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Abstract: Hepatitis B virus X protein (HBx) is involved in the pathogenesis of hepatocellular carcinoma (HCC). Overex-
pression of the transcripts from the P3 and P4 promoters of the insulin-like growth factor-II (IGF-II) gene is observed 
in HCC. The present study investigated the involvement of HBx in IGF-II overexpression and its epigenetic regulation. 
Firstly, the effects of HBx on P3 and P4 mRNA expression, the methylation status of the P3 and P4 promoters, and 
MBD2 expression were analyzed in human HCC cells and HCC samples. Next, interaction between HBx and MBD2 
or CBP/p300 was assessed by co-immunoprecipitation, and HBx-mediated binding of MBD2 and CBP/p300 to the 
P3 and P4 promoters and the acetylation of the corresponding histones H3 and H4 were evaluated by quantita-
tive chromatin immunoprecipitation. Finally, using siRNA knockdown, we investigated the roles of MBD2 and CBP/
p300 in IGF-II overexpression and its epigenetic regulation. Our results showed that HBx promotes IGF-II expression 
via inducing the hypomethylation of the P3 and P4 promoters, and that HBx increases MBD2 expression, directly 
interacts with MBD2 and CBP/p300, and elevates their recruitment to the hypomethylated P3 and P4 promoters 
with increased acetylation levels of the corresponding histones H3 and H4. Further results showed that endogenous 
MBD2 and CBP/p300 are necessary for HBx-induced IGF-II overexpression and that CBP/p300 presence and CBP/
p300-mediated acetylation of histones H3 and H4 are partially required for MBD2 binding and its demethylase 
activity. These data suggest that HBx induces MBD2-HBx-CBP/p300 complex formation via interaction with MBD2 
and CBP/p300, which contributes to the hypomethylation and transcriptional activation of the IGF-II-P3 and P4 
promoters and that CBP/p300-mediated acetylation of histones H3 and H4 may be a rate-limiting step for the hypo-
methylation and activation of these two promoters. This study provides an alternative mechanism for understanding 
the pathogenesis of HBx-mediated HCC.

Keywords: Hepatitis B virus X protein, hepatocellular carcinoma, insulin-like growth factor II, hypomethylation, 
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Introduction 

Chronic hepatitis B virus (HBV) infection is a 
leading cause of human cirrhosis and hepato-
cellular carcinoma (HCC) [1]. HBV has four open 
reading frames that encode seven types of viral 
proteins. Among these proteins, the hepatitis B 
virus X protein (HBx) is essential for virus repli-
cation [2] and is thought to contribute to the 
pathogenesis of HCC [3]. HBx is a 17-kDa multi-
functional regulatory protein that alters gene 

expression by binding to nuclear transcription 
factors, and by stimulating cytoplasmic signal-
ing pathways [4]. In addition, recent data sug-
gest that HBx is involved in epigenetic modifica-
tions during hepatocarcinogenesis [5, 6]. In 
spite of these encouraging progresses, the 
mechanisms of HBx-induced hepatocarcino-
genesis remain largely unknown. 

The human insulin-like growth factor-II (IGF-II) is 
a fetal growth factor that is involved in fetal 
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growth and development [7]. The gene encod-
ing IGF-II is on chromosome 11p15.5 contain-
ing nine exons and four promoters (P1-P4) [8]. 
IGF-II is expressed predominantly in fetal liver 
under physiological conditions through the acti-
vation of the P2-P4 promoters; however, its 
expression is significantly downregulated short-
ly after birth because of a remarkable decrease 
or loss of the activity of the P2-P4 promoters 
[9]. IGF-II overexpression has been observed in 
many human malignancies, such as pediatric 
tumors, gastric cancer, colon cancer, and HCC 
[10-13]. There is compelling clinical and experi-
mental evidence that IGF-II plays an important 
role in the pathogenesis of HCC [14]. Indeed, 
IGF-II expression is elevated in human HCCs 
[10], HCC cell lines [15, 16], and HCC animal 
models [17]. The increased level of IGF-II in 
HCC results from the transcriptional reactiva-
tion of the fetal P3 and P4 promoters [18, 19]. 
However, the reasons and mechanisms respon-
sible for the reactivation of the two fetal tran-
scripts are not well clarified.

IGF-II overexpression has been observed in 
HCC from HBV-infected patients but not unin-
fected patients [20]. Another study demon-
strated that IGF-II expression is closely related 
to HBx expression in HCC tissues [21]. Similarly, 
in a previous study, we found that significantly 
increased expression of IGF-II transcripts from 
the fetal P3 and P4 promoters was observed in 
a large majority of HBV-associated HCC sam-
ples [19]. The above findings suggest that HBV 
or its product HBx may stimulate IGF-II 
expression.

One of the hallmarks of cancer is aberrant DNA 
methylation that is involved in altering gene 
transcription [22], mainly including the hyper-
methylation of tumor suppressor genes as well 
as the hypomethylation of unique genes and 
repetitive sequences [23, 24]. The methyl-CpG 
binding domain protein 2 (MBD2) was previ-
ously shown to cause gene silencing of a meth-
ylated promoter [25]; however, other studies 
have recently shown that MBD2 could activate 
and cause the demethylation of certain pro-
moters [26, 27]. In contrast, histone acetyla-
tion mediated by histone acetyltransferases 
(HATs) promotes the active demethylation of 
ectopically methylated genes [28] and acti-
vates gene transcription [29]. The CREB-binding 
protein (CBP) and its paralog p300 are two 
members of the KAT3 subfamily of HATs and 

are ubiquitously expressed in mammals. Both 
proteins interact with over 400 different pro-
teins and have diverse functions related to 
transcription activation and regulation [30, 31]. 
Because the epigenetic modulation of IGF-II 
overexpression in HCC has not yet been stud-
ied, the present study was performed to explore 
the involvement of HBx in P3-and P4-driven 
mRNA overexpression and the underlying epi-
genetic mechanisms with respect to MBD2 and 
CBP/p300. 

Materials and methods

Expression vectors and retrovirus-pBABE-puro-
HBx 

The pCMV-tag2B-HBx plasmid expressing HBx 
(HBx gene, GenBank Accession No. AF22395- 
5.1) and the pCMV-tag2B control blank plasmid 
were kindly provided by Dr. Ming Liang (Southern 
Medical University, Guangzhou, China). The 
pGL3-P3 and pGL3-P4 vectors were construct-
ed by inserting the P3 promoter (-1251/+123) 
and the P4 promoter (-1129/+117), respective-
ly, of the human IGF-II gene (GenBank Accession 
No. NT_009308) into the luciferase reporter 
vector pGL3-Basic (Promega, Madison, WI, 
USA). The pBABE-puro-HBx plasmid was con-
structed by inserting the HBx gene into the ret-
rovirus vector pBABE-puro (Addgene, Cambri- 
dge, MA, USA). The pBABE-puro-HBx and the 
control vector pBABE-puro were transfected 
into 293FT package cells to generate retrovi-
rus-pBABE-puro-HBx and retrovirus-pBABE-
puro, respectively. All the constructs were veri-
fied by sequencing.

Cell lines and tissue specimens

The human HCC cell lines HepG2 (ATCC, 
HB-8065, Manassas, VA, USA) and Huh-7 
(JCRB Cell Bank, Osaka, Japan) were cultured in 
Dulbecco’s modified Eagle medium (Gibco BRL, 
Rockville, MD, USA) supplemented with heat-
inactivated 10% fetal bovine serum (Gibco 
BRL). The retrovirus-pBABE-puro-HBx was 
transfected into HepG2 cells to establish the 
stable HBx-expressing cell line HepG2-HBx. 
HepG2 cells transfected with empty retrovirus-
pBABE-puro vector were used as the control 
cells and named HepG2-Mock. Tumor tissue 
specimens were obtained from 48 patients 
with HBV infection-positive/hepatitis C virus 
(HCV) infection-negative HCC (BNC-HCC) (36 
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men, 12 women) and 11 
patients with both HBV and 
HCV infection-negative HCC 
(NBNC-HCC) (9 men, 2 
women) who underwent 
curative resection at the 
First Affiliated Hospital of 
Jinan University (Guang- 
zhou, China) (Table 1). HBV 
infection was defined as the 
positive detection of serum 
HBs-Ag and HBV DNA, and 
no HCV infection was defi- 
ned as the negative detec-
tion of serum anti-HCV and 
HCV RNA. This study was 
approved by the medical 
ethics committee of the 
First Affiliated Hospital of 
Jinan University, and written 
informed consent was obta- 
ined from each participant. 

Quantitative RT-PCR 

Total RNA was extracted 
from HCC tissue specimens 
and HCC cell lines using 
TRIzol reagent (Invitrogen, 
Carlsbad, CA, USA) accord-
ing to the manufacturer’s 
instructions. RNA (2 μg) was 
reversely transcribed to 
obtain cDNA using 10 units 
of Reverse Transcriptase XL 
(AMV) (TaKaRa, Kyoto, 
Japan). Real-time quantita-
tive RT-PCR was carried out 
using Power SYBR Green 
PCR Master Mix (Applied 
Biosystems, Foster City, CA, 
USA). The data were ana-
lyzed as described previous-
ly [32]. The primers used for 
the PCRs were as follows: 
P3 transcript (P3 mRNA) 
sense 5’-ATT ACA CGC TTT 
CTG TTT CTC TCC-3’ and 
antisense 5’-AAA TGA GGT 
CAG CTG TTG TAT CAA G-3’ 
(172 bp) [33]; P4 transcript 
(P4 mRNA) sense 5’-TCT 
CCT GTG AAA GAG ACT TCC 
AG-3’ and antisense 5’-CAA 
GAA GGT GAG AAG CAC 

Table 1. Clinicopathological characteristics of HCC patients

Case Sex Age 
(yrs.)

Tumor  
diameter (cm) TEPV Etiology Diagnosis  

(Edmondson grade)
1 F 42 4.5 + HBV HCC (III)
2 M 63 6.5 + HBV HCC (IV)
3 M 39 4.2 - HBV HCC (I)
4 M 46 8.5 + HBV HCC (IV)
5 M 56 3.5 - HBV HCC (II)
6 F 50 5.5 - HBV HCC (III)
7 M 45 4.8 + HBV HCC (III)
8 M 41 6.8 + HBV HCC (IV)
9 M 37 3.6 - HBV HCC (II)
10 M 68 12.5 + HBV HCC (IV)
11 M 72 7.6 - HBV HCC (II)
12 M 61 9.5 + HBV HCC (III)
13 M 74 7.8 + HBV HCC (IV)
14 M 52 11.8 + HBV HCC (IV)
15 M 38 10.5 + HBV HCC (I)
16 F 65 4.5 - HBV HCC (III)
17 M 78 4.7 - HBV HCC (IV)
18 M 43 7.8 - HBV HCC (II)
19 M 42 11.5 + HBV HCC (III)
20 M 56 7.5 + HBV HCC (III)
21 F 49 4.8 - HBV HCC (II)
22 M 56 4.6 + HBV HCC (IV)
23 F 78 15.8 + HBV HCC (IV)
24 M 55 5.5 + HBV HCC (III)
25 F 73 3.7 + HBV HCC (III)
26 M 41 4.5 - HBV HCC (I)
27 F 47 7.5 + HBV HCC (III)
28 M 38 10.5 + HBV HCC (IV)
29 M 35 11.7 - HBV HCC (IV)
30 M 39 4.8 - HBV HCC (III)
31 M 71 5.5 + HBV HCC (IV)
32 F 62 3.5 + HBV HCC (III)
33 F 53 11.3 + HBV HCC (III)
34 M 46 4.7 + HBV HCC (II)
35 M 42 3.8 - HBV HCC (II)
36 M 36 7.8 + HBV HCC (IV)
37 F 39 3.5 - HBV HCC (III)
38 M 34 2.5 + HBV HCC (III)
39 M 53 6.8 + HBV HCC (IV)
40 M 51 16.5 + HBV HCC (III)
41 M 45 8.5 + HBV HCC (IV)
42 M 40 4.8 - HBV HCC (III)
43 M 47 8.5 + HBV HCC (III)
44 F 41 4.6 - HBV HCC (II)
45 M 60 7.8 - HBV HCC (IV)
46 M 71 10.3 + HBV HCC (IV)
47 M 39 5.8 + HBV HCC (I)
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CAG-3’ (137 bp) [33]; MBD2 mRNA sense 
5’-AAC CCT GCT GTT TGG CTT AAC-3’ and anti-
sense 5’-CGT ACT TGC TGT ACT CGC TCT TC-3’ 
(101 bp) [34]. 

Western blot analysis

Protein extraction from tumor tissues or cul-
tured HCC cells was performed as described 
previously [35]. Equal amounts of protein were 
subjected to SDS-PAGE, followed by transfer of 
protein to nitrocellulose membranes (Bio-Rad, 
Hercules, CA, USA). The membranes were first 
incubated with antibodies against HBx (Abcam, 
Cambridge, UK), IGF-II (Abcam), MBD2 (sheep 
polyclonal antibody, Millipore-Upstate, Billerica, 
MA, USA), and β-actin (Abcam), then followed 
by incubation with HRP-conjugated secondary 
antibodies. The results were visualized using 
an enhanced chemiluminescence detection 
system (Amersham Biosciences, Piscataway, 
NJ, USA). 

Bisulfite sequencing

DNA (2 μg) isolated from the HCC cells and the 
HCC tissue samples underwent sodium bisul-
fite modification using the CpGenome DNA 
Modification kit (Serologicals Corp., Norcross, 
GA, USA) according to the manufacturer’s pro-
tocols. The modified DNA samples were sub-
jected to PCR amplification using sense and 
antisense primers for the P3 promoter (ampli-
fied fragment of 250 bp, P3 amplification region 
of -540/-290 bp), which were 5’-TTT TTT GTT 
GGG GTA GGT G-3’ and 5’-AAA TTC AAA AAC 
CCC ATC C-3’ and for the P4 promoter (ampli-
fied fragment of 307 bp, P4 amplification region 
of -555/-248 bp), which were 5’-GTA GAA GTT 

In vitro methylation of pGL3-P3 and pGL3-P4 
vectors 

pGL3-P3 and pGL3-P4 plasmids were methyl-
ated in vitro by incubating 10 μg of plasmid 
DNA with 20 units of SssI CpG methyltransfer-
ase (New England BioLabs Inc., Ipswich，MA, 
USA) in the recommended buffer containing 
160 μM S-adenosylmethionine for 3 h at 37°C. 
The above procedure was repeated once again 
and complete methylation was confirmed by 
observing full protection from HpaII digestion 
[36].

Transient transfection and dual luciferase 
assay

Huh-7 cells were plated at a density of 2 × 105/
well in a 24-well dish and transiently cotrans-
fected with 0.5 μg luciferase reporter vectors 
(0.455 μg premethylated pGL3-P3 or pGL3-P4 
vector and 0.045 μg pRL-TK vector) and 0.5 μg 
pCMV-tag2B-HBx or pCMV-tag2B control plas-
mid using TransFast transfection reagent 
(Promega, Madison, WI, USA). The luciferase 
assays were performed according to the manu-
facturer’s instructions at 48 h after transfec- 
tion. 

Co-immunoprecipitation (co-IP) assay

Cells were lysed in 1 ml lysis buffer (150 mM 
NaCl, 50 mM Tris-HCl (pH 7.4), 0.5% (v/v) 
Nonidet P-40, and protease inhibitor mixture 
(Roche Applied Science, Indianapolis, IN, USA). 
The cell lysates containing 500 μg of total pro-
teins were immunoprecipitated with anti-HBx 
antibody (Abcam) or anti-MBD2 (Millipore-
Upstate), anti-CBP (Abcam), anti-p300 (Abcam) 
antibodies and protein G Sepharose beads (GE 

48 F 56 6.5 + HBV HCC (III)
49 M 64 8.7 - Alcohol HCC (II)
50 F 78 6.8 - Cryptogenic HCC (II)
51 M 55 10.7 - Alcohol HCC (II)
52 M 49 5.8 - Alcohol HCC (III)
53 M 57 4.2 - Alcohol HCC (I)
54 M 58 4.5 - Cryptogenic HCC (IV)
55 M 66 7.9 - Alcohol HCC (I)
56 M 73 13.5 + Alcohol HCC (II)
57 M 47 15.8 + Alcohol HCC (III)
58 M 52 7.6 - Alcohol HCC (II)
59 F 55 6.8 + Cryptogenic HCC (II)
Abbreviations: M, Male; F, Female; TEPV, Tumor embolus of portal vein; HCC, Hepato-
cellular carcinoma.

TAT TTT GGT ATG TTG A-3’ 
and 5’-AAT CTC CTT CCC 
ACC TCC TTA TAT A-3’. The 
above primer pairs for PCR 
were designed using CpG 
Ware Primer Design Soft- 
ware (Serologicals). The PCR 
products were subcloned 
into the vector pMD19-T 
(TaKaRa, Kyoto, Japan) for 
DNA sequencing (Invitrogen, 
Shanghai, China). Eight posi-
tive clones of each sample 
were sequenced to ascer-
tain the methylation pat-
terns of each CpG locus.
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Healthcare, Uppsala, Sweden) overnight at 
4°C. Protein binding was detected by Western 
blotting with the respective antibodies. 

Quantitative chromatin immunoprecipitation 
(qChIP) assay

qChIP assays were performed using a ChIP 
assay kit (Upstate Biotechnology, Charlo- 

ttesville, VA, USA) according to the manufac-
turer’s specifications. Briefly, cells were cross-
linked with 1% formaldehyde for 10 min at 
37°C. The cross-linking was stopped by incuba-
tion with glycine at room temperature for 5 min. 
The collected cells were washed twice with ice-
cold PBS containing a protease inhibitor cock-
tail (Roche Applied Science) and resuspended 
in SDS lysis buffer (Upstate Biotechnology). The 

Figure 1. Effects of HBx on P3 and P4 mRNA expression, IGF-II protein expression, and the methylation status of 
the P3 and P4 promoters in HCC cells. A. P3 and P4 mRNA levels were higher in HepG2-HBx cells with stable HBx 
expression than in HepG2-Mock cells (p = 0.000, p = 0.000). B. Representative Western blot results of IGF-II protein 
expression in HepG2-HBx and HepG2-Mock cells. C. Signal densitometric quantitative results (AU) of IGF-II protein 
expression by Western blot analysis. IGF-II protein level in HepG2-HBx cells is higher than in HepG2-Mock cells (p 
= 0.000). The above each experiment was repeated thrice and all reactions were carried out in triplicate. D and 
E. Bisulfite sequencing results of the methylation levels of P3 promoter fragment (-540/-290 bp) and P4 promoter 
fragment (-555/-248 bp) in HepG2-HBx and HepG2-Mock cells. Each row of circles represents sequencing results of 
a clone, filled circles are methylated CpG dinucleotides, and empty circles are unmethylated CpG dinucleotides. The 
percentage of methylated CpG dinucleotides is indicated in parentheses. TSS, transcription start site; AU, arbitrary 
units.
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cell lysates were then subjected to sonication. 
Each sample was precleared with protein G 
agarose and divided into three subsamples. 
One subsample was used as an input control, 
the second subsample was incubated with 
anti-HBx (Abcam), anti-MBD (Millipore-Upstate), 
anti-CBP (Abcam), anti-p300 (Abcam), anti-ace-
tyl histone H3 (Lys18) (Thermo Scientific Pierce, 

Rockford, IL, USA), and anti-acetyl histone H4 
(Lys 5/8/12/16) (Thermo Scientific Pierce) anti-
bodies, and the third subsample was incubated 
with normal rabbit IgG non-specific antibody 
(negative control, Santa Cruz Biotechnology, 
Inc, Dallas, TX, USA) overnight at 4°C. DNA puri-
fied from both the immunoprecipitated and the 
preimmune (input) samples was subjected to 

Figure 2. Effects of HBx on P3 and P4 mRNA expression, IGF-II protein expression, and the methylation status of 
P3 and P4 promoters in HCC cells. A. P3 and P4 mRNA levels were higher in Huh7-HBx cells with transient HBx 
expression than in Huh7-Mock cells (p = 0.000, p = 0.000). The transfected quantities of HBx expression plasmid 
were 1.0 μg per 1 × 106 cells. B. Representative Western blot results of IGF-II protein expression in Huh7-HBx and 
Huh7-Mock. C. Signal densitometric quantitative results (AU) of IGF-II protein expression by Western blot analysis. 
IGF-II protein level in Huh7-HBx cells is higher than in Huh7-Mock cells (p = 0.000). The above each experiment was 
repeated thrice and all reactions were carried out in triplicate. D and E. Bisulfite sequencing results of the methyla-
tion levels of P3 promoter fragment (-540/-290 bp) and P4 promoter fragment (-555/-248 bp) in Huh7-HBx and 
Huh7-Mock cells. Each row of circles represents sequencing results of a clone, filled circles are methylated CpG 
dinucleotides, and empty circles are unmethylated CpG dinucleotides. The percentage of methylated CpG dinucleo-
tides is indicated in parentheses. TSS, transcription start site; AU, arbitrary units.
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real-time PCR amplification using Power SYBR 
Green PCR Master Mix (Applied Biosystems). 
The following primers were used: P3 promoter 
sense (P3 amplification region of -491/-331 
bp) 5’-CCC CCT CAG CCG CAA CAA CC-3’ and 
antisense 5’-GCC TGT GCT CGT GAG CTG GG-3’ 
(160 bp); P4 promoter sense (P4 amplification 
region of -523/-398 bp) 5’-CCA GCG AGA CCG 
CGA GAG GA-3’ and antisense 5’-CGG ACA GAG 
CCA GAG GGG GT-3’ (125 bp). Amplifications 
were performed using the following protocol: 
95°C for 5 min, and 40 cycles of 95°C for 15 s, 
60°C for 15 s, and 72°C for 32 s.

Small interfering RNA (siRNA) knockdown

Huh-7 cells were transfected with siRNA oligo-
nucleotides by using Lipofectamine RNAiMAX 
(Invitrogen). The following siRNAs were obtained 
from Dharmacon (Lafayette, IN, USA). The 
sequences of the siRNAs used in the present 
study were as follows: CBP siRNA (siCBP), anti-
sense strand 5’-GCG GCU GUU GAU UCC UCA 
ATT-3’ [37]; p300 siRNA (sip300), antisense 

strand 5’-CUA AUC CAG GAC UGC UCU GTT-3’ 
[37]; MBD2 siRNA (siMBD2), antisense strand 
5’-UUA CUA GGC AUC AUC UUU CUU T-3’ [38]. 
Negative control siRNA (siControl) was pur-
chased from Dharmaco. The cells were har-
vested at 72 h after transfection, and then the 
endogenous CBP, p300, and MBD2 protein lev-
els were determined by Western blotting. 

Statistical analysis

Categorical data were evaluated by x2 or 
Fisher’s exact tests, depending on the absolute 
numbers included in the analysis, quantitative 
data were analyzed by independent sample 
t-test followed by Mann-Whitney U test, and lin-
ear correlation was evaluated by Pearson cor-
relation coefficient. The results were consid-
ered statistically significant at P < 0.05.

Results

HBx promotes the expression of the IGF-II 
gene via inducing the hypomethylation of the 
P3 and P4 promoters in hepatoma cells and 
HCC specimens

To investigate the potential role of HBx in regu-
lating IGF-II expression, we examined the 
expression of IGF-II at the mRNA and protein 
levels, and the methylation profiles of the IGF-
II-P3 and P4 promoters in HepG2-HBx cells with 
stable HBx expression and HepG2-Mock cells 
(control cells). Quantitative RT-PCR and Western 
blot analyses showed that P3 and P4 mRNA 
expression，and IGF-II protein expression were 
significantly upregulated in HepG2-HBx cells 
compared with the control cells (Figure 1A-C). 
Meanwhile, bisulfite sequencing results reve- 
aled that the methylation levels of the 17 CpG 
sites in the P3 promoter fragment of -540/-290 
bp and of the 18 CpG sites in the P4 promoter 
fragment of -555/-248 bp were lower in HepG2-
HBx cells than those in the control cells (Figure 
1D and 1E). The similar deregulated results of 
P3 and P4 mRNA expression, IGF-II protein 
expression, and the methylation profiles of the 
P3 and P4 promoters were also observed in 
Huh7 cells transiently transfected with the HBx-
expressing plasmid pCMV-tag2B-HBx (Huh7-
HBx) and with the control blank plasmid pCMV-
tag2 (Huh7-Mock) (Figure 2). Next, the lucife- 
rase assays were performed using in vitro pre-
methylated P3 and P4 promoter-luciferase con-
structs (pGL3-P3 and pGL3-P4) in Huh-7 cells 

Figure 3. The ectopic expression of HBx increases 
the activity and transcription of IGF2-P3 and P4 pro-
moters in vitro. Huh-7 cells were transiently cotrans-
fected with increasing amounts of HBx expression 
plasmid or control plasmid and premethylated pGL3-
P3 or premethylated pGL3-P4 vectors. The observed 
firefly luciferase activity was normalized to Renilla 
luciferase activity and the results were the average 
of three independent experiments carried out in trip-
licate. The transfected quantities of HBx expression 
plasmid were 0.25 μg (+) and 0.5 μg (++) per 1 × 106 
cells. *indicates that the mean values in Huh-7 cells 
cotransfected with control plasmid are significantly 
different from those cotransfected with HBx expres-
sion plasmid (P = 0.000).
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transiently cotransfected with increasing 
amounts of HBx expression plasmid (pCMV-
tag2B-HBx) or control plasmid (pCMV-tag2B). 
Consistent with the above results, the ectopic 
expression of HBx increased the activity and 
transcription of the P3 and P4 promoters in a 
dose-dependent manner (Figure 3). 

Further, our results revealed that P3 and P4 
mRNA levels were higher in BNC-HCC speci-
mens than those in NBNC-HCC specimens 
(Figure 4A and 4B) and that P3 and P4 mRNA 
abundances were positively correlated to HBx 
protein level (Figure 4C and 4D). On the other 
hand, bisulfite sequencing of the 17 CpG sites 
in the P3 promoter fragment of -540/-290 bp 

and of the 18 CpG sites in the P4 promoter frag-
ment of -555/-248 bp indicated that the mean 
methylation levels of the 17 CpG sites in the P3 
promoter and of the 18 CpG sites in the P4 pro-
moter in BNC-HCC specimens were lower than 
those in NBNC-HCC specimens (Figure 5A and 
5B) and that the methylation levels of the two 
promoter fragments were negatively correlated 
to HBx protein level (Figure 5C and 5D). 
Moreover, the P3 and P4 mRNA levels were 
negatively correlated to the methylation levels 
of the P3 and P4 promoters, respectively 
(Figure 5E, 5F and Table 2). The above findings 
indicate that HBx expression may promote IGF-
II expression via inducing DNA hypomethylation 
of the IGF-II-P3 and P4 promoters. 

Figure 4. Effects of HBx expression on P3 and P4 mRNA in HCC specimens. P3 and P4 mRNA levels, and HBx protein 
levels were measured in BNC-HCC and NBNC-HCC specimens. The -ΔCT method was used to quantify quantitative 
RT-PCR results and the signal densitometric ratio (AU) of HBx versus β-actin Western blot results was used to quan-
tify HBx protein level. A and B. P3 and P4 mRNA levels in BNC-HCC and NBNC-HCC samples. C and D. The results of 
Pearson linear correlation analyses of correlation between P3 and P4 mRNA levels and HBx protein levels in HCC 
specimens. BNC-HCC, HBV infection-positive/HCV infection-negative HCC; NBNC-HCC, Both HBV and HCV infection-
negative HCC; AU, arbitrary units.
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Figure 5. Effects of HBx expression on the methylation levels of P3 and P4 promoters in HCC specimens. The -ΔCT 
method was used to quantify quantitative RT-PCR results and the signal densitometric ratio (AU) of HBx versus 
β-actin Western blot results was used to quantify HBx protein level. The methylation level of P3 promoter fragment 
(-540/-290 bp) and P4 promoter fragment (-555/-248 bp) were analyzed using bisulfite sequencing. A and B. The 
methylation levels of the P3 and P4 promoter fragments in BNC-HCC and NBNC-HCC samples. C and D. The results 
of Pearson linear correlation analyses of correlation between the methylation levels of the P3 and P4 promoter 
fragments and HBx protein level in HCC specimens. E and F. The results of Pearson linear correlation analyses of 
correlation between P3 and P4 mRNA levels and the methylation levels of the P3 and P4 promoter fragments in HCC 
specimens. BNC-HCC, HBV infection-positive/HCV infection-negative HCC; NBNC-HCC, Both HBV and HCV infection-
negative HCC; AU, arbitrary units.
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Table 2. Experimental data in HCC samples

Case P3 mRNA 
level (-ΔCT)

P4 mRNA 
level (-ΔCT)

HBx protein 
level (AU)

MBD2 protein 
level (AU)

P3 promoter  
methylation level (%)

P4 promoter  
methylation level (%)

1 -9.89 -11.34 1.13 1.24 41.2 38.9
2 -10.38 -12.56 0.81 1.05 40.4 32.6
3 -13.57 -12.53 0.14 0.82 64.0 55.6
4 -9.25 -12.16 0.90 0.87 33.8 28.5
5 -12.17 -12.93 0 0.47 41.2 32.6
6 -12.86 -12.27 0.44 0.62 58.1 59.0
7 -7.27 -10.21 1.17 1.07 22.8 25.7
8 -6.89 -8.72 1.21 0.93 26.5 31.3
9 -11.47 -12.37 0.45 0.74 39.7 36.1
10 -4.54 -6.83 1.34 1.19 19.9 20.8
11 -11.89 -13.92 0.43 0.39 55.1 46.5
12 -5.78 -7.62 1.49 1.62 20.6 21.5
13 -10.62 -11.85 0.83 0.91 30.1 23.6
14 -9.38 -9.37 1.10 0.87 36.0 32.6
15 -14.83 -12.34 0.79 1.14 69.1 54.9
16 -9.12 -9.36 1.14 0.96 26.5 27.1
17 -13.18 -14.18 0.50 0.71 55.1 46.5
18 -10.95 -11.76 0.86 1.12 39.7 43.1
19 -8.35 -9.69 1.29 1.36 32.4 25.7
20 -10.79 -9.52 1.35 1.56 34.6 26.4
21 -8.34 -9.95 1.19 0.89 27.2 31.3
22 -4.13 -7.26 1.17 1.16 19.1 17.4
23 -7.95 -8.23 1.24 1.03 24.3 27.8
24 -3.49 -6.97 1.49 1.25 26.5 25.0
25 -7.13 -10.68 0.84 1.08 22.8 24.3
26 -13.67 -12.42 0.91 0.74 40.4 36.1
27 -6.49 -11.14 1.46 0.98 21.3 18.8
28 -6.89 -10.51 1.26 1.41 33.1 36.8
29 -6.68 -11.28 1.05 1.24 18.4 16.7
30 -14.61 -15.36 0 0.68 47.8 51.4
31 -11.73 -9.71 0.76 0.49 33.8 31.9
32 -8.43 -10.32 1.09 0.82 27.2 33.3
33 -13.24 -12.75 0.86 1.01 69.1 56.9
34 -4.32 -7.91 1.42 1.44 18.4 25.0
35 -15.52 -15.41 0.05 0.21 72.1 61.8
36 -7.39 -7.28 1.51 1.68 22.8 19.4
37 -15.16 -12.17 0.94 1.13 68.4 56.3
38 -12.58 -13.12 0.04 0.25 50.5 42.4
39 -8.32 -9.66 1.01 0.63 24.3 16.0
40 -7.47 -8.84 1.67 1.78 29.4 31.9
41 -5.84 -10.43 1.31 1.72 41.2 47.2
42 -10.63 -11.26 0 0.55 39.7 36.8
43 -9.34 -11.96 0.93 0.75 23.5 25.7
44 -9.31 -10.77 0.89 1.52 30.9 31.3
45 -12.88 -10.96 0.73 0.96 33.1 40.3
46 -8.34 -9.41 1.35 1.12 26.5 29.2
47 -10.27 -9.15 0.87 1.61 36.0 27.1
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MBD2 is involved in the HBx-induced hypo-
methylation and transcriptional activation of 
the P3 and P4 promoters

To determine if MBD2 is involved in the HBx-
induced hypomethylation and transcriptional 
activation of the P3 and P4 promoters, we first 
examined MBD2 expression in HCC cells and 
HCC samples. Quantitative RT-PCR and 
Western blot analyses indicated that the MBD2 
mRNA and protein levels were significantly 
upregulated in HepG2-HBx (stably expressing 
HBx) and Huh-7-HBx (transiently expressing 
HBx) cells compared with the control cells 
(Figure 6), and that MBD2 protein level was 
higher in BNC-HCC specimens than that in 
NBNC-HCC specimens (Figure 7A). Linear cor-
relation analysis revealed that the MBD2 pro-
tein level was positively correlated to the HBx 
protein level in HCC samples (Figure 7B). These 
results suggest that HBx may enhance MBD2 
expression in HCC. Next, we analyzed the asso-
ciation of MBD2 expression with the transcrip-
tional activation of the P3 and P4 promoters. 
Linear correlation analysis revealed that P3 
and P4 mRNA abundances were positively cor-
related to the MBD2 protein level (Figure 8A 
and 8B) and that the methylation levels of the 
17 CpG sites in the P3 promoter and the 18 
CpG sites in the P4 promoter were negatively 
correlated to the MBD2 protein level (Figure 8C 
and 8D), suggesting that MBD2 may reduce the 
methylation levels of the P3 and P4 promoters 
and then upregulate P3 and P4 mRNA expres-
sion at the tissue level (Table 2). Taken togeth-
er, the above data indicate that MBD2 overex-
pression by HBx may be implicated in the 
hypomethylation and transcriptional activation 
of the IGF-II-P3 and P4 promoters.

HBx interacts with MBD2 and CBP/p300 in 
vivo

Next, we investigated whether HBx could direct-
ly interact with MBD2 and CBP/p300. HepG2-
HBx and HepG2-Mock cells were used for co-
immunoprecipitation in which endogenous 
MBD2 and CBP/p300 proteins were expressed 
at detectable levels, as evidenced by Western 
blot analysis (Figure 9A). The cell lysates were 
immunoprecipitated with anti-HBx antibody, fol-
lowed by Western blotting with anti-MBD2 or 
anti-CBP/p300 antibody (Figure 9B). Reverse 
co-immunoprecipitation was performed with 
anti-MBD2 or anti-CBP/p300 antibody, fol-
lowed by Western blotting with anti-HBx anti-
body (Figure 9C-E). The results showed that 
HBx co-immunoprecipitated with endogenous 
MBD2 and CBP/p300. These findings suggest 
that HBx may directly interact with MBD2 and 
CBP/p300 and that a multi-protein complex 
MBD2-HBx-CBP/p300 may be induced by HBx 
in vivo. 

HBx enhances MBD2 and CBP/p300 recruit-
ment to the hypomethylated P3 and P4 pro-
moters of the IGF-II gene in vivo

We further investigated whether HBx could acti-
vate endogenous MBD2 and CBP/p300 recruit-
ment to the hypomethylated P3 and P4 promot-
ers of the IGF-II gene. For this purpose, qChIP 
assays were performed with specific antibodies 
and PCRs using the designed primers against 
the P3 (-491/-331 bp) and P4 (-523/-398 bp) 
promoter fragments, which are within the above 
hypomethylated P3 (-540/-290 bp) and P4 
(-555/-248 bp) promoter fragments, respec-
tively. The results showed that HBx occupancy 
in the hypomethylated P3 and P4 promoter 

48 -8.23 -13.37 1.12 1.25 29.4 36.1
49 -13.78 -13.83 0 0.89 66.9 59.0
50 -14.59 -15.27 0 0.35 62.5 58.3
51 -16.94 -17.21 0 0.26 70.6 68.8
52 -8.18 -9.83 0 0.78 24.3 22.2
53 -15.51 -14.89 0 0.69 75.7 60.4
54 -11.62 -10.72 0 0.93 44.9 38.9
55 -15.84 -16.15 0 0.28 59.6 68.1
56 -10.94 -11.29 0 0.56 31.6 28.5
57 -9.36 -13.47 0 0.81 32.4 38.2
58 -12.37 -11.74 0 0.61 43.4 41.0
59 -8.48 -9.31 0 0.91 25.7 27.1
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Figure 6. Effects of HBx on MBD2 expression in HCC cells. A and B. MBD2 
mRNA level was higher in HepG2-HBx cells with stable HBx expression 
and Huh7-HBx cells with transient HBx expression than in HepG2-Mock (p 
= 0.000) and Huh7-Mock cells (p = 0.000), respectively. The transfected 
quantities of HBx expression plasmid were 1.0 μg per 1 × 106 cells. C and 
E. The quantitative results (AU) of signal densitometry of MBD2 protein ex-
pression by Western blot analysis in HepG2-HBx and Huh7-HBx cells and in 
HepG2-Mock (p = 0.000) and Huh7-Mock cells (p = 0.000). D and F. Rep-
resentative Western blot results of MBD2 protein expression in HepG2-HBx 
and Huh7-HBx cells and in HepG2-Mock and Huh7-Mock cells.

fragments greatly increased in 
HepG2-HBx cells compared 
with the control cells and that 
HBx elevated MBD2 and CBP/
p300 recruitment to the above 
P3 and P4 promoter frag-
ments with increased levels of 
the corresponding acetylated 
histone H3 lysine 18 (H3K- 
18ac) and acetylated histone 
H4 lysine 5/8/12/16 (H4Kac) 
in HepG2-HBx cells compared 
with the control cells (Figure 
10A and 10B). These data 
suggest that the increase in 
MBD2-HBx-CBP/p300 com-
plex recruitment may be 
involved in the HBx-mediated 
hypomethylated activation of 
the P3 and P4 promoters.  

MBD2 and CBP/p300 are 
required for IGF-II overexpres-
sion induced by the HBx-me-
diated hypomethylation of the 
P3 and P4 promoters 

To further investigate the role 
of MBD2 and CBP/p300 in 
HBx-induced IGF-II overex-
pression, siRNAs were used to 
inhibit the endogenous expre- 
ssion of MBD2 and CBP/p300 
in HepG2 cells. HepG2 cells 
were first transfected with the 
siRNAs specific for MBD2 and 
CBP/p300, and a negative 
control siRNA was used. After 
24 h, the cells were co-trans-
fected with pCMV-tag2B-HBx 
[HepG2 (HBx)] or pCMV-tag2B 
[HepG2 (Mock)]. The transfec-
tion of HepG2 cells with the 
siRNAs specific for MBD2 and 
CBP/p300 greatly decreased 
MBD2 and CBP/p300 expres-
sion compared with the nega-
tive control siRNA (Figure 11). 
The results shown in Figure 
12 indicated that the deple-
tion of MBD2 or CBP/p300 
resulted in the significant 
decrease in P3 and P4 mRNA 
expression with the increase 
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in the methylation of the above P3 and P4 pro-
moter fragments compared with the negative 
control siRNA in HepG2 (Mock) cells. The tran-
scriptional activation and hypomethylation of 
the P3 and P4 promoters by HBx were abol-
ished in HepG2 (HBx) cells transfected with the 
siRNAs directed against MBD2 or CBP/p300 
(Figure 12). Further results showed that the 
depletion of MBD2 or CBP/p300 led to reduced 
MBD2 or CBP/p300 recruitment to the hypo-
methylated P3 and P4 promoter fragments 
compared with the negative control siRNA 
(Figures 13 and 14) and that the depletion of 
CBP/p300 resulted in reduced levels of the cor-
responding H3K18ac and H4Kac (Figure 15A-
D), but the depletion of MBD2 did not affect the 
levels of H3K18ac and H4Kac (Figure 15E-H). 
Furthermore, we found that the depletion of 
CBP/p300 in the above HepG2 cells resulted in 
reduced binding of MBD2 to the hypomethyl-
ated P3 and P4 promoter fragments and that, 
in contrast, CBP/p300 binding did not decrease 
after MBD2 depletion (Figures 13C, 13E, 13F, 
14C, 14E and 14F), which suggests that CBP/
p300 presence is partially required for MBD2 
binding to the P3 and P4 promoters and that 
CBP/p300 binding is independent of MBD2 
binding. Taken together, these data indicate 

that both endogenous MBD2 and CBP/p300 
are necessary for HBx-induced IGF-II overex-
pression and that MBD2 binding is partially 
dependent on CBP/p300 presence. 

Discussion

Elevated expression levels of IGF-II have been 
detected in a variety of human cancers, includ-
ing cancers of the breast, bladder, prostate, 
colon, and liver [12, 39, 40], which is mainly 
results from the reactivation of the fetal pro-
moters P3 and P4 [19, 41]. However, the mech-
anisms that may contribute to the re-expres-
sion of the two fetal transcripts are not well 
understood. 

In the current study, our data showed that the 
stable or transient expression of HBx enhanced 
P3 mRNA, P4 mRNA, and IGF-II protein levels 
and reduced the methylation levels of the P3 
and P4 promoters in HepG2 and Huh7 cells. 
Consistent with the above results, the transient 
expression of HBx stimulated the luciferase 
activity of in vitro premethylated P3 and P4 
promoter-luciferase constructs in Huh-7 cells in 
a dose-dependent manner. On the other hand, 
the higher levels of P3 and P4 mRNA and the 
lower methylation levels of the P3 and P4 pro-

Figure 7. Effects of HBx expression on MBD2 expression in HCC specimens. MBD2 protein and HBx protein levels 
were measured in BNC-HCC and NBNC-HCC specimens. The signal densitometric ratio (AU) of MBD2 or HBx versus 
β-actin Western blot results was used to quantify MBD2 or HBx protein level. A. MBD2 protein level in BNC-HCC and 
NBNC-HCC samples. B. The results of Pearson linear correlation analysis of correlation between MBD2 protein level 
and HBx protein level in HCC specimens. BNC-HCC, HBV infection-positive/HCV infection-negative HCC; NBNC-HCC, 
Both HBV and HCV infection-negative HCC; AU, arbitrary units.
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moters were detected in HCC samples with 
HBV infection compared with HCC samples 
without HBV infection, and P3 and P4 mRNA 
levels were positively correlated to HBx protein 
level and the methylation levels of the P3 and 
P4 promoters were negatively correlated to HBx 
protein level in HCC specimens. Moreover, our 
results also revealed that P3 and P4 mRNA 
abundances were negatively correlated to the 
methylation status of the P3 and P4 promoters, 
respectively, in HCC specimens. These in vitro 

and in vivo findings suggest that HBx may 
induce the hypomethylation of the P3 and P4 
promoters and, in turn, promote P3 and P4 
mRNA expression in human HCC. Similar to our 
findings, Tong et al. reported that HBx induced 
the hypomethylation of the promoters of three 
genes (ALDH1, RBP, and CRPB1) and activated 
their transcription in a stable HBx-transfected 
cell line (HepG2-HBx) [42]. Zheng et al. also 
found that the promoters of IGFBP3 and CDH6, 
which were two HBx-activated genes in HBx-Ad-

Figure 8. Effects of MBD2 expression on P3 and P4 mRNA expression levels and P3 and P4 promoter methylation 
levels in HCC specimens. The -ΔCT method was used to quantify quantitative RT-PCR results and the signal densito-
metric ratio (AU) of MBD2 versus β-actin Western blot results was used to quantify MBD2 protein level. The methyla-
tion levels of P3 promoter fragment (-540/-290 bp) and P4 promoter fragment (-555/-248 bp) were analyzed using 
bisulfite sequencing. A and B. The results of Pearson linear correlation analysis of correlation between P3 and P4 
mRNA expression levels and MBD2 protein level. C and D. The results of Pearson linear correlation analysis of cor-
relation between P3 and P4 promoter methylation levels and MBD2 protein level. AU, arbitrary units.
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transfected Huh7 cells, were hypomethylated 
compared with the control cells [43].

MBD2 is a member of a family of methyl-CpG-
binding proteins that has been reported to be 
both a transcriptional repressor and a DNA 

demethylase [26, 44]. Its activity might depend 
on the promoter context as well as the acces-
sibility of acetylated histones [28]. The tran-
scriptional coactivators CBP and p300 are key 
regulators of gene transcription [45], and also 
possess HAT activity [46, 47]. CBP and p300 

Figure 9. HBx interacts with MBD2 and CBP/p300 in HepG2-HBx and HepG2-Mock cells. (A) Western blot results 
(WB) of MBD2, CBP, and p300 expression. (B) Co-immunoprecipitation assay (Co-IP) results. The cell lysates from 
HepG2-HBx and HepG2-Mock cells were immunoprecipitated with anti-HBx antibody, followed by Western blotting 
with anti-MBD2, anti-CBP, and anti-p300 antibodies. IgG served as a negative control. (C-E) Reversal co-immunopre-
cipitation (rCo-IP) assay results. The cell lysates from HepG2-HBx and HepG2-Mock cells were immunoprecipitated 
with anti-MBD2 (C), anti-CBP (D), and anti-p300 (E) antibodies, followed by Western blotting with anti-HBx antibody. 
IgG served as a negative control.
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HAT domains have > 90% sequence identity, 
and are conserved in metazoans with many 
overlapping functions and therefore are 
referred to as p300/CBP [48].

To further understand the potential mecha-
nisms involved in the hypomethylation of the 
P3 and P4 promoters and their increased 
mRNA expression induced by HBx, we investi-
gated whether HBx could change the levels of 
epigenetic-associated proteins, such as MBD2 
and CBP/p300, and whether HBx could interact 

with MBD2 and CBP/p300 and then enhance 
their recruitment to the hypomethylated P3 and 
P4 promoters. We first showed that the stable 
or transient expression of HBx elevated the 
mRNA and protein levels of MBD2, but not CBP/
p300 (data not shown), in HepG2 and Huh-7 
cells; that higher MBD2 protein level was 
detected in HCC samples with HBV infection 
compared to HCC samples without HBV infec-
tion; and that MBD2 and HBx protein levels 
were positively correlated in HCC samples. 
Next, we showed that the methylation levels of 
the P3 and P4 promotes were negatively corre-
lated to MBD2 protein level, and that P3 and P4 
mRNA abundances were positively correlated 
to MBD2 protein level in HCC samples. Taken 
together, these results suggest that MBD2 
overexpression induced by HBx may be involved 
in the hypomethylation and transcriptional acti-
vation of the P3 and P4 promoters. Our data 
are similar to a previous report in which 
Stefanska et al. found that MBD2 expression is 
higher in HCC samples than that in matched 
adjacent normal tissues and that MBD2 expres-
sion correlates with the extent of hypomethyl-
ation of the 9 genes in HCC samples [38]. 

Figure 10. HBx increases endogenous MBD2 and CBP/p300 recruitment to the hypomethylated P3 and P4 promot-
ers and elevates the regional H3K18ac and H4Kac levels. (A and B) The chromatin from HepG2-HBx and HepG2-
Mock cells was isolated and immunoprecipitated with antibodies specific for anti-HBx, anti-MBD2, anti-CBP, anti-
p300, anti-acetyl H3 lysine 18 (H3K18ac), and anti-acetylated histone H4 lysine 5/8/12/16 (H4Kac). Associated 
DNA was analyzed by qPCR using primers that amplify the hypomethylated P3 promoter fragment (-491/-331 bp) (A) 
and P4 promoter fragment (-523/-398 bp) (B). The occupancies of HBx, MBD2, CBP, p300, H3K18ac, and H4Kac 
in the hypomethylated P3 and P4 promoter fragments significantly increase in HepG2-HBx cells compared with 
HepG2-Mock cells (All the p values are 0.000).

Figure 11. Western blot results of MBD2, CBP, and 
p300 protein expression in HepG2 cells transfected 
with the siRNA specific for MBD2, CBP, and p300 or 
with negative control siRNA.
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Figure 12. Effects of depletion of MBD2 or CBP/p300 on P3 and P4 mRNA 
levels and P3 and P4 promoter methylation levels in HepG2 (HBx) cells with 
transient HBx expression and in HepG2 (Mock) cells. The transfected quanti-
ties of HBx expression plasmid were 1.0 μg per 1 × 106 cells. Depletion of 
MBD2 or CBP/p300 resulted in the significant decrease in P3 mRNA (A) (p 
= 0.000, p = 0.000) and (B) (p = 0.000, p = 0.000) and P4 mRNA (C) (p = 
0.000, p = 0.000) and (D) (p = 0.000, p = 0.000) levels, and the increase in 
the methylation levels of P3 promoter (E). (p = 0.000, p = 0.000) and (F) (p 
= 0.000, p = 0.000) and P4 promoter (G). (p = 0.000, p = 0.000) and (H) (p 
= 0.010, p = 0.000) fragments compared with the negative control siRNA.

Similarly, Chuturgoon et al. 
reported that Fumonisin B1 
significantly upregulated MB- 
D2 demethylase expression 
and activity in HepG2 cells 
[49]. Consistent with our 
results, MBD2 was previously 
shown to be involved in the 
activation and demethylation 
of PLAU and MMP2 in breast 
and prostate cancer cells [50, 
51]. 

Further, co-immunoprecipita-
tion analysis indicated that 
HBx physically interacted with 
MBD2 and CBP/p300 in vivo, 
suggesting the formation of a 
multi-protein complex MBD2-
HBx-CBP/p300. qChIP assays 
revealed that HBx immunopre-
cipitated the hypomethylated 
fragments of the P3 (-491/-
331 bp) and P4 (-523/-398 
bp) promoters and that HBx 
enhanced MBD2 and CBP/
p300 binding to the hypo-
methylated P3 and P4 frag-
ments. Further results indicat-
ed that increased acetylation 
levels of the corresponding 
histones H3 and H4 were also 
detected. A previous study 
has demonstrated that HBx 
interacts physically with DNM- 
T3A and recruits it to the 
hypermethylated promoters of 
the MT1F and IL4R genes to 
repress their expression [43]. 
HBx has also been observed 
to interact and cooperate with 
CBP/p300 to modify the chro-
matin dynamics of target 
genes and to synergistically 
enhance CREB activity [37].

Finally, using siRNA knock-
down assays, we found that 
both MBD2 and CBP/p300 
are necessary for the P3 and 
P4 mRNA overexpression 
induced by the HBx-mediated 
hypomethylation of the P3 
and P4 promoters, and that 
the depletion of CBP/p300 
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Figure 13. Effects of depletion of MBD2 or CBP/p300 on MBD2 or CBP/p300 binding to the hypomethylated P3 
promoter fragment in HepG2 (HBx) cells with transient HBx expression and in HepG2 (Mock) cells. The transfected 
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brought about reduction of both CBP/p300 and 
MBD2 binding to the hypomethylated P3 and 

and induces formation of the MBD2-HBx-CBP/
p300 complex, which is recruited to the IGF-

quantities of HBx expression plasmid were 1.0 μg per 1 × 106 cells. qChIP assays were performed according to 
“Materials and Methods”. Depletion of CBP/p300 reduced CBP (A) (p = 0.000, p = 0.000), p300 (B) (p = 0.000, 
p = 0.000), and MBD2 (C) (p = 0.000, p = 0.002) binding to the hypomethylated P3 promoter fragment; depletion 
of MBD2 only reduced MBD2 (D) (p = 0.000, p = 0.000), but not CBP (E) (p = 0.383, p = 0.385) and p300 (F) (p = 
0.226, p = 0.713), binding to the hypomethylated P3 promoter fragment compared with the negative control siRNA 
in HepG2 (HBx) and HepG2 (Mock) cells.

Figure 14. Effects of depletion of MBD2 or CBP/p300 on MBD2 or CBP/
p300 binding to the hypomethylated P4 promoter fragment in HepG2 (HBx) 
cells with transient HBx expression and in HepG2 (Mock) cells. The transfect-
ed quantities of HBx expression plasmid were 1.0 μg per 1 × 106 cells. qChIP 
assays were performed according to “Materials and Methods”. Depletion of 
CBP/p300 reduced CBP (A) (p = 0.000, p = 0.000), p300 (B) (p = 0.000, p 
= 0.000), and MBD2 (C) (p = 0.000, p = 0.000) binding to the hypomethyl-
ated P4 promoter fragment; depletion of MBD2 only reduced MBD2 (D) (p 
= 0.000, p = 0.000), but not CBP (E) (p = 0.345, p = 0.472) and p300 (F) 
(p = 0.332, p = 0.818), binding to the hypomethylated P4 promoter frag-
ment compared with the negative control siRNA in HepG2 (HBx) and HepG2 
(Mock) cells.

P4 promoter fragments and 
reduction of the correspond-
ing H3K18ac and H4Kac lev-
els, but the depletion of MBD2 
only reduced MBD2 binding 
and did not affect CBP/p300 
binding and the corresponding 
H3K18ac and H4Kac levels, 
suggesting that the presence 
of endogenous CBP/p300 is 
partially required for MBD2 
binding and its demethylase 
activity, and that CBP/p300- 
mediated acetylation of his-
tones H3 and H4 may be a 
rate-limiting step for the hypo-
methylation and reactivation 
of these two promoters in 
HCC. Similar to the results, 
Cervoni et al. showed that the 
demethylation of ectopically 
methylated DNA is dependent 
on both the abundance of 
MBD2 demethylase and the 
state of histone acetylation, 
and the ectopic expression of 
MBD2 does not demethylate a 
methylated DNA that is not 
associated with acetylated 
histones even after TSA treat-
ment [28].  

In summary, the data present-
ed in this study support an 
attractive and potentially gen-
eral model in which MBD2 
becomes a DNA demethylase 
and activates gene expression 
by causing demethylation of 
certain promoters when this 
protein associates with HATs 
(such as CBP/p300) that acet-
ylate histones. In the present 
study, this model indicates 
that HBx directly interacts 
with MBD2 and CBP/p300 
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II-P3 and P4 promoters, of which CBP/
p300 HAT activity enhances acetylation 
levels of the corresponding histones H3 
and H4. This acetylation results in a more 
open chromatin configuration that in- 
creases the accessibility of the MBD2 
methylase to the DNA to activate this gene 
by removing the repressive methyl resi-
dues. In this process, increased MBD2 
expression by HBx may augment the hypo-
methylation and transcriptional activation 
of the P3 and P4 promoters, and CBP/p300- 
mediated acetylation of histones H3 and 
H4 is essential for MBD2 demethylase acti- 
vity.
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