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Abstract

Hepatitis B virus (HBV) infection-related hepatocellular carcinoma (HCC) represents a major 

health problem worldwide. HBV X (HBx) protein is the most common open reading frame that 

may undergo mutations, resulting in the development of HCC. This study aimed to determine 

specific HBx mutations that differentiate the central- and para-tumor tissues, and identify their 

association with HCC development. HBx gene from HCC tumor and para-tumor tissues of 47 

HCC patients was amplified, sequenced and statistically analyzed. A novel combination of 2 

mutations at residues 10 and 144 was identified which might play a significant role in HCC 

development. Expression vectors carrying HBx with the specific mutations were constructed and 

transfected into HepG2 and p53-null HepG2 cells. Compared to wild type (WT) and single 

mutation of HBx at residue 10 or 144, the 10/144 double mutations strongly up-regulated p21 

expression and prolonged G1/S transition in WT- and p53-null HepG2 cells. Apoptosis was also 

inhibited by HBx harboring 10/44 double-mutation. Binding of 10/144 double-mutant HBx to p53 

was lower than WT HBx. Conclusively, the 10/144 double mutation of HBx might play a crucial 

role in HCC formation.
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 Introduction

Hepatocellular carcinoma (HCC), the fifth common cancer worldwide, is mainly caused by 

hepatitis B virus (HBV) [1]. In China, 7.8% of the population has HBV infection with 

positive serum hepatitis B surface antigen (HBsAg) [2]. Moreover, most Chinese individuals 

are infected by HBV genotype C, another risk factor for HCC development [3–7].

Three factors, including integration of viral DNA into host genome, chronic inflammation of 

host immune response, and HBV-encoded proteins, have been implicated in 

hepatocarcinogenesis [8–12]. HBx is one of the four structural proteins of HBV. The coding 

gene of this protein may integrate into host DNA and play a key role in HCC development 

[13,14]. HBx modulates transcription, responses to genotoxic stress, protein degradation, 

and other signaling pathways [15], affecting viral replication and proliferation, cell cycle 

checkpoints [16], apoptosis [17], and carcinogenesis [18]. HBx mutations, including double-

substitution K130M-V131I, found preferentially in HCC patients [19], may be a risk factor 

for HCC development [20]. Furthermore, HBx gene disruptions were more frequent in 

tumor than in non-tumor liver [21,22]. Various HBx mutants showed different effects on cell 

proliferation and cell cycle progression [23], indicating their close relation to HCC.

 Materials and methods

 Samples

Central- and para-tumor tissues from 47 HCC patients (40 males, 7 females, aged 22–78 

years with average of 51 years), who underwent surgical tumor resection at Beijing Youan 

Hospital during 2009–2010, were included. This study was approved by the Ethical 

Committee of Beijing Youan Hospital and in compliance with the Declaration of Helsinki. 

All participants provided with written consent. All participants were diagnosed with HCC 

and HBsAg-seropositiveness. Their clinical characteristics and demographics were listed in 

Table 1.

 Tissue histology, polymerase chain reaction (PCR), and population-based sequencing

Frozen central- and para-tumor tissues collected after tumor-resection were histologically 

distinguished by a certified pathologist. Genomic DNA was extracted as described [24]. 

HBx gene from nt 1373 to 1838 was amplified by nested PCR with external primers, 5′-

atggctgctagggtgtgct-3′ (sense) and 5′-aacatgagatgattaggcagaggt-3′ (anti-sense), and internal 

primers, 5′-catggctgctaggctgtgc-3′ (sense) and 5′-agaggcagaggtgaaaaagtt-3′ (anti-sense). 

After denature at 94 °C for 3 min, amplification was performed with 30 cycles at 94 °C, 30 

sec, annealing at 56 °C, 30 sec, and extension at 72 °C, 1 min, followed by extension at 

72 °C, 5 min. PCR-amplified products were sequenced using ABI Prism Big Dye kit version 

3.0 with ABI 3730XL DNA automated sequencer (Applied Biosystems (ABI), Foster City, 
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CA). All sequences were deposited in GenBank with accession numbers KC814852–

KC814928.

 Data analysis

Initial sequences were aligned using Clustal W, with default gap parameters and ‘IUB’ DNA 

weight matrix. Alignment was edited in Bioedit v7.0 to preserve frame insertions and 

deletions. Sequences were analyzed with bioinformatic tools as described [25] below:

1. Sequences were analyzed for possible mutation patterns using Viral 

Epidemiology Signature Pattern Analysis) (http://www.hiv.lanl.gov/cgi-bin/P-

vespa/vespa.cgi) [26].

2. Selective pressure on individual codons was assessed via Single Likelihood 

Ancestor Counting analysis [27], as implemented in HyPhy software package 

(http://www.datamonkey.org/). Likelihood-based selection analyses were 

performed on sequence alignments for each codon with a conservative 

significance threshold of P = 0.1.

3. Shannon entropy was calculated to identify HBx signatures from central tumor, 

using Entropy (http://www.hiv.lanl.gov/content/sequence/ENTROPY/

entropy.html). Residue-specific entropy was computed from frequency f(Ai) of 

amino acid A at position I according to –ΣAf(Ai)ln(f[Ai]) [28].

4. Classification experiments were conducted using Waikato Environment for 

Knowledge Analysis [29]. J48 decision tree inducer, based on C4.5 algorithm 

[30], was implemented with the parameter ‘MinNumObj’ set at a value of 11 to 

limit theoretical complexity and minimized over-fitting risk. Classifiers were 

evaluated using 100 iterations of stratified ten-fold cross-validation, which 

reflects performance of classification models on novel datasets.

 Plasmid construction, cell culture and DNA transfection

WT HBx gene, A10R, S144R, and A10/S144 double-mutated variants were amplified from 

corresponding liver tissues by nested PCR with external and internal primers, and amplified 

products were cloned respectively into the EcoRI site of pcDNA3.1 (His) vector 

(Invitrogen). HepG2 and HepG2 p53-null cells (gifts from Dr. James Ou, USC, LA, CA) 

were grown in high glucose–DMEM supplemented with 10% fetal bovine serum, which 

were transfected using Fugene HD Transfection Reagent (Promega).

 Cell cycle analysis

Cell-cycle was analyzed with flow cytometry as described [31]. Cells were trypsinized, 

washed twice with PBS, fixed in 80% ethanol, washed with PBS and resuspended in 50 

μg/mL propidium iodide containing 125 U/mL RNase A. DNA contents were assayed on 

FACSCanto II and analyzed using Mod-Fit software version 3.2 (BD).

 Luciferase assay

Cells were transfected with p21 (pGL3-p21) or Bax luciferase reporter plasmid (pGL3-Bax), 

together with indicated amounts of HBx-expressing vector, pGL4.70-hRluc expression 
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vector (0.02 μg), and appropriate amount of empty plasmid vector, for a total of 0.2 μg of 

plasmid DNA per transfection. Luciferase assays were performed 36 hr post-transfection 

followed with manuals of Dual-Luciferase Reporter Assay System (Promega). Each 

experiment was repeated at least 3 times.

 Real-time PCR

Total RNA was isolated from tissues 24 hr post-transfection using RNeasy Mini Kit 

(Qiagen, Hilden, Germany). Reverse-transcription was performed using SuperScriptII First-

Strand Synthesis System (Invitrogen). RT-qPCR was performed on ViiA 7DX RT-PCR 

system using Fast SYBR Green Master Mix (ABI). Relative transcript levels of target genes 

were normalized with GAPDH mRNA levels. Specific primers used for RT-qPCR were: p21, 

5′-GACAGCAGAGGAAGACCATGTGGA-3′ (forward) and 5′-

CGTTTTCGACCCTGAGAGTCTCCA-3′ (reverse); Bax, 5′-

CCGAGTCACTGAAGCGACTGATGT-3′ (forward) and 5′-

ACAAAGATGGTCACGGTCTGCCAC-3′ (reverse); and GAPDH, 5′-

ACAGTCCATGCCATCACTGCCA-3′ (forward) and 5′-

AGGCAGGGATGATGTTCTGGAGAG-3′ (reverse).

 Cell apoptosis assay

48 hr post transfection, cells were washed twice with PBS, resuspended in Annexin-V 

binding buffer (Southern Biotech) and analyzed by flow cytometry (BD).

 Western-blot analysis and co-immunoprecipitation

48 hr post transfection, cells were lysed in RIPA buffer, and protein concentrations were 

measured using BCA Protein Assay Kit (Biomed Biology, Beijing, China). Cell lysates (10 

μg) were separated by 10–15% SDS–PAGE gels, transferred onto a PVDF membrane 

(Millipore) and blotted with monoclonal antibodies for p21 (clone-DCS60) (Cell signal 

Technology), p53, His, CDK-2 (clone D-12) (all three, Santa Cruz), cyclin-E (clone HE-12) 

(Calbiochem, Cambridge, MA, USA), and anti-β-actin (clone-C2) (Cell Signal Technology). 

Specific proteins were detected with enhanced chemiluminescence (Pierce SuperSignal, 

Thermo Fisher Scientific Inc., Rockford, IL, USA).

Cell lysates (500 μg of protein) were incubated with 2 μg of His antibody for 3 hr at 4 °C 

and then with protein A/G agarose (Santa Cruz) for 2 hr with gentle shaking. Beads were 

collected by centrifugation, washed 3 times with RIPA buffer, and eluted by incubation with 

SDS loading buffer at 95 °C for 5 min. Immunoblot assay was performed with anti-p53 

monoclonal antibody.

 Results

 Amino acid residues 10 and 144 of HBx protein anchored signature sequence and might 
play a role in HCC development

For site specific analyses, there was no difference between viral variants sampled inside 

(central) and surrounding (para) liver tumors by VESPA and no consistent pattern for site 

specific selection (SLAC). We identified high frequency of K130M mutation and A1762T/
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G1764A double-mutation in 47 para-tumor and central-tumor samples, similar to previous 

reports [20,32,33]. But no statistically significant differences in these mutation sites were 

observed between central- and para-tumor tissues, although there were differences in 

entropy between both sequence datasets. Specifically, positions 10, 11, 12, 14 and 144 

showed higher entropy in central-tumor tissue dataset (red bars in Fig. 1). Machine learning 

analysis revealed that positions 10 and 144 were associated with the location of sampled 

tissue (Fig. 2). These positions anchored the signature sequence which is able to classify 

variants with 75.5% accuracy, suggesting that A10R and S144R mutants are involved in 

HBV-related hepatocarcinogenesis. HBV mutation is also reported to be a risk factor of liver 

cirrhosis, another HBV related liver disease [34]. So we compared the frequency of A10/S44 

double-mutation between HCC with liver cirrhosis and HCC without liver cirrhosis (only 

chronic hepatitis B, CHB) in this study. The results showed that A10/S44 double-mutation 

only occurred in tumor tissues but not para-tumor tissues and Fisher’s exact test confirmed 

that no significant difference was found between these 2 groups (p = 0.102, data did not 

reveal).

 HBx A10R/S144R double-mutation prolonged G1/S transition

According to our analysis, HBxA10/S144 double-mutation was unique in tumor tissues 

other than para-tumor tissues. To elucidate the function of HBx A10/S144 double-mutant, 

we first focused on HBx’s function in cell cycle regulation. HBx expression vectors were 

constructed and transfected into HepG2 (p53+/+) and HepG2 p53-null cells for 24 hours. 

HBx expression vector harboring K130M-V131I mutation was also constructed and used as 

control (named Xcon blow). HBx and p53 expression levels were detected with Western blot 

(Fig. 3A); the cell cycle stages were analyzed by flow cytometry to identify their roles in cell 

cycle arrest (Fig. 3B and C). The results showed that S144R, Xcon and both A10R and 

S144R (XD) overexpression dramatically increased the proportion of cells at G1 phase 

compared with wild-type HBx or HBx A10R overexpression alone in HepG2 p53-null cells. 

The proportion of G1 phase at HBx A10R or S144R (XD) overexpression was significantly 

higher than that of A10R or S144R alone and that of Xcon overexpression in HepG2 p53-

null cells. The same significant effect of A10R/S144R overexpression on G1 phase was also 

found in HepG2 cells with WT p53. These results suggested that HBx A10R mutation found 

in clinical specimens might play a critical role in HCC process.

 Association of p21 up-regulation by HBX A10R/S144R overexpression with p53 status

It was found that HBx restrained p21 expression in a p53-independent manner by interfering 

with Sp1 activity [35]. Hence, we detected whether HBX A10R/S144R mutation interfered 

p21 expression. First, we ran p21-luciferase report gene assay to identify the role of HBX 

A10R/S144R in p21 transactivation. The results showed that only HBX A10R/S144R 

double-mutation transactivated p21 promoter (Fig. 4A). p21-luciferase report gene activity 

was significantly higher in HepG2 cells than in HepG2-p53 null cells, suggesting that HBX 

A10R/S144R mutant transactivated p21 in p53-dependent and p53-independent ways. We 

further investigated how HBX A10R/S144R mutant regulated endogenous p21 transcription 

by detecting p21 mRNA expression. As shown in Fig. 4B, p21 and mRNA levels were up-

regulated among wild type, Xcon, A10R, S144R and A10R/S144R overexpressed HepG2 

and HepG2 p53 null cells. More importantly, the highest level of p21 expression was 
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detected in both p53 null and p53 WT cells overexpressing A10R/S144R double mutations. 

Cyclin E and cyclin-dependent kinase (CDK2) are known to form a complex and contribute 

to cell cycle arrest. So we examined how overexpression of wild type, Xcon, A10R, S144R, 

and A10R/S144R HBx affected cyclin E and CDK2 expression using Western blot. The 

protein expression of p21 was also detected in this condition. As shown in Fig. 4C, p21 and 

CDK2 were increased whereas cyclin E was decreased in XD-transfected cells in both p53 

wild type and p53 null HepG2 cells, indicating that A10R-S144R double mutation 

prolonged G1/S transition via its regulation of cell cycle arrest complex p21, cyclin E and 

CDK2.

 HBx A10R/S144R double-mutation decreased Bax expression and inhibited apoptosis

We also explored the apoptotic function of HBx mutants. As shown in Fig. 5A, the 

percentage of apoptotic cells increased slightly in cells transfected with WT-HBx, Xcon, 

XA10R and XS144R, respectively, but decreased significantly in XD-transfected p53 null 

HepG2 cells (Fig. 5A, gray bars). However, the percentage of apoptotic cells decreased in all 

the wild-type HepG2 cells transfected with HBx-expressing plasmids, especially in XD-

transfected cells (Fig. 5A, black bars). These results showed that in HepG2 and p53-null 

HepG2 cells, wild-type-, A10R- and S144R-mutated HBx had different effects on apoptosis, 

but XD-HBx expression definitively inhibited apoptosis independent of the p53 status. 

Further, we observed that Bax promoter transcription and mRNA expression were higher in 

cells transfected with wild-type and A10R-mutated HBx than with control plasmid, but 

decreased in cells transfected with S144R and XD HBx in both HepG2 and p53-null HepG2 

cells (Fig. 5B and C). The same trend existed in Bax protein expression with Western blot 

analysis (Fig. 5D). HBx interacts with p53 [36,37], inhibiting p53 transcription activity [38] 

and p53-induced apoptosis [39]. HBx’s ability to sequester p53 can influence hepatocyte 

transformation and HCC development. This study showed that although HBx variants had 

slightly different effects on cell cycle and apoptosis in HepG2 and p53-null HepG2 cells, the 

outcomes of HBx variant-transfected cells had no substantial difference relevant to the p53 

status. We performed immunoprecipitation to investigate interaction between HBx variants 

and p53 and found that the binding of A10R/S144R double-mutation to p53 decreased 

compared with WT-HBx (Fig. 5E). This reduced binding with p53 indicates that HBx A10R/

S144R double-mutant-mediated apoptosis inhibition does not require p53 to participate. 

HBxA10R/S144R double-mutant decreased cell apoptosis of infected cells and facilitated 

tumor formation in p53 independent manner.

 Discussion

Mutations in the X region of HBV have been reported to be associated with progression of 

liver disease into cirrhosis and HCC [21,40]. In a meta-analysis, site mutations, including 

C1653T, T1753V, and A1762T/G1764A, were key predictors of HCC formation [34,41–43]. 

While functional changes caused by these mutations have been investigated [44–46], the 

previous investigations focused only on viral populations in blood [40,47–50]. Virus in local 

tissues may have more direct effects on tumor development. Integrated HBV DNA is more 

frequently associated with rearrangement of both viral and cellular genes, further affecting 

tumor development and progression [51,52].
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This study detected a high frequency of K130M mutation and A1762T/G1764A double-

mutation (approximately 2/3), consistent with previous reports [20,32,33]. But by using 

conventional data analysis method, no difference in the calculated amino acid frequency or 

selection between central- and para-tumor isolates was found, which is also consistent with 

previous study [53]. Analyses with statistical and machine learning tools revealed a 

difference in a novel HBx A10-S144 double mutation between central- and para-tumor 

isolates. These 2 sites also showed the highest entropy net differences. To our knowledge, 

this is the first report of A10-S144 double mutation. Only one study mentioned that site 144 

was a novel HBx mutation associated with HCC development [54].

HBX’s functions in transcriptional regulation, DNA repair, cell cycle regulation, and 

apoptosis can be a potential mechanism of HCC formation [55–57]. This study revealed that 

A10R/S144R double-mutation arrested cell cycle and decreased apoptosis, which coordinate 

the timing of repair processes, accumulate genomic mutations, and facilitate HCC 

formation. An important mechanism of HBV-induced hepatocarcinogenesis is that HBx 

binds p53 and decreases p53-mediated transcription activation and p53-dependent apoptosis 

[38,39,58]. This study showed that A10R/S144R double-mutant binding with p53 was lower 

than WT-HBx, partly explaining why this double-mutant decreased p53-related apoptosis 

and indirectly demonstrating its relationship with HCC formation. While individual 

mutation of residue 10 or 144 had different effects on cell cycle regulation and apoptosis 

compared to WT-HBx, this double-mutation exerted a prominent effect, suggesting potential 

synergy between two mutations, which can be elucidated by structural study on HBx 

mutant-protein.

In summary, HBx10-144 double mutation was a novel signature sequence, which 

distinguished central- from para-tumor tissues, increased p21 expression, prolonged G1/S 

transition, and inhibited cell apoptosis. Further studies are needed to verify its functions on 

host HCC-related gene expression and define its roles in HCC formation, which likely shed 

light on the mechanisms of HCC development.
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Fig. 1. 
Difference in Shannon entropy between central-tumor and para-tumor at sites across the 

hepatitis B virus X gene. Residue specific entropy was computed and significant sites with p 

≤ 0.05 are shown in red in the difference plot. Sites with significant differences were 

distinguished by red bars, and the five sites with the highest net differences were labeled 

with position numbers (numbered according to hepatitis B virus X). (For interpretation of 

the references to color in this figure legend, the reader is referred to the web version of this 

article.)

Shi et al. Page 11

Cancer Lett. Author manuscript; available in PMC 2017 February 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Genetic signature associated with central-tumor and para-tumor derived sequences from 

HCC patients. Decision tree classifying X sequences were based on tissue of origin with 

75.5% accuracy. p, para-tumor; c, central-tumor. The values in parentheses are the number 

of instances/number of incorrect classifications. Residues are numbered starting from 

methionine at the beginning of the hepatitis B virus X protein.
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Fig. 3. 
Hepatitis B virus X A10/S144 double mutation prolonged G1-S transition and up-regulated 

the expression of p21 in a p53-independent manner. (A) HepG2 p53 null/HepG2 cells were 

transfected with indicated hepatitis B virus X expression vector together or control plasmid. 

Hepatitis B virus X, p53 and actin expression were analyzed by Western blotting. (B) Effect 

of hepatitis B virus X mutation on modifications of cell cycle parameters. 36 hours after 

transfection with indicated plasmids, cell cycle parameters were stained with propidium 

iodide (PI) and analyzed by flow cytometry. (C) Effect of hepatitis B virus X on cell-cycle 

progression. The percentage difference in the size of the G1 cell population was determined 

by the comparison of hepatitis B virus X expression vector transfected Hep3B/HepG2 cells 

with control plasmid transfected cells.
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Fig. 4. 
Hepatitis B virus X A10R/S144R double mutation increased p21 expression in p53 

independent manner. (A) p21 relative luciferase activity. Cells were co-transfected with 

pGL3-p21 promoter vector, pGL4.70-hRluc expression vector and hepatitis B virus X 

vectors. Luciferase assays were performed 36 hours post-transfection by using dual-

Luciferase reporter assay system. (B) qRT-PCR analysis of p21 mRNA in hepatitis B virus 

X vectors treated H1299 cells, with GAPDH mRNA as internal control. (C) Immunoblot 

analysis of p21, cyclin E and cyclin-dependent kinase 2 expression in hepatitis B virus X 

vectors transfected cells.
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Fig. 5. 
Hepatitis B virus X A10R/S144R double mutation decreased Bcl-2 associated X protein 

(Bax) expression and inhibited apoptosis. (A) The percentage of Annexin V+/PI+ cells in 

hepatitis B virus X vector transfected cells analyzed by flow cytometry; (B) Bcl-2 associated 

X protein relative luciferase activity. Cells were co-transfected with pGL3-Bax promoter 

vector, pGL4.70-hRluc expression vector and hepatitis B virus X vectors. Luciferase assays 

were performed 36 hours post-transfection by using dual-Luciferase reporter assay system; 

(C) qRT-PCR analysis of Bax mRNA in HBx vectors treated H1299 cells, with GAPDH 

mRNA as internal control. (D) Immunoblot analysis of Bcl-2 associated X protein 

expression in hepatitis B virus X vectors transfected cells. (E) HepG2 cells were co-

transfected with hepatitis B virus X vectors and p53 vector. 48 hours later, the cell lysates 

were immunoprecipitated (IP) with anti-His antibody, separated on polyacrylamide gel 

electrophoresis (SDS–PAGE), transferred to polyvinylidene fluoride (PVDF) membrane and 

incubated with anti-p53 antibody followed by enhanced chemiluminescence detection.
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Table 1

Demographics and clinical characteristics of patients included in the study.

Item n Median Value range

Age (yrs) 47/47 51 22–78

Gender (male/n) 40/47 N/A N/A

Cirrhosis (n) 28/47 N/A N/A

Anti-HBV therapy 35/47 N/A N/A

Anti-HBV therapy time (mon) 35/47 24 6–96

Alanine aminotransferase (IU/L) 47/47 42.3 13.6–1,094.9

Aspartate aminotransferase (IU/L) 47/47 48.3 17.8–691.7

Total bilirubin (μmol/L) 47/47 35.8 11.6–125.6

Direct bilirubin (μmol/L) 47/47 12.7 3.5–45.3

Total protein (g/L) 47/47 52.5 48.9–72.8

Albumin (g/L) 47/47 30.2 26.9–46.5

Positive e antigen (n) 27/47 N/A N/A

e antigen titer (coi) 27/47 124.5 10.6–268.4

Surface antigen titer (coi) 47/47 668.7 125.8–6,834.5

HBV DNA (IU/mL) 47/47 2560 <100–12,300,000

HBV genotype 47/47 C1 C1

Alpha-fetoprotein 47/47 15.63 1.3–18,930
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