B). No strongly associated factors were
predicted in the intron 1 region. Taken together, these findings
suggest that HBx can perturb the recruitment of specific p53-
associated transcription coregulatory modules that may modulate
gene transcription.

We next asked if the differential recruitment of the coregula-
tory factors to p53AIP1 promoter and intron 1 regions was due to
possible alterations in their expression by HBx. It was postulated
that HBx-induced degradation or stabilization of the factors could
conceivably affect their availability to be recruited to the respective
response elements. To this end, YY1, GATA-1, Spl, and HDAC1
protein expression levels in HBx and control THLE-3 cells were
determined by immunoblotting with their respective specific an-
tibodies. Comparable protein expression levels of each factor were
detected in the presence or absence of HBx (Fig. 6C). The data
thus far suggest that HBx does not alter the expression of the
transcription coregulatory factors and that another mechanism is
responsible for their differential recruitment by viral protein.
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A PCAF-mediated p53 Lys320 “acetylation switch” alters p53
binding site selection. Since our findings indicate that HBx de-
creases HDAC1 recruitment at the p53AIPI promoter and
HDACI1 is known to deacetylate lysine residues (Lys or K) of both
histone and nonhistone proteins, such as p53, we therefore exam-
ined if histone and p53 acetylation was altered in the presence of
HBx. First, comparable levels of acetylated H3 and H4 were de-
tected using ChIP-qPCR at the p53AIP] promoter in HBx and
control THLE-3 cells, suggesting that histone acetylation is unaf-
fected by HBx-induced relief of bound HDACI (data not shown).
Next, the acetylation status of known HDAC1-modifiable p53 Lys
residues at positions 320, 373, and 382 was analyzed by immuno-
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blotting of HBx and control THLE-3 cells. Strikingly, acetylation
of p53 Lys320 was markedly enhanced in the presence of HBx,
while the p53 Lys373 and Lys382 acetylation status remained un-
changed (Fig. 7A). Since acetylation of p53 is reported to alter its
sequence-specific DNA-binding property (9), we hypothesized
that HBx may alter p53 RE selection through site-specific acetyla-
tion at Lys320. Strikingly, acetylated p53 Lys320 preferentially
bound the more conserved p53AIPI intron 1 RE in the presence of
HBXx, as demonstrated using acetyl p53 (Ac-p53) Lys320 ChIP on
HBx and control THLE-3 cells (P < 0.01) (Fig. 7B). To further
determine if acetylation of p53 Lys320 is essential for HBx-in-
creased p53AIPI expression, p53AIP1 expression was measured in
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HBx and control p53-deficient Hep3B cells with exogenously in-
troduced wild-type p53, acetylation mimic K320Q, or nonacety-
latable K320R. Notably, HBx increased p53AIPI expression only
in cells expressing either wild-type p53 (P < 0.05) or K320Q (P <
0.01), but not in cells expressing the acetylation-defective mutant
K320R (Fig. 7C). Collectively, these data suggest that enhanced
acetylation at p53 Lys320 by HBx alters p53 RE selection and is
essential for the deregulated increase in p53AIP1 expression.

To determine if the relief of HDACI activity by HBx is suffi-
cient to enhance p53 Lys320 acetylation, Ac-p53 Lys320 levels
were examined in HDACI-depleted cells. Figure 7D shows that
transient depletion of HDAC1 by RNA interference did not spon-
taneously increase Ac-p53 Lys320 levels, suggesting that the ob-
served enhanced p53 Lys320 acetylation by HBx requires the ac-
tion of a lysine acetyltransferase. Since the acetyltransferase p300/
CBP-associated factor PCAF selectively acetylates p53 Lys320, we
investigated if PCAF mediates HBx-induced p53 Lys320 acetyla-
tion and subsequent p53AIP1 expression. PCAF ChIP on HBx and
control cells revealed significant PCAF recruitment to the p53AIPI1
intron 1 region in the presence of HBx (P < 0.01) (Fig. 7E). Strikingly,
transient depletion of PCAF by RNA interference abrogated in-
creased p53AIP1 expression by HBx (P < 0.01), with concomitant
blunting of p53 Lys320 acetylation (Fig. 7F). Taken together, the data
suggest that PCAF plays a key role in mediating HBx-enhanced p53
Lys320 acetylation and consequent p53AIP1 deregulation.

DISCUSSION

Oncogenic viruses have devised various ways to deregulate the
“guardian of the genome” and are invaluable tools for under-
standing the complexity of p53 regulation. A common mecha-
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nism by which viral oncoproteins, such as HPV E6 and EBNA3C,
inactivate p53 is by interacting with and targeting the transcrip-
tional regulator for ubiquitin-dependent proteasomal degrada-
tion. However, we and others had previously demonstrated that
the hepatitis B virus X protein does not promote p53 degradation
(31, 39, 40). Instead, nuclear HBx functions as a transcription
cofactor and is thought to alter the sequence-specific DNA-bind-
ing property of p53, although this remains ill defined. Recognizing
the importance of the HBx oncoprotein in viral hepatocarcino-
genesis and the integral role of p53 in maintaining cellular homeo-
stasis, this study addresses the mechanism of p53 modulation by
the viral protein.

The findings of this study clarify the seemingly contradictory
reports on the role of HBx in p53 sequence-specific DNA binding.
We provide the first evidence that HBx globally changes p53 se-
lectivity for its binding sites by potentiating, relieving, or shifting
p53 binding at distinct sites of gene promoters with associated
gene deregulation. Interestingly, HBx-altered p53 DNA binding
either stimulated or repressed gene expression, suggesting a more
complex mode of p53-mediated transcription deregulation by the
viral X protein than previously thought. In an initial model, a
repressive domain of HBx was proposed to be responsible for
inhibiting the basal transcription machinery and repressing global
gene expression (30). However, the findings of our study support
the idea that p53 transcription deregulation by HBx involves an
intricate interplay between transcription cofactors and coregula-
tors, as well as p53 posttranslational modification(s) (collectively
termed p53 transcription cassettes). Using the HBx-deregulated
gene p53AIPI as a model, we demonstrate that HBx modulates

mcb.asm.org 493


http://mcb.asm.org

Chan et al.

A B
HDAC1 ChIP
07 =0.01
08 [ Control
W HBx

YY1
GATA-1

HDAC1
Sp1
GAPDH
HBx

Q
£
8,

05
B Non-specific IlgG
0.4
03
02

0.1

Percentage ChIP enrichment
normalized against input DNA

0 -

Promoterregion

Intron 1 region

FIG 6 Transcription coregulator HDACI is recruited to the p53AIP1 promoter in the absence of HBx. (A) GeneMANIA-predicted coregulators at the p53AIP1
promoter transcription complex. The gray circles represent high-confidence TFs; the white circles represent GeneMANIA-predicted associated factors. The lines
linking two circles indicate reported association between two factors. (B) ChIP-qPCR using HDACI-specific antibody performed on HBx and control THLE-3
cells. All error bars show standard errors of the mean from triplicate experiments. (C) Immunoblots of YY1, GATA-1, HDACI, and Sp1 expression levels in HBx
and control THLE-3 cells using the specific respective antibodies. Immunoblots of GAPDH and HBx expression are shown, as well.

p53AIP] expression by differentially recruiting distinct p53 tran-
scription cassettes with altered p53 binding site selection. Specif-
ically, our model postulates that a transcriptionally repressive p53
cassette comprising p53, YY1, GATA-1, and HDACI tightly reg-
ulates proapoptotic p53AIP1 under normal conditions (Fig. 8).
Maintenance of low p53AIPI levels is conceivable, as it would
safeguard cells against aberrant apoptosis. Upon viral infection
and HBx expression, HBx disrupts the bound repressive p53 cas-
sette by tipping the HDAC1-PCAF balance in favor of the latter,
enhancing PCAF-mediated acetylation of p53 Lys320. HDACI1-
deacetylated p53 Lys320, which preferentially bound the weaker
promoter RE, then becomes acetylated by PCAF, conferring p53
selectivity for the more conserved intron 1 RE. Together with the
transcriptional coactivator Spl, the activating acetylated p53
Lys320 cassette stimulates p53AIPI transcription, which mediates
HBx-induced apoptosis. Induction of apoptosis is thought to en-
hance compensatory proliferation (43) and regeneration of hepa-
tocytes, creating a cellular environment that exerts selective pres-
sure for premalignant hepatocytes that are resistant to apoptosis.

Importantly, our study provides a novel mechanistic insight
into how the viral X protein deregulates p53 transcription. In con-
trast to the roles of other viral proteins, such as the adenovirus
E1B-55 kDa and human immunodeficiency virus type 1 Tat pro-
teins that deregulate p53-mediated transcription by interfering
with PCAF-p53 interaction and inhibiting PCAF-mediated p53
Lys320 acetylation (44, 45), we have shown that, conversely, HBx
hijacks and enhances the host PCAF acetylation pathway. How,
then, does HBx enhance PCAF-mediated p53 Lys320 acetylation?
Does HBx also enhance acetylation of other PCAF substrates, sig-
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naling a broader role for PCAF in HBx deregulation of cellular
transcription? Future studies addressing this will undoubtedly
provide greater insight into the function of the viral X protein.
Furthermore, in support of our findings that HBx preferentially
enhances the recruitment of distinct p53 transcription cassettes,
global HBx ChIP revealed enrichment of known p53-interacting
transcription cofactor motifs at the promoter’s HBx direct target
genes, including Sp1, E2F1, and YY1 genes (35). Identification of
additional p53 transcription cassettes perturbed by HBx is in
progress and will serve to advance our understanding of how HBx
upsets cellular homeostasis in hepatocarcinogenesis.
Significantly, our work further refines the conceptual frame-
work through which we can understand p53-mediated transcrip-
tion regulation. A growing body of literature supports a p53 sen-
sor system on which various stress signals converge in the form of
a p53 posttranslational code, thereby determining the transcrip-
tion of selective classes of p53 target genes to elicit the appropriate
cellular response (46). In particular, Knights et al. proposed the
concept of p53 acetylation cassettes, in which signal-dependent
P53 acetylation clusters selectively transactivate/transrepress dis-
tinct functional classes of target genes to affect cellular outcomes
(47). Using a lung carcinoma cell model, the authors show that
acetylated p53 Lys320 is associated with stimulating prosurvival
genes, while conversely, acetylated p53 Lys373 is associated with
stimulation of proapoptotic genes. Through the study of the viral
X protein in modulating p53, our findings support the broad con-
cept of a p53 acetylation sensor-effector system that is important
for fine-tuning p53 binding site selection and consequent tran-
scription regulation. Moreover, our study highlights an additional
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layer of complexity in p53-mediated transcription regulation that
was not examined by Knights et al. We show that sequence-spe-
cific transcription cofactors bound in the vicinity of p53 also in-
fluence transcription regulation of the adjacent gene. Noting that

HDAC1-containing
deacetylase complex

p53AIP1

FIG 8 Model illustrating p53-mediated deregulation of p53AIP1 by HBx. In
unstressed cells, a transcriptionally repressive p53—YY1-GATA-1-HDACI1
complex is bound to the p53AIPI promoter, repressing p53AIP] transcription.
In the presence of HBx, PCAF-mediated p53 Lys320 acetylation is enhanced,
endowing p53 with selectivity for the more conserved intron 1 RE. The tran-
scriptionally activating HBx—PCAF-Ac-p53-Spl complex recruited to
p53AIPI intron 1 stimulates p53AIP] transcription.
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transcription factor expression profiles can vary in different cell
types, this may explain in part the discrepancy in the prosurvival
roles of acetylated p53 Lys320 in lung carcinoma cells (47) versus
its proapoptotic role in liver cells (this study). Indeed, site-specific
acetylation of p53 has been associated with different cellular out-
comes in different cell types (47-49), supporting the idea that
cell-type-specific repertoires of transcription factors and regula-
tory networks likely exert different effects on p53 transcription
regulation. Our study therefore advocates dissecting p53-medi-
ated transcription regulation in terms of transcription cassettes
influenced by the unique proteome landscape of each cell type,
rather than by analyzing specific posttranslational marks of p53 on
its transcription regulation in isolation.

Furthermore, our study highlights the importance of identify-
ing the p53 posttranslational mark(s) of each transcription cas-
sette that is essential for transcription regulation. For example,
although Knights et al. reported that acetylated p53 Lys373 pref-
erentially associated with proapoptotic p53AIP1, they failed to
show that acetylated Lys373 indeed enhances the transcription of
p53AIPI in their gene expression analysis of the gain-of-function
mutant K373Q. In contrast, we provide strong evidence that
acetylated p53 Lys320 not only binds to the p53AIPI regulatory
region but, importantly, also functions to stimulate its transcrip-
tion. These findings suggest that although p53 can be marked with
a variety of posttranslational modifications, it is imperative to

mcb.asm.org 495


http://mcb.asm.org

Chan et al.

identify the p53 posttranslational mark(s) of each transcription
cassette that is functionally important for transcription of the tar-
get gene. Further, recognizing that these p53 posttranslational
modifications can compensate and/or cross talk with each other,
dissecting complete repertoires of p53 transcription cassettes spe-
cific to each cell type would be of paramount importance.

Finally, with the advent of ChIP coupled with high-throughput
sequencing, we are discovering a rapidly increasing number of
potential p53 binding sites in the genome. It would not be surpris-
ing, then, to find that more target genes may possess several p53
binding sites in their regulatory regions, adding to the complexity
of p53-mediated transcription regulation. Using p53AIPI tran-
scription deregulation by the viral X protein as a model, we have
shown here that transcription of a single gene can be coordinated
by the selective recruitment of distinct p53 transcription cassettes
to different functional p53 binding sites. In view of this, we believe
it will be worthwhile to identify patterns of perturbed binding site
selection of p53 transcription cassettes within genes, as well, to
delineate the complexity of p53 transcription regulation. Through
an appreciation of how p53 transcription is deregulated by the
viral X protein, our study significantly provides a more compre-
hensive framework to gain a more precise understanding of p53
transcription regulation.
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