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A B S T R A C T

Chronic hepatitis B virus (HBV) infection is one of the leading causes of hepatocellular carcinoma (HCC). The HBV
genome is prone to mutate and several variants are closely related to the malignant transformation of liver dis-
ease. G1896A mutation (G to A mutation at nucleotide 1896) is one of the most frequently observed mutations in
the precore region of HBV, which prevents HBeAg expression and is strongly associated with HCC. However, the
mechanisms by which this mutation causes HCC are unclear. Here, we explored the function and molecular
mechanisms of the G1896A mutation during HBV-associated HCC. G1896A mutation remarkably enhanced the
HBV replication in vitro. Moreover, it increased tumor formation and inhibited apoptosis of hepatoma cells, and
decreased the sensitivity of HCC to sorafenib. Mechanistically, the G1896A mutation could activate ERK/MAPK
pathway to enhanced sorafenib resistance in HCC cells and augmented cell survival and growth. Collectively, our
study demonstrates for the first time that the G1896A mutation has a dual regulatory role in exacerbating HCC
severity and sheds some light on the treatment of G1896A mutation-associated HCC patients.
1. Introduction

Chronic hepatitis B virus (HBV) infection is the most prominent risk
factor for developing hepatocellular carcinoma (HCC), which accounts
for approximately 50% of all HCC cases (Tang et al., 2018). Worldwide, it
is estimated that more than 296 million people are chronically infected
with HBV, which accounts for 820,000 deaths as a result of progressive
liver diseases such as cirrhosis and HCC(Yardeni et al., 2023). In
Southeast Asia and Sub-Saharan Africa, high hepatitis B surface antigen
(HBsAg) seroprevalence is often linked to high levels of HBV-driven HCC
incidence (Liu et al., 2022; Sivasudhan et al., 2022). However, the mo-
lecular mechanisms of HBV-related HCC are not fully elucidated.

HBV mutations are closely related to the malignant transformation of
liver disease (Chotiyaputta and Lok, 2009). HBV is a hepatotropic virus
with a 3.2 kb circular and partly double-stranded DNA genome. The
genome contains four overlapping open reading frames (OFRs) called
preS/S, polymerase, precore/core, and X, which encodes the surface
o), chuaixia@wh.iov.cn (X. Chua
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protein (S), core protein, polymerase, and X protein, respectively (Seeger
and Mason, 2000; Nguyen et al., 2008). Hepatitis B virus genome mu-
tation rate is high due to the error-prone nature of reverse transcription,
and mutations have been found in all four ORFs (Girones and Miller,
1989). Most frequent mutations occur in the basal core promoter (BCP)
and precore (PC) regions. The BCP region (nucleotides 1742–1849) plays
a vital role in HBV replication and morphogenesis by controlling the
synthesis of precore mRNA and pregenomic RNA (pgRNA) (Quarleri,
2014). The PC region (nucleotides 1814–1900) encodes the precore
protein, which is a precursor of HBeAg. Accumulated studies have shown
that mutations in BCP and PC regions, such as A1613, T1653, G1727,
A1757/T1764/G1766, S1753, T1773, T1766/A1768, A1896 and A1899
are related to progression to HCC, and those mutations individually
and/or in combination are prognostic markers of HCC (Kumar, 2022).
Our previous study identified six mutations (nucleotides 1896, 1915,
2134, 2221, 2245, and 2288) in precore/core regions that were associ-
ated with HBV-related HCC survival by multivariate analysis; among
i), qiux@ustc.edu.cn (S. Chiu).
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them, G1896A and C2288A can introduce mutations in amino acid res-
idues (Xie et al., 2015). G1896A is one of the most commonly observed
precore mutations in chronic HBV patients (Suppiah et al., 2015), and the
prevalence of this mutation ranges between 20% and 95% in adults. The
G1896A mutation stops the production of HBeAg by substitution of a
tryptophan residue at amino acid position 28 with a premature stop
codon (Tong et al., 2005). Although numerous epidemiologic studies
have demonstrated that the G1896A mutation is significantly associated
with progressive liver diseases (Liao et al., 2012; Kim et al., 2016;
Al-Qahtani et al., 2018), the underlying molecular mechanisms of this
mutation in the development of HBV-related HCC remain unknown.

Here, we investigated the effects of the G1896A mutation on HCC
growth by performing a series of functional analyses. Our results
showed that the G1896A mutation can enhance HBV replication and
promote HCC cell growth in vitro and in vivo, and cells carrying the
G1896A mutation were resistant to sorafenib treatment. The effect of
the G1896A mutation on the development of HCC was closely related to
the activation of the extracellular signal-regulated kinase/mitogen-
activated protein kinase (ERK/MAPK) signaling pathway. Our finding
provides new insights into the mechanism of G1896Amutation on HBV-
associated HCC.

2. Materials and methods

2.1. Cell culture

HepG2, Huh-7, PLC/PRF/5 and 293T cells were obtained from the
National Collection of Authenticated Cell Cultures (Shanghai, China).
HCC cells were cultured in Eagle's Minimum Essential Medium (Gibco,
CA, USA) supplemented with 10% fetal bovine serum (Gibco,
Australia). 293T cells were cultured in Dulbecco's Modified Eagle's
Medium (Gibco, CA, USA) with 10% fetal bovine serum. All the culture
medium contained 100 U/mL penicillin and 100 μg/mL streptomycin,
and cells were incubated at 37 �C in a humidified incubator containing
5% CO2.

2.2. Plasmids and transfection

pCS-HBV1.3 and control plasmids were deposited in our laboratory,
and G1896A mutated plasmid were generated using mutagenesis kit
(Vazyme, Nanjing, China). For transfection, cells were seeded into 6-well
plates to 80% confluence and transfected with plasmids using Lipofect-
amine 2000 (Invitrogen, CA, USA) according to the manufacturer's pro-
tocols. Cells and supernatant were collected to analyze viral infection
markers (i.e., HBsAg, HBeAg, HBV DNA, and pgRNA) as previous
description (Chuai et al., 2014).

2.3. Generation of stable cell lines

The wild-type (WT) and G1896A mutated precore/core gene were
synthesized by Sangon and cloned into the lentiviral expression vector
pCDH. Lentiviruses were produced by cotransfection of pCDH and the
packaging plasmids pLP1, pLP2 and pVSV-G into 293T cells. Then,
pseudoviral particles were used to infect HCC cells, and cells stably
expressing HBcAg and/or HBeAg were isolated using puromycin.

2.4. Immunofluorescence microscopy

HCC cells were fixed in 4% paraformaldehyde, permeabilized with
0.5% Triton X-100, and blocked in 10% goat serum. Then, the cells were
incubated with HBc antibody (1:100, ab8638, abcam, Cambridge, UK) at
4 �C overnight and stained with Alexa Fluor 594-conjugated secondary
antibody (1:200, ab150116, abcam, Cambridge, UK) for 1 h at room
temperature, and nuclei were stained with 4,6-diamidino-2-phenylindole
(DAPI). The images were captured on a confocal laser scanning micro-
scope with a 40� objective (Carl Zeiss AG, Germany).
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2.5. Western blot

Total protein was extracted from HCC cells using RIPA buffer (89900,
Thermo Fisher Scientific, MA, USA) supplemented with protease inhib-
itor and phosphatase inhibitor (K1007, K1015, ApexBio, MA, USA).
Protein was separated by SDS-PAGE and transferred onto a nitrocellulose
membrane. Next, the membranes were blocked followed by incubation
with primary antibodies (HBc, abcam, Cambridge, UK; p-MEK1/2,
t-MEK1/2, p-ERK1/2, t-ERK1/2, BAX, BCL2, c-myc and GAPDH anti-
bodies, Proteintech, IL, USA) with a dilution of 1:1000 at 4 �C overnight
and HRP-conjugated secondary antibodies (ab205718 and ab205719,
abcam, Cambridge, UK) with a dilution of 1:5000 for 1 h at room tem-
perature. The signals were detected using a chemiluminescence substrate
(310208, ZETA LIFE, CA, USA).

2.6. Cell proliferation assay

HCC cell proliferation was measured by CCK8, colony formation
and 5-ethynyl-20-deoxyuridine (EdU) incorporation assays. For the
CCK8 assay, HCC cells were seeded at 2 � 103 cells/well in 96-well
plates and cultured for the indicated times. The cell number was
determined by adding 10 μL of CCK8 solution (GK10001, GlpBio, CA,
USA) and measuring the absorbance at 450 nm of each well. For the
colony formation experiments, HCC cells were plated at 1 � 103

cells/well in twelve-well plates and incubated for 7 days. Cells were
stained with crystal violet solution, and the colonies in each well
were counted. For the EdU incorporation assay, HCC cells were
inoculated in 6-well plates at 1 � 105 cells/well and cultured over-
night. HCC cells were incubated with 10 μmol/L EdU (565456; BD
Biosciences, NJ, USA) and then fixed and permeabilized. The working
solution of the dye azide was added to each sample, the samples were
incubated at room temperature, and the nuclei were counterstained
with DAPI. The images were captured on a microscope with a 40�
objective.

2.7. Apoptosis analysis

HCC cells were incubated for 48 h and used to assess cell apoptosis.
APC Annexin V (550474; BD Biosciences, NJ, USA) and 7-amino-actino-
mycin D (7-AAD) (559925; BD Biosciences, NJ, USA) were added to cells
resuspended in binding buffer, and then the cells were stained in the dark
for 15 min and analyzed by flow cytometry (BD Biosciences,USA). Cells
that were APC Annexin V positive and 7-AAD negative were considered
at the early apoptosis phase. The apoptosis data were analyzed with
FlowJo V10 software (FlowJo, LLC, OR, USA).

2.8. Drug sensitivity assay

HepG2 and PLC/PRF/5 cells seeded onto a 96-well plate (5 � 103

cells/well) were treated with 0–60 μmol/L sorafenib (Y0002098, Sigma-
Aldrich, Germany) for 48 h, and cell viability was determined by CCK8
assays. Concentration-response curves of sorafenib were fit to a nonlinear
regression, and the IC50 value was calculated with GraphPad Prism
(GraphPad Software, MA, USA). Then, sorafenib sensitivity was
compared among the three groups.

2.9. Mouse xenograft tumor model

Four-week-old male BALB/cA-nude mice were purchased from Bei-
jing HFK Bioscience Co., Ltd. and were maintained under specific
pathogen-free conditions. Two million HepG2 cells stably transfected
with WT or G1896A precore/core gene were subcutaneously injected
into the axilla of the nude mice. When masses developed after 18 days,
the tumor volume was estimated every 7 days and was calculated as
follows: volume¼ length�width2/2. The mice were euthanized 46 days
after implantation, and the tumors were weighed. The tumor tissue was
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fixed with paraformaldehyde (4%), embedded in paraffin, and subjected
to immunohistochemistry (IHC) to detect HBc, Ki67 and p-ERK1/2.

2.10. Statistical analysis

The statistical analysis was performed by using SPSS 25.0 (SPSS, Inc.,
Chicago, IL, USA). Student's t-test and one-way ANOVA were used to
compare differences between two groups or among three or more groups,
respectively. All experiments were performed independently and
repeated at least three times, and data are presented as the means �
standard deviations (SD). A P value < 0.05 was considered statistically
significant.

3. Results

3.1. G1896A mutation promotes HBV proliferation in HBV plasmid
transfection model

To detect the effect of G1896A mutation on HBV replication, we
constructed G1896A mutated plasmid based on HBV WT pCS-HBV1.3.
Indicators of viral replication were examined after transfection of WT
or G1896A mutant plasmids into HepG2 or Huh-7 cells respectively.
G1896A mutation abrogated HBeAg expression (Fig. 1A), while HBsAg
expression, HBV DNA and pgRNA (Fig. 1B–D) were all significantly
increased in HCC cells transfected with G1896A mutant plasmid
compared with WT group.

3.2. HBV G1896A mutation promoted HCC cell proliferation in vitro

To investigate whether the HBV G1896A mutation influence HCC
cell proliferation, we overexpressed WT or G1896A mutated HBV
precore/core gene in HepG2 and PLC/PRF/5 cells. HBcAg was
Fig. 1. G1896A mutation promotes HBV proliferation in transfection model. HBeAg (
mutated pCS-HBV1.3 transfected HCC cells were determined by ELISA and qPCR. The
was performed by student's t-test. *P < 0.05, **P < 0.01; ND, not detected.

Fig. 2. Overexpression of wild-type and G1896A mutated HBV precore/core gene in
employed to detect the expression of HBc in control (control lentiviruses infected), wi
levels in the supernatant of control, WT and G1896A HCC cells were determined by
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successfully expressed in both HCC cell lines after WT or G1896A
lentivirus transduction, as shown by immunostaining and Western blot
assays (Fig. 2A and B), and HBeAg was expressed only in WT
lentivirus-transduced HCC cells (Fig. 2C). This indicated that the
precore/core gene was expressed in the same way as the HBV whole
viral genome in cells.

Next, we performed a series of experiments on precore/core-
overexpressing HCC cells and the corresponding control cells to eval-
uate whether HBV G1896Amutation can promote HCC cell proliferation.
A significant increase in cell viability in HepG2 and PLC/PRF/5 cells after
precore/core overexpression was detected by CCK8 assay, and we found
that HCC cells with G1896A muation exhibited higher cell viability than
WT HCC cells (Fig. 3A). G1896A HCC cells were more likely to grow into
colonies than WT and control HCC cells (Fig. 3B). Furthermore, EdU
incorporation assays showed a higher proportion of cell progressing
through the S (DNA synthesis) phase of the cell cycle in the G1896A group
than in the WT and control groups (Fig. 3C). These results indicated that
the G1896A mutation enhanced the proliferative ability of HCC cells.

3.3. HBV G1896A mutation attenuated the sorafenib sensitivity of HCC
cells

The multikinase inhibitor sorafenib is the approved first-line therapy
for advanced hepatocellular carcinoma (Huang et al., 2020). It can pro-
long the survival of HCC patients, but its effect is limited due to acquired
resistance (Fan et al., 2020; Zhang et al., 2023). The relationship between
the G1896A mutation and the sensitivity of HCC cells to sorafenib was
determined by cytotoxicity assay in vitro. We first established
dose-response curves of cell growth inhibition by sorafenib. The IC50
values following 48 h incubation were 5.24 (4.79–5.74) μmol/L and
5.97 (5.50–6.47) μmol/L for control HepG2 and PLC/PRF/5 cells,
respectively (Fig. 4A). Then, we incubated control, WT or G1896A HCC
A), HBsAg (B), HBV DNA (C) and pgRNA (D) levels in the wild-type and G1896A
data are presented as the means � standard deviations (SD). Statistical analysis

human HCC cell lines. A, B Immunofluorescence and immunoblot analysis were
ld-type and G1896A HCC cells. Scale bar, 50 μm. Blue, DAPI; red, HBc. C HBeAg
ELISA. ND, not detected. One-way ANOVA was used for statistical analysis.



Fig. 3. G1896A mutation promotes HCC cell proliferation in vitro. Control (control lentiviruses infected), wild-type and G1896A HCC cells were used to detect cell
proliferations. A CCK8 assay was performed to evaluate HCC cell viability. B Colony formation experiments and statistical analysis were performed to assess the long-
term proliferation of HCC cells. C Representative images and statistical analysis of the EdU assay of HCC cells. Scale bar, 50 μm; One-way ANOVA was used for
statistical analysis. *P < 0.05, **P < 0.01.

Fig. 4. G1896A mutation impairs the antiproliferative activity of sorafenib in HCC cells. Control (control lentiviruses infected), wild-type and G1896A HCC cells were
used. A Dose-response curves of cell proliferation inhibition by sorafenib in HepG2 and PLC/PRF/5 cells. B, C Inhibition rate of sorafenib at IC50 in control, wild-type
and G1896A HCC cells. One-way ANOVA was used for statistical analysis. *P < 0.05.
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Fig. 5. HBV G1896A mutation promotes HCC cell proliferation by activating the ERK/MAPK signaling pathway. The results from control (control lentiviruses
infected), wild-type and G1896A HCC cell groups were compared. A Immunoblot analysis of p-MEK1/2, t-MEK1/2, p-ERK1/2, t-ERK1/2 and c-myc in control, wild-
type and G1896A HCC cells. B Lysates of control, wild-type and G1896A HCC cells treated with or without PD98059 were analyzed by immunoblotting using p-MEK1/
2, t-MEK1/2, p-ERK1/2, t-ERK1/2 and c-myc antibodies. CCK8 assay (C), colony formation assay (D) and EdU incorporation assay (E) were conducted to assess the
influence of PD98059 on control, wild-type and G1896A HCC cell proliferation. Scale bar, 50 μm. Student's t-test was used for statistical analysis. *P < 0.05,
**P < 0.01.
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cells with sorafenib at IC50 and found that the G1896A mutation
alleviated the inhibitory effects of sorafenib on HCC cells (Fig. 4B and C).

3.4. HBV G1896A mutation promoted the proliferation of HCC cells by
activating the ERK/MAPK signaling pathway

Since sorafenib is a receptor tyrosine kinase inhibitor that can block
the proliferation of tumor cells by suppressing the RAF/MEK/ERK
pathway (Meyer et al., 2017), which is one of the most important MAPK
signaling pathways and is tightly associated with cellular transformation
and carcinogenesis in HCC(Guo et al., 2020). Therefore, we focused on
the relationship between the G1896A mutation and the ERK/MAPK
pathway. The phosphorylation of MEK1/2 and ERK1/2 and the expres-
sion of downstream c-myc were all elevated in G1896A HCC cells
(Fig. 5A). We then performed loss-of-function assays to investigate the
functional role of ERK/MAPK signaling in G1896Amutation-induced cell
proliferation. As shown in Fig. 5B, PD98059, a selective inhibitor of
ERK/MAPK signaling, significantly downregulated the phosphorylation
of MEK1/2 and ERK1/2 and expression of c-myc in control, WT or
G1896A HCC cells. In addition, disruption of ERK/MAPK signaling
reduced the viability of G1896A HCC cells but had no remarkable in-
fluences on control or WT HCC cells (Fig. 5C). A significant reduction in
cell proliferation in G1896A HepG2 and PLC/PRF/5 cells after PD98059
treatment was also detected by colony formation assay and EdU incor-
poration assay, while only modest effects were found in control or WT
HCC cells (Fig. 5D and E). These data suggested that ERK/MAPK
signaling is indispensable in the accelerated cell proliferation caused by
the G1896A mutation.

3.5. HBV G1896A mutation inhibited HCC cell apoptosis by activating the
ERK/MAPK signaling pathway

To detect whether the G1896A mutation influences HCC cell
apoptosis, we performed a flow cytometry to quantify the apoptosis rate
in control, WT and G1896A HCC cells, and the results showed that the
G1896A mutation decreased cell apoptosis (Fig. 6A). Then, we tested the
protein levels of BCL2 and BAX, which are antiapoptotic and proapo-
ptotic members, respectively, of apoptosis signaling pathways. The
Fig. 6. HBV G1896A mutation suppressed HCC cell apoptosis by activating the ERK/M
wild-type and G1896A HCC cell groups were compared. A Apoptosis rate of cont
Immunoblot analysis of BAX and BCL2 in control, wild-type and G1896A HCC cells.
PD98059 were analyzed by immunoblotting using BAX and BCL2 antibodies. D Flow
and G1896A HCC cell apoptosis. Student's t-test and one-way ANOVA were used for
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expression of BCL2 was significantly increased, while the expression of
BAXwas significantly decreased in G1896AHCC cells compared withWT
HCC cells (Fig. 6B). Considering that ERK/MAPK signaling plays a crucial
role in the apoptosis of tumor cells, we next examined the effect of
interference with this signaling on cell apoptosis. After treatment with
PD98059, the protein level of BCL2 decreased, while the BAX level
increased significantly in G1896A HCC cells (Fig. 6C). Meanwhile, the
apoptosis rate of G1896A HCC cells was also increased (Fig. 6D). These
results indicated that ERK/MAPK signaling may serve as a connecting
bridge through which the G1896A mutation suppresses HCC cell
apoptosis.

3.6. HBV G1896A mutation promoted HCC cell proliferation in vivo

To explore the association between the G1896A mutation and HCC
cell growth in vivo, HepG2 cells with or without the G1896A mutation
were injected into different groups of nude mice. As revealed by the
findings, precore/core overexpression effectively increased the volume
and weight of tumors in mice, and the G1896A mutation strengthened
this effect (Fig. 7A–D). IHC analysis revealed that HBc was expressed
properly as in vitro, and Ki67, a biomarker for proliferating cells, was
significantly increased in G1896A HCC group, while p-ERK was upre-
gulated in G1896A cells compared with WT HCC cells (Fig. 7E). The
above data demonstrated the significance of the G1896A mutation in
promoting HCC cell survival and proliferation.

4. Discussion

Mutations in the precore region are closely related to the progression
of HBV-related liver diseases. The G1896A mutation, which creates a
premature stop codon and abolishes the synthesis of HBeAg, is one of the
most frequently observed precore mutations in chronic HBV patients and
is linked with high HCC risk and liver disease severity (Liao et al., 2012;
Suppiah et al., 2015). However, how the G1896A mutation affects HCC
progression remains unclear. In the current study, for the first time, we
demonstrated that the G1896A mutation enhanced HBV replication and
promoted the growth of human HCC cells both in vitro and in vivo, which
may be due to the promotion of HCC cell proliferation and apoptosis
APK signaling pathway. The results from control (control lentiviruses infected),
rol, wild-type and G1896A HCC cells were determined by flow cytometry. B
C Lysates of control, wild-type and G1896A HCC cells treated with or without
cytometry was used to analyze the influence of PD98059 on control, wild-type
statistical analysis. *P < 0.05, **P < 0.01.



Fig. 7. G1896A mutation promotes HCC cell tumorigenicity in vivo. The results from control (control lentiviruses infected), wild-type and G1896A HCC cell groups
were compared. A, B The xenograft mouse model and representative images of tumors formed in mice implanted with control, wild-type and G1896A HCC cells.
C, D Changes in the tumor volume and weight were evaluated 46 days after implantation. E Representative IHC images of HBc, Ki67 and p-ERK1/2 staining of the
xenografts. Scale bar, 30 μm. One-way ANOVA was used for statistical analysis. *P < 0.05, **P < 0.01.
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inhibition. Furthermore, G1896A HCC cells were resistant to sorafenib
treatment. Mechanistically, the G1896A mutation affects HCC cell
growth via the ERK/MAPK pathway (Fig. 8), a decisive and central
pathway in the development of HCC (Xia et al., 2012; Li et al., 2016;
Moon and Ro, 2021; Zhang et al., 2021).

Considering that HBV replication is a potential risk factor for HCC,
and prognosis of HCC patients is strongly related with higher serum
HBV DNA levels (Chen et al., 2009; Kubo et al., 2015), we examined the
effect of G1896A mutation on HBV replication. Some similar studies
have also shown that G1896A mutation promote HBV replication both
in vitro an in vivo (Lee et al., 2015; Samal et al., 2015). The G1896A
686
mutant plasmid represented higher levels of HBV DNA, pgRNA and
HBsAg, suggesting that it is associated with higher replication effi-
ciency, and this mutation may promote HCC progression by enhancing
HBV replication. Considering the immunogenicity of HBeAg, the
G1896Amutation may evade the attack of the host immune response by
inhibiting HBeAg production, thus increasing the HBV replication level
and contribute to the inflammatory responses in the progression to HCC
(Arzumanyan et al., 2013). Our results were in agreement with the
previous report that G1896A mutation increased HBV DNA replication
efficiency when it was compared with the wild-type virus (Tian et al.,
2016).



Fig. 8. Schematic representation of the proposed molecular mechanism, by which G1896A mutation promotes proliferation and inhibits apoptosis of HCC cells.
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To characterize the roles of the G1896Amutation in HCC progression,
we then generated stable clones of HepG2 and PLC/PRF/5 cells
expressing either WT or G1896A mutated HBV precore/core gene. Both
the G1896A HCC express HBcAg but do not express HBeAg. We found
that overexpression of WT and G1896A mutated HBV precore/core can
promote cell growth and enhance the colony formation ability of HepG2
and PLC/PRF/5 cells, and the G1896A group showed significantly higher
pro-proliferation function than the WT group. Cells overexpressing the
WT HBV precore/core gene can express both HBc and HBe antigens. HBc
is the structural protein of the viral nucleocapsid and is involved in nearly
every stage of the HBV life cycle and the pathogenesis induced by HBV
(Jeong et al., 2014). Numerous studies have suggested that HBc is an
oncogenic factor capable of promoting HBV malignant transformation
(Lefeuvre et al., 2021). G1896A-mutant cells still expressed HBc, which
significantly enhanced the proliferation-promoting effect of HBc in our
study. Moreover, the G1896Amutation stops HBeAg expression, which is
consistent with some clinical surveys showing that the G1896A mutant
can be detected in up to 80% of HBeAg-negative patients (Bonino et al.,
1991; Lok et al., 1995). Our results indicated that the G1896A mutation
was also involved in anti-apoptosis in HepG2 and PLC/PRF/5 cells, and
the apoptosis rate in the two HCC cell lines carrying the G1896A muta-
tion was significantly lower than that of the WT and control groups. The
expression of BAX was significantly decreased, while the expression of
BCL2 was significantly increased in the G1896A HCC cells compared
with WT HCC cells. Therefore, the G1896A mutation is involved in both
the proliferation of HCC cells and the resistance of HCC cells to apoptosis,
which contributes to the growth of HCC cells in vitro. To further evaluate
the effect of the G1896A mutation on tumor growth in vivo, xenograft
model were employed, and we found that the xenografts size of G1896A
group was significantly increased compared with that of the control and
WT groups. Furthermore, IHC staining revealed an increase in Ki67
staining in the G1896A tumors. Our results suggest that G1896A muta-
tion plays a carcinogenic role in HCC cells, which could explain why
patients with this mutation have a high risk of HCC as well as the pro-
gression of liver diseases.

Sorafenib is a targeted drug for HCC and is a tyrosine kinase inhibitor
with the ability to inhibit tumor cell proliferation and angiogenesis
(Huang et al., 2020). It inhibits the proliferation of tumor cells by
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inhibiting the RAF/MEK/ERK signaling pathway and inhibits vascular
endothelial growth factor receptor 2/3 (VEGFR-2/3) and platelet-derived
growth factor receptor (Llovet et al., 2008; Meyer et al., 2017). In
addition, sorafenib also induces apoptosis in HCC cells (Wilhelm et al.,
2004). However, approximately 70% of patients are resistant to sor-
afenib, which remains a huge challenge in HCC treatment (Llovet et al.,
2008; Chen et al., 2015; Tang et al., 2020), and combination therapies
could be used to sensitize HCC cells to sorafenib (Jiang and Dai, 2023;
Rimassa et al., 2023). In our study, we observed that, compared with the
control and WT group, G1896A HepG2 and PLC/PRF/5 cells are both
resistant to sorafenib treatment. Our results suggest that in HBV-related
HCC patients, the G1896A mutation may be one of the mechanisms of
sorafenib resistance and provide valuable clues for the clinical treatment
of HCC patients.

The ERK/MAPK signaling pathway is frequently activated in liver
cancer and has been demonstrated to enhance tumor growth in multiple
kinds of cancer, including HCC (Ito et al., 1998; Moon and Ro, 2021).
Notably, the ERK pathway is a classical signaling pathway that promotes
tumor proliferation and inhibits apoptosis (He et al., 2022). MEK1/2 are
major components of the ERK/MAPK signaling pathway, which leads to
phosphorylation of the downstream ERK1/2 (Dimri and Satyanarayana,
2020). Activation of ERK1/2 stimulate the expression of other proteins,
such as c-myc and BCL2, thus regulating tumor proliferation and
apoptosis (Deng and Karin, 1994; Xing et al., 1996). Our studies indi-
cated that the precore G1896A mutation could accelerate proliferation
and inhibit the apoptosis of HCC cells, and it was also resistant to sor-
afenib treatment, which was reported to inhibit the RAF/MEK/ERK
signaling pathway. Therefore, we hypothesized that the G1896A muta-
tion plays an important role in HCC through the ERK/MAPK signaling
pathway. Previous studies have verified that c-myc is a proto-oncogene
that plays a vital role in the carcinogenic transformation of normal
cells and tumor proliferation (Zhu et al., 2019). It has been reported to
play an important role in the development of HCC(Zhao et al., 2013). A
study conducted by Zehua Z et al. (Zuo et al., 2023) showed that c-myc is
a downstream effector of ERK signaling, and inhibition of the ERK-c-myc
axis in tumor endothelial cells (ECs) may be an efficient strategy to
inhibit tumor growth. Our data indicated that overexpression of precore
G1896A could upregulate p-MEK, p-ERK and c-myc expression, while the
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ERK inhibitor PD98059 inhibited HCC cell proliferation by down-
regulating the expression levels of p-ERK and c-myc. PD98059 also
enhanced G1896A HCC cell apoptosis through increasing BAX expression
and decreasing BCL2 expression. These data suggested that the G1896A
mutation promotes the growth of HCC partially by activating the
ERK/MAPK pathway.

5. Conclusions

Overall, the current study identified a novel role of precore G1896A
mutation in HCC carcinogenesis. It can promote HCC cells proliferation
and inhibit apoptosis in vitro and increase HCC tumor growth in vivo by
increasing HBV replication and activating the ERK/MAPK pathway.
However, the mechanisms by which the G1896A mutation activates the
ERK/MAPK pathway need further exploration.
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