Journal of Hepatocellular Carcinoma

Dove

REVIEW

The Mechanisms of HBV-Induced Hepatocellular

Carcinoma

Yu Jiang

Qiuju Han

Huajun Zhao

Jian Zhang

Institute of Immunopharmaceutical
Sciences, School of Pharmaceutical
Sciences, Shandong University, Jinan,

250012, Shandong Province, People’s
Republic of China

Correspondence: Jian Zhang

Institute of Immunopharmaceutical
Sciences, School of Pharmaceutical
Sciences, Shandong University, 44 West
Wenhua Road, Jinan, 250012, Shandong
Province, People’s Republic of China
Tel +86-531-88383781

Fax +86-531-88383782

Email zhangj65@sdu.edu.cn

Abstract: Hepatocellular carcinoma (HCC) is a common malignancy, and the hepatitis
B virus (HBV) is its major pathogenic factor. Over the past decades, it has been confirmed
that HBV infection could promote disease progression through a variety of mechanisms,
ultimately leading to the malignant transformation of liver cells. Many factors have been
identified in the pathogenesis of HBV-associated HCC (HBV-HCC), including HBV gene
integration, genomic instability caused by mutation, and activation of cancer-promoting
signaling pathways. As research in the progression of HBV-HCC progresses, the role of
many new mechanisms, such as epigenetics, exosomes, autophagy, metabolic regulation, and
immune suppression, is also being continuously explored. The occurrence of HBV-HCC is
a complex process caused by interactions across multiple genes and multiple steps, where the
synergistic effects of various cancer-promoting mechanisms accelerate the process of disease
evolution from inflammation to tumorigenesis. In this review, we aim to provide a brief
overview of the mechanisms involved in the occurrence and development of HBV-HCC,
which may contribute to a better understanding of the role of HBV in the occurrence and
development of HCC.
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Introduction
Liver cancer is predicted to be the sixth most commonly diagnosed cancer and the
fourth leading cause of cancer-related deaths worldwide in 2018. Primary liver
cancers include hepatocellular carcinoma (HCC), intrahepatic cholangiocarcinoma,
and combined carcinoma, with HCC accounting for 75-85% of cases." The main
risk factors for HCC include chronic infection with hepatitis B virus (HBV) or
hepatitis C virus (HCV), aflatoxin-contaminated foodstuffs, heavy alcohol intake,
and type 2 diabetes. According to the latest statistics, approximately 50-80% of
HCC cases worldwide are caused by HBV infection.” Various pathogenic factors
have also been shown to cooperate with HBV to improve the incidence of HCC.>**
Hepatotropic HBV is a DNA virus with a partly double-stranded relaxed circular
DNA (rcDNA). According to the different degrees of the whole HBV genome
sequence, HBV can be divided into 10 genotypes (A-J).> The HBV gene mainly
encodes four kinds of antigens, namely HBsAg, HBcAg, HBeAg, and HBxAg, the
expression of which has been proven to be related to the occurrence of HCC.
HBYV infection can promote hepatocellular carcinogenesis through direct or indir-
ect mechanisms. On the one hand, HBV can increase the instability of the host cell
genome and cause epigenetic remodeling of host DNA, resulting in chromosomal
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remodeling and the abnormal expression of oncogenes and
tumor suppressor genes by integrating into or inducing
mutations in host genes. It can also cause the malignant
transformation of liver cells by activating various cancer-
related signaling pathways, regulating cell metabolism, and
other mechanisms. On the other hand, the liver microenvir-
onment changes through HBV infection-induced chronic
inflammation, the interaction between the virus and the
innate immune cells, and adaptive immune cells, which
help the virus evade immune surveillance and promote dis-
ease evolution from inflammation to the formation of
a tumor. Further research on the mechanisms of HCC
induced by HBV infection can provide reliable new methods
and new ideas for the prevention, diagnosis, and treatment of
HBV-HCC. In this review, the main mechanisms associated
with HBV-HCC are described based on the latest research
progress in this field.

HBYV Structure

The intact HBV consists of a double envelope and a core
granule (Figure 1). The envelope is composed of a lipid
bilayer and different proteins. The lipid bilayer contains
the S antigen, as well as the pre-S1 and pre-S2 antigens,
which together constitute the large, medium, and small
protein forms on the envelope, collectively known as the
hepatitis B surface antigen (HBsAg). The surface of the
core particle is the true viral capsid, which is composed of
the HBV core antigen (HBcAg). The core particle contains

polymerase

HBcAg

Figure | Schematic representation of HBV structure. The intact HBV consists of
a double envelope and a core granule. The lipid bilayer contains the large, medium
and small protein forms on the envelope, collectively known as HBsAg. The surface
of the core particle is the true viral capsid, which is composed of the HBcAg. The
core particle contains circular and partially double-stranded DNA and polymerase.
Abbreviations: HBsAg, hepatitis B surface antigen; HBcAg, hepatitis B core anti-
gen; HBY, hepatitis B virus.

circular and partially double-stranded DNA and polymer-
ase, and is therefore involved in the replication of the
HBV genome. In addition, there is also a nucleocapsid-
related soluble E antigen in the serum called HBeAg.

The HBV genome contains four open reading frames
(ORFs), namely ORF-P, -S, -C, and -X. The four ORFs
overlap each other, and their regulatory sequences also
overlap among them. ORF-P encodes DNA polymerase,
reverse transcriptase, and RNase H. It also encodes the
terminal proteins that have primase activity. ORF-S con-
sists of the pre-S1, pre-S2, and S genes, which encode the
HBsAg proteins, namely the pre-S1 protein, pre-S2 protein
and S protein, respectively. ORF-C is composed of the
pre-C and C genes, which encode HBcAg and HBeAg.
The E antigen can be secreted into the serum and partici-
pate in the immune regulation of the host. ORF-X encodes
the minimum X protein, which has a trans-regulatory
function and can activate the enhancers and promoters of
homologous or heterologous genes. It is also closely
related to the ability of HBV to infect cells and the occur-
rence of HCC.

HBY and Gene Mutation

Mutations in both the HBV gene and somatic genes can
promote the malignant transformation of liver cells. Various
factors can lead to relevant mutations in the HBV gene, includ-
ing long-term infection, the special structure of the HBV
genome, and the wide, long-term, and non-standard applica-
tion of NAs (nucleoside/nucleotide analogs), as well as host
immune stress, which are conducive to virus survival.
Genomic mutations can change the biological behavior and
pathogenicity of the virus and are closely related to the malig-
nant transformation of liver disease. Mutations in the HBV
genome do not occur randomly throughout the viral DNA, but
are often concentrated in specific regions. For example, double
mutations in G1896A of the pre-C region and T1762/A1764 in
the basal core promoter (BCP) region have been identified as
risk predictors of HCC.® Point mutations, deletions, and inser-
tions in the pre-S1 and pre-S2 regions are common in patients
with chronic hepatitis B (CHB) and HCC. The mutated pre-S
region is more likely to retain the virus in cells, thus promoting
the malignant transformation of cells, and is a strong risk factor
for the occurrence of HCC.” In patients with cirrhosis and
HCC, mutations at specific sites in the S region lead to pre-
mature stop codons. The expression of truncated S protein can
often be detected, which results in the activation of the endo-
plasmic reticulum stress pathway, induction of DNA oxidative
damage, and genomic instability, promoting the formation of
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HCC. In addition, mutations in the HBV can help it evade
immune surveillance. It has been demonstrated that the long-
term accumulation of epitope mutations in HBc and HBe under
immune pressure from cytotoxic T lymphocytes (CTLs) can
reduce the virus-specific CTL response, helping viruses evade
immune surveillance and disease progression.® '

A large number of somatic mutations occur in the host
genome after long-term stimulation of chronic inflamma-
tion caused by HBV infection. Some relevant mutations
suitable for cell survival will then be screened out and
play a significant role in a tumor-promoting effect.
Proteogenomic analysis identified five significant mutant
genes in tumor tissues of 159 patients with HBV-
associated HCC, including TP53 (58%), CTNNBI1 (19%),
Axinl (18%), Keapl (7%), and RB1 (6%)."" Among them,
TP53, Axinl, and RB1 are common tumor suppressor
genes, while CTNNBI is an oncogene. KEAP1 is an impor-
tant regulatory factor of cell resistance to oxidative stress,
and a disorder of the KEAPI-NRF2 pathway is closely
related to the induction of drug resistance in malignant
tumors.'? In addition, it has also been confirmed that
many genes, including TERT, ARIDIA, ARID2, and
NFE2L2, are mutated in HBV-associated HCC."*'* These
genes have been shown to be closely related to the occur-
rence of a variety of malignant tumors, including HCC,"> "
which suggests the potential effect of virus infection on
somatic cell mutation and the eventual formation of tumors.

HBYV DNA Integration

The integration of viral DNA into the host genome is an
important molecular mechanism of HCC occurrence.
Although it is not necessary for viral replication, the inte-
gration of HBV DNA into the host chromosome has been
demonstrated in approximately 85% to 90% of tumor cells
from patients with HCC.'® The integration of HBV DNA
into the host genome can result in the rearrangement, partial
loss, or acquisition of viral sequences. Although the host
gene loci for HBV integration are random, ' the integration
of HBV DNA into certain genomic loci can enable the
integrated cells to acquire the ability of clonal growth,
producing more mutations, and promoting malignant trans-
formation. Integration of HBV DNA into host genes is often
incomplete, which leads to the destruction of both host and
HBYV genes, and even the rearrangement of gene sequences,
leading to the abnormal expression of oncogenes and tumor
suppressor genes. Studies have shown that integration of
HBV DNA into host cells can result in significantly high
copy number variation (CNV) of chromosomes near the

integration sites, causing hepatic cell genome instability
and inducing mutations, chromosomal deletions, and gene
rearrangements.”>>! Therefore, exploring the priority inte-
gration regions in the HBV genome and priority integration
sites in the human genome is an important molecular basis
for understanding the occurrence of HCC.

With the development of sequencing techniques, the
detection of HBV DNA integration is no longer limited to
traditional PCR-based detection methods.”> HBV integra-
tion in patients with HCC was analyzed based on HBV
probes and high-throughput sequencing, and showed that
integration breakpoints can be distributed in all gene
regions of the virus. HBV DNA sequences integrated
into the host genome include the X, C, enhancer, and
S genes, among which the X and C genes are the most
common integration genes in the genomes of patients with
HCC.?® X gene integration can directly activate oncogenes
(such as Myc, Ras, Src, and CyclinD1) and inhibit the
expression of tumor suppressor genes (such as P53 and
Rb), thus participating in the occurrence of HCC.
C-terminal truncated X protein (Ct-HBxX) expression can
promote hepatocyte proliferation and reprogram cell meta-
bolism by inhibiting thioredoxin-interacting protein
(TXNIP).** Furthermore, Ct-HBx regulates the transcrip-
tion of Caveolin-1 and stabilizes LRP6 to maintain the
activation of B-catenin, promote the progression of HBV-
associated HCC,? and enhance the invasion and metasta-
sis of HCC cells.?®*’ In addition, integrated viral DNA
can lead to the persistent expression of mutated and trun-
cated HBx, HBsAg, and HBcAg proteins. A high expres-
sion of these proteins is associated with endoplasmic
reticulum and mitochondrial stress responses and may
increase the risk of HCC.?*

By analyzing the tumor and adjacent non-tumor tissues
from patients with HCC, HBV DNA fragments were
found to be readily integrated into fragile sites (intergene
regions, repeat regions, CpG islands, and telomeres) and
functional regions (including genes related to cell survival,
metabolism, and cell cycle regulation) of the host genome.
The carcinogenicity of HBV integration depends to some
extent on the function of the host genes targeted by HBV
in HCC.*® Repeated HBV integration can be detected in
many tumor-associated genes. Integration hotspots such as
TERT, MLL4, CCNA2, CCNE], and FN1 were previously
detected through whole genome sequencing (WGS). Using
high-throughput viral integration detection (HIVID) tech-
nology, it has been found that HBV integration also exists
in many new genes such as NRG3, UNC5D, CTNND2,
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PTPRD, and AHRR, which are closely related to tumor
progression.®'*? The targeted genes for HBV integration
have also been shown to be significantly enriched in can-
cer-related pathways, such as MAPK, extracellular matrix-
receptor interactions, and Hedgehog signaling, and the
integration frequency of HBV is expected to increase
along with the progression from hepatitis B to HCC.>
The most common HBV integration site occurs in the
telomerase reverse transcriptase gene (TERT). The HBx
gene promoter, C gene promoter, and enhancer have been
found to integrate into the TERT or nearby regulatory
regions.** Repeated integration of the promoter augments
the expression of TERT.” Reactivated telomerase can
trigger the clonal proliferation of cells, leading to
a malignant transformation and the eventual development
of HCC.*® Recent studies have shown that the binding of
E74-like ETS transcription factor 4 (ELF4) to chimeric
HBYV Enhl in the TERT promoter region is the molecular
mechanism of HBYV integration-mediated telomerase
activation.”’

It is worth noting that HBV DNA integration has been
found in approximately 70% of HCC patients with occult
HBYV infection (OBI) in recent years, mainly involving the
virus X and preS/S genomic regions.’®** HBV DNA gene
integration is associated with changes in tumor suppressor
genes, mutations in the p53 gene, and genomic instability
in HCC patients with OBL***' This is also an important
reason why patients with OBI tend to develop HCC.

HBYV and microRNA

In recent years, a large number of studies have shown that
miRNAs play an important role in HBV replication as well as
in the occurrence and development of HBV-associated HCC.
Various miRNAs can promote HBV replication via different
mechanisms.*** Our previous studies revealed that HBV
could target RIG-I and RIG-G and inhibit STAT1 expression
by inducing miR-146a expression, impairing the clearance of
the virus via the innate immune system.*®*’ By analyzing the
global miRNA expression profiles in HBV-associated HCC,
it was found that the expression of many miRNAs, such as
miR-150 and miR-342-3p, was altered.***° Analysis of
a large number of clinical samples showed that miRNAs
such as miR-375, miR-25, and let-7f could be used as HBV-
specific miRNAs, showing potential clinical value for the
prediction and diagnosis of HBV" HCC.”**' MiRNAs have
also been demonstrated to be closely related to chemotherapy
resistance in HBV-associated HCC.>? Moreover, HBV can

53

further target different oncogenes™ or intervene in multiple

signaling pathways, such as Wnt, MAPK, STAT, P53, Akt
and Notch, by regulating the expression of different miRNAs

to promote HCC*#>%

(Figure 2). The structural proteins of
HBYV can also regulate the expression of some miRNAs in
a transcription factor-dependent manner, thus regulating the
progress of HCC. For example, HBx promotes the expres-
sion of miR-1269b in an NF-kB-dependent manner, promot-
ing the proliferation and migration of HCC cells.’® HBx also
interacts with c-Myc to inhibit miRNA-192-3p expression
and promote HBV replication.’’

In addition to miRNAs expressed by host cells, in recent
years, HBV has also been found to encode miRNAs to
promote the disease process. In HBV-associated HCC, HBV-
miR-2 can act as an oncogene, inhibit cell apoptosis, promote
cell growth, and enhance the migration and invasion ability
of HCC cells. Moreover, HBV-miR-2 can be detected in both
the tissues and sera of patients with HBV" HCC.>® HBV-miR
-3 controls viral replication in host cells*” and promotes HCC
growth by regulating the expression of the host gene protein
phosphatase 1A (PPM1A).°® HBV-miR-3 can also affect
disease progression caused by persistent HBV infection by
inhibiting SOCSS5, activating the STAT1-IFN signaling path-
way, and inducing the M1 polarization of macrophages.”

Conversely, in addition to the above promoting effects,
some miRNAs have also been found to exert inhibitory
effects on HBV-associated HCC processes. HBX-LINEI
integrated in HBV" HCC can downregulate miRNA-122
expression,®’ while ADARI can protect against HBV infec-
tion by upregulating miRNA-122 in liver cells,®* suggesting
that miRNA-122 may inhibit the progression of HBV infec-
tion to HCC. MiRNA-520a and miR-302c-3p can inhibit
HBV replication and reduce the survival rate of HBV"
HCC cells.*** Restoration of miR-193b expression
increased the sensitivity of HBV" HCC to sorafenib.®
These phenomena indicate that the role of miRNAs in the
progression of HBV-associated HCC is complex but not
simply promotive or suppressive, influencing tumor progres-
sion by affecting viral replication, or directly promoting or
inhibiting the development of tumors.

HBYV and Epigenetic Modification

Recent studies on epigenetic modifications have revealed its
key role in cancer development.®® HBV can cause epigenetic
remodeling by changing the methylation state of DNA and
the post-translational modification of histones, which is an
important pathogenesis mechanism of HBV-associated
HCC. Bioinformatics analysis showed that the methylation
levels of tumor tissues from patients with HBV-associated
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Figure 2 Hepatitis B virus promotes hepatocellular carcinoma by intervening various signal pathways through different microRNAs. Lines ending with arrows or bars

indicate promotion or inhibitory effects, respectively.
Abbreviation: HBV, hepatitis B virus.

HCC were significantly higher than those from non-infected
HCC patients, where 68% of the methylated genes were
associated with cancer development,®’ suggesting that HBV
infection may affect gene methylation in tumor tissues. The
expression of HBV structural proteins (mainly HBx) can
cause abnormal epigenetic remodeling, activating oncogenes
and silencing tumor suppressor genes.’™®® In HBV" HCC,
HBx downregulates the expression of ASPP1 and ASPP2
genes through DNA methylation modification, and dampens
their interaction with the p53 protein, which inhibits HCC
apoptosis, promotes HCC growth, and is closely related to
the occurrence of early liver cancer.®” HBx can also promote
the binding of methyltransferases DNMT1 and DNMT3A to
the gene promoters of SFRP1 and SFRP5, leading to the
silencing of SFRP1 and SFRPS5, promoting tumor progres-
sion. Inhibition of DNMT1 can inactivate Wnt signaling and

reduce the expression levels of the Wnt target genes C-Myc
and CyclinD1, impeding the growth and invasion of HBV-
associated HCC in vitro and in vivo. HBx protein can also
stabilize WDRS (a core subunit of histone H3 lysine 4
methyltransferase) by inhibiting its ubiquitination, promot-
ing the methylation modification of target gene promoters
and promoting the formation and growth of tumors in HCC
tumor-bearing mice. Moreover, WDRS can also promote
HBYV transcription through H3K4Me3 methylation modifica-
tion of HBV cccDNA.”° In addition to methylation modifica-
tion, the expression of histone deacetylase HDAC1 was
significantly increased in the tumor tissues of patients with
HBV" HCC. Furthermore, it was found that HBx upregulates
metastasis-associated protein 1 (MTA1) and HDACI at the
transcriptional level, which stabilizes HIF-1a and promotes
HCC invasion and metastasis in HBx-transgenic mice.”’
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These phenomena indicate that epigenetic remodeling of
HBYV is very important for the pathogenesis of HCC.

In addition, epigenetic mechanisms are involved in the
regulation of HBV replication. The presence of HBV
cccDNA is an important reason for the difficulty in curing
HBV infection. The acetylation of histones binding to
cccDNA in HCC can promote the transcription of cccDNA
at the epigenetic level, thereby promoting HBV replication.
By interacting with IncRNA-DLEU2, HBx can regulate viral
cccDNA transcription, viral replication, and host cancer-
related gene expression at the epigenetic level.”?

HBYV Involved in Activation of
Tumor-Promoting Signaling
Pathways

The carcinogenicity of HBV is closely related to the activa-
tion of multiple cancer-related signaling pathways in their
host cells (Figure 3). The above described HBV mutations
and integrations lead to the abnormal expression of multiple
molecules in host cells, most of which are located in key
locations of oncogenic signaling pathways. HBV structural
proteins are also involved in disease progression by regulat-
ing multiple signaling pathways through mechanisms such
as regulation of miRNAs or epigenetics.

Whnt/B-Catenin Pathway

An abnormal activation of the Wnt/B-catenin signaling path-
way has been observed in approximately 66% of patients
with HCC.'* Various molecules, including the protein com-
ponents of HBV, HCV, and HIF can activate the Wnt/B-
catenin pathway in HCC cells.”*’* The activation of this
pathway is closely related to the occurrence, development,
stemness, and drug resistance of HCC.”>’® For example,
HBx interacts directly with MyH9 to activate the Wnt/p-
catenin/c-Jun signaling pathway, promoting the formation
of stemness, metastasis, proliferation, and sorafenib resis-
tance in HCC.”” HBx competitively binds to APC and
replaces the degradable complex of -catenin, which causes
the accumulation of B-catenin in the nucleus and activates
Whnt signaling, promoting malignant cell transformation.”®
As mentioned above, HBV can maintain the activation of -
catenin through a variety of mechanisms, and is closely
related to the expression of downstream cyclin D1 and
c-Myc. In addition, activated B-catenin can also interact
with other transcription factors, such as TCF and HIF-1q,
to regulate the expression of target genes and promote dis-

ease progression.’’

PI3K/AKT Pathway

The PI3K/Akt pathway is involved in the control of cell
growth and proliferation and is abnormally activated in
different tumors.®® As a tumor suppressor, PTEN can nega-
tively regulate the PI3K/Akt pathway, while HBx can reg-
ulate liver cell proliferation and aggravate HBV-related
carcinogenesis by inhibiting PTEN and activating
Akt.®'" HBx and Akt also regulate cell proliferation and
malignant transformation through a synergistic effect.®*
The HBx mutant K130M/V131I also promotes HCC for-
mation by activating Akt signaling in a transgenic mouse
model.*> Akt signaling is also involved in the regulation of

HBYV transcription and replication.®®

MAPK Pathway

MAPK signaling plays an important role in HBV replica-
tion, immune escape, and the promotion of tumor cell
survival and drug resistance. In HBV-infected cells, p38
MAPK plays a crucial role in HBsAg/HBeAg secretion,
viral replication, and the formation of HBV cccDNA.5¢*7
In the presence of HBV, HBx induced the expression of
pro-oncogenic MAPK14 and promoted tumorigenesis,
while the inhibition of MAPK14 can largely reverse the
HBV-induced resistance of HCC cells to sorafenib.®® HBx
relieves the inhibition of ERK by activating Notch signal-
ing, which promotes the growth of HCC.* HBcAg
induces the upregulation of B7-H1 through the activation
of the Akt, ERK, and P38 signaling pathways, which
inhibits the clearance of HBV DNA and promotes the
apoptosis of dendritic cells,” thereby benefiting HBV to
evade immune surveillance.

Oxidative Stress Pathways

Oxidative stress plays an important role in tumor occur-
rence and development. Reactive oxygen species (ROS)
levels are increased in the liver and blood of patients
infected with HBV, which are related to the severity of
the disease and the replication status of HBV.”'™* The
structural proteins HBV, HBx, HBS, and HBC can also
induce ROS production.”* For example, HBx can destroy
mitochondrial membrane potential and induce ROS pro-
duction by interacting with the mitochondrial outer mem-
brane or affecting the respiratory complex.”>*® ROS have
been shown to play a direct promoting role in HBV-
induced liver fibrosis and liver cancer.”””® The KEAP1/
NRF2/ARE pathway plays an important role in anti-
oxidation and resistance to ROS-induced damage.”® In
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Figure 3 HBV is involved in activation of cancer-related signaling pathways. (A) Wnt/B-catenin signalling pathway. HBV can activate Wnt/B-catenin signaling by activating TCF
or inhibiting GSK3p; HBx can silence the SFRPs to activate Wnt signaling; HBx promotes the disintegration of the E-cadherin complex with B-catenin; HBsAg can up—
regulate the expression of LEF-1. (B) PI3K/AKT signalling pathway. HBx can inhibit PTEN, a suppressor of PIP3; HBx and HBx mutant can activate Akt directly. (C) MAPK/
ERK signalling pathway. HBx can activate Ras and ERK directly; HBx can activate ERK by activating Notch signal. (D) Oxidative stress pathways. The structural proteins of
HBV, HBx, HBS and HBC, can induce ROS production. ROS has been shown to play a direct promoting role in viral replication and malignant transformation. ROS can
activate KEAPI/NRF2/ARE pathway, which plays an important role in resistance to ROS. Lines ending with arrows or bars indicate activating or inhibitory effects
respectively.

Abbreviations: LEF, lymphoid enhancer-binding factor; LRP, low-density lipoprotein receptor-related protein; TCF T cell factor; FZD, frizzled; E-cad, E-cadherin; SFRPs,
secreted frizzled-related proteins; RTK, receptor protein tyrosine kinase; IRS-1, Insulin receptor substrate |; HBx, hepatitis B X protein; HBx-Mut, HBx mutant; NICD,
Notch intracellular domain; ROS, reactive oxygen species; HBC, hepatitis B core antigen; HBS, hepatitis B surface antigen; HBV, hepatitis B virus.

HBV-infected tumor cells, activation of NRF2 can reduce  aggravating the disease process.'®' 1% For example, HBs
the level of intracellular HBV pGRNA and inhibit viral can activate autophagy by triggering endoplasmic reticu-
replication, proving that intervening the expression of lum stress.'® HBx can enhance autophagy and promote

NRF2 might be an effective means of antiviral therapy. viral replication by binding to PI3KC3 or by activating
miR-192-3p-XIAP signaling.'® Recent studies have found
HBYV and Autophagy that although the complete autophagy process can promote

In chronic infection, HBV can activate autophagy through  HBYV replication, late autophagic degradation will degrade

different pathways,'” promoting the replication of HBV  a certain amount of virus and HBsAg, suggesting that

and the formation and release of virus particles, thus  autophagy plays a dual role in HBV infection.'*®'%’
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In HCC, the level of autophagy is significantly
reduced, and a large number of studies have shown that
autophagy can inhibit tumorigenesis.'*®'** Compared with
paracancerous tissues, the expression levels of autophagy-
related genes BECN1 and ATGS5 were decreased in the
tumor tissues of patients with HBV-associated HCC,

level 110

accompanied by a reduced of autophagy.
Activation of autophagy can also selectively degrade
cyclin D1 and block the cell cycle in the G1 phase, then
inhibit DNA synthesis, cell proliferation, and HCC
formation.'"" In addition to affecting tumor cells, autop-
hagy can also play an anti-tumor role by activating the
immune response. HBx-modified tumor cells can act as
a vaccine, which can activate T cell-mediated anti-tumor
immune responses targeting HBx-positive HCC cells by
inducing autophagy. These results suggest that autophagy
can negatively modulate the tumorigenesis of HBV-
associated HCC.""? Although a large number of studies
have confirmed that the level and role of autophagy
changes at different stages of HBV infection, how the
mutual regulation of HBV and autophagy affects the dis-
ease progression from chronic hepatitis to tumor remains

to be further explored.

HBYV and Metabolism

In recent years, metabolic reprogramming has been con-
sidered an important mechanism in the development of
malignant tumors. The liver is the metabolic site of carbo-
hydrates, fat, and protein. Therefore, the occurrence and
development of HCC is closely related to metabolic repro-
gramming. As a key pathogenic factor of HCC, HBV
replication and viral proteins play a crucial role in the
metabolic reprogramming of tumor cells and stromal
cells. The newest multidimensional gene proteomics
study systematically revealed the important role of abnor-
mal liver-specific metabolic pathways in HBV-associated
HCC. Multi-omics analysis of paired tumor and adjacent
liver tissues from patients with HBV-associated HCC
revealed that more than 80% of liver-specific genes were
downregulated at the protein level. The expression of most
proteins in liver-specific metabolic pathways is also sig-
nificantly reduced in tumors. However, the key enzymes in
cholesterol metabolism, ammonia/glutamine metabolism,
and those in the glycolysis pathway were upregulated in
tumors, accompanied by a significant activation of lipid
biosynthesis-related enzymes.'' These results indicate that
liver-specific metabolic pathways are reprogrammed in
HBV-associated HCC and suggest that metabolic changes

induced by HBV infection may be involved in the occur-
rence and development of HCC. HBx protein can promote
the survival and stemness of tumor cells by upregulating
glycolysis and fatty acid oxidation, resulting in the growth
of tumors in mice."'*"'* Ct-HBx can reshape glucose
metabolism to promote the progression of HCC.** The
liver is an important glycogen storage and metabolic
organ. The HBx-HDAC1 complex was found to inhibit
the expression of glycogen synthase 2 (GYS2) and regu-
late glycogen metabolism by interacting with acetylated
P53, thus promoting the growth of HCC.''> HBp protein
can trigger glycolysis through the FoxO3/miRNA-30b-5p/
MINPP1 signaling axis, enhancing the proliferation and
migration of tumor cells.''®

In addition to its influence on tumor cells, metabolic
reprogramming induced by HBV may also play a role in
promoting tumorigenesis by affecting the extracellular
microenvironment. For example, HBV can help the virus
evade innate immune recognition by activating glycolysis,
promoting HK activity and lactic acid production, and
blocking RLR signaling by inhibiting RIG-I/MAVS
interactions.'!” In livers with chronic HBV infection,
amino acid depletion affects protein and nucleotide synth-
esis in T cells, which in turn affects the activation and
function of these cells.'® This may be an important
mechanism that promotes the progression of HBV-
associated HCC. Currently, studies on specific HBV-
associated mechanisms of metabolic reprogramming that
are involved in the occurrence and development of HCC
are still limited. Whether every structural protein of HBV
can directly or indirectly regulate the key molecules in the
metabolic pathways and participate in metabolic repro-
gramming, and whether the key enzymes in metabolic
pathways play a tumor-promoting role with their non-
metabolic enzyme activity in HBV-associated HCC,
remain to be further explored.

HBYV and Intestinal Microbiota

The intestinal flora plays an important role in human meta-
bolism and physiological functions. Because of the existence
of the “liver-gut axis,” intestinal flora and their metabolites
can also influence the progression of liver disease. Chronic
viral infection or cirrhosis remains a major cause of liver
cancer. The disturbance of intestinal flora was higher in
patients with CHB.''” Changes in intestinal flora composi-
tion and function in patients with early CHB suggest the
potential role of intestinal flora in the progression of
CHB.'?® Changes in intestinal microbiota composition and

4 4 2 https:

Dove!

Journal of Hepatocellular Carcinoma 2021:8


https://www.dovepress.com
https://www.dovepress.com

Dove

Jiang et al

diversity have also been detected in patients with HBV-
associated HCC, and these microbiota have been shown to
body
functions.'**'?! As an important pathogen-associated mole-

be involved in the regulation of different
cular pattern, LPS plays an important role in the progression
of liver disease caused by the liver-gut axis. LPS promotes
the secretion of inflammatory factors by activating TLR4/
NF-kB, regulates the responses of hepatocytes, Kupffer
cells, and hepatic stellate cells, and then promotes the occur-
rence of HCC.'?* Regulating the composition of the intest-
inal flora has been proposed as an adjunct therapy to reduce
bacterial translocation and prevent HCC progression.
However, the pathogenesis of HBV-associated chronic
liver disease and HCC caused by changes in the intestinal
microbiota is still not fully understood.

HBYV and Immune Tolerance

With the development of research, an increasing number
of researchers have realized that the occurrence and devel-
opment of tumors is not only due to the proliferation and
malignant transformation of the cells themselves, but that
the immunosuppressive microenvironment also plays
a decisive role. A variety of stromal cells, including
immune cells, form a complex regulatory network with
tumor cells, which jointly promote the occurrence and
development of malignant tumors.

HBYV and Immunosuppressive

Microenvironment

The inhibitory effect of HBV on the innate and adaptive
immune cells leads to obstacles in virus recognition and
clearance, which aggravates HBV-induced chronic inflam-
mation and promotes the malignant transformation of liver
cells (Figure 4). In patients with CHB, HBsAg can inhibit
the expression and activation of STAT3 in NK cells, thus
significantly inhibiting the activation and function of NK
cells.'”® Impaired NK cells show a defective clearance
effect on HBV, which further accelerates the progression
of hepatitis to HCC.'**'?> HBeAg can further inhibit LPS-
induced activation of the NLRP3 inflammasome and pro-
duction of IL-1p by inhibiting NF-«B phosphorylation and
ROS production, which contribute to the formation of
HBV-induced immune tolerance.'?® HBV can also inhibit
the secretion of antiviral cytokines by macrophages and
promote the polarization of cells from M1 to M2, which
contributes to the establishment and maintenance of viral
infection.'”” HBcAg can induce the upregulation of B7-H1

and promote the apoptosis of DCs, which helps the
immune escape of HBV.® In the course of chronic HBV
infection, the expression of PD-1, CTLA-4, CD244, and
other inhibitory receptors on virus-specific CD8" T cells
increases, which mediates T cell depletion.'?®'?* It was
also detected that the mitochondrial superoxide content in
patients with CHB was significantly higher than that in
healthy and cured infection groups, which correlated with
CDS" T cell depletion.'*® All these negative HBV-induced
immunomodulatory effects contribute to the progression of
CHB to HCC. Interestingly, a high expression of TIGIT
was found to maintain CD8" T cell resistance to HBV in
HBsAg transgenic mice. However, HBsAg vaccination
could induce the activation of antigen-specific CTLs in
the liver of TIGIT-blocked mice. Notably, the immune
responses induced in the process of clearing the virus
could lead to liver inflammation, which eventually devel-
ops into HCC."*! These findings suggest that the immune
response plays an important role in the progression of
hepatitis to HCC.

The immunosuppressive microenvironment also plays
an important role in promoting tumor progression. In
patients with HBV-associated HCC, the increased periph-
ratio (NLR) and
increased number of Foxp3" Treg cells were positively

eral blood neutrophil/lymphocyte
correlated with disease progression.'**'** TGF-B-miR
-34a-CCL22 signaling can induce Treg cell infiltration
and promote HBV'™ HCC metastasis."** Moreover, the
imbalance between Th17 and Treg cells is a risk factor
for the progression of HCC in HBV-infected patients.'
Compared with patients with chronic hepatitis B or cirrho-
sis, the expression of PD-1 and TIGIT in peripheral blood
CD4" and CD8" T cells is significantly upregulated in
patients with HBV-associated HCC and is closely asso-
ciated with accelerated disease progression and poor
prognosis.'>® The tumor microenvironment of HBV-
associated HCC also showed more severe immunosuppres-
sion and exhaustion than that of non-virus-associated
HCC,"” which contributes to the poor prognosis asso-
ciated with HBV-associated HCC. The specific mechan-
isms by which HBV regulates the exhaustion of immune
cells and promote the formation of an immunosuppressive
tumor microenvironment remain to be further explored.

HBV and Extracellular Vesicles

Extracellular vesicles (EVs), as carriers and transporters,
can directly transfer proteins, lipids, and nucleic acids
between various cells in the microenvironment and play
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an important role in regulating the progression of malig-
nant tumors. The level of miRNAs with negative immu-
nologic modulation roles in EVs secreted by HBV-infected
liver cells was increased. These EVs can be taken up by
innate immune cells, inhibiting cellular function, and help-
ing the virus resist the host immune response.'**'3°

As an important member of EVs, exosomes play an
important regulatory role in HBV-related diseases.”*® In
addition to playing a regulatory role by delivering
miRNAs, exosomes secreted by HBV-infected cells contain
a variety of HBV RNA, DNA, and protein components.
HBx can regulate the biosynthesis of exosomes in the host
by increasing the packaging of HBx mRNA and protein, and
delivering them to uninfected liver cells, thereby creating
a microenvironment conducive to viral replication.'*® In
HBYV transgenic mice, exosomes secreted by HBV-infected
cells can also interfere with the clearance of HBV-
replicating cells by inhibiting the immune response. HBV-
positive exosomes derived from the serum of patients with
CHB can be taken up by NK cells, thereby mediating the
functional damage of NK cells and inhibiting the antiviral

function of NK cells."*' These results indicate that exosomes
can regulate viral infection, survival, and replication through
intercellular communication. In tumor tissues, tumor-
derived exosomes can transport IFITM2 to DCs, thereby
inhibiting the secretion of IFN-a and blocking the antiviral
effect of IFN-a.'** Exosomes derived from HBV" HCC can

help tumor cells resist chemotherapy.'**

Prevention and Treatment

HBYV is an important pathogenic factor for the occurrence and
development of HCC; therefore, the prevention and treatment
of viral infection is very important to reduce the incidence
and mortality of HBV-associated HCC. Although HBV vac-
cination can effectively control the spread of the virus, the
incidence of hepatitis B has not yet been significantly reduced
due to the low vaccination rate among adults. At present,
antiviral drugs for CHB include interferon and nucleoside/
nucleotide analogs. Although antiviral therapy can signifi-
cantly inhibit chronic HBV replication, it does not completely

clear HBV with the current therapeutic methods.'**
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It has been demonstrated in chronic HBV-infected mice
and human HBV" HCC that 3p-HBx-siRNA inhibits viral
replication, activates NK and T cells, promotes DC matura-
tion, reduces the proportion of MDSCs, promotes the pro-
duction of RIG-I-mediated type I
proinflammatory cytokines, and activates the antiviral effect

interferon and

of the innate and adaptive immune systems.'** Targeting
STAT3 can inhibit viral replication and inhibit proliferation
and angiogenesis of HBV-associated HCC, showing a good
anti-tumor effect in vivo.'” Exosomes have also been
shown to mediate the transport of IFN-a from non-infected
cells to virus-infected hepatocytes, playing an antiviral
role."**!*” This suggests that exosomes can act as effective
vectors for antiviral therapy. Exosomes can also play an
antiviral role as immune adjuvants.'*®

In addition, research on the prevention and treatment of
chronic hepatitis B with therapeutic vaccines has also made
great progress in recent years. Vaccines based on HBx can
restore the immune response of HBV-specific CD4" T cells
and CD8" T cells, showing a good therapeutic effect on
chronic HBV infection.'* The combined use of Poly I:C
as an HBV vaccine adjuvant can overcome the systemic
tolerance caused by chronic HBV infection, improve the
function of DCs, reverse the exhaustion of HBV-specific
CD8" T cells, and induce the formation of long-term
immune memory, which can efficiently prevent the recur-
rence of HBV infections."”® More recently, Wang et al
designed a dual-targeting HBV pre-S1 nanoparticle vaccine
based on ferritin nanoparticles, which can simultaneously
target resident SIGNR 1" macrophages and SIGNR1" DCs in
mouse lymph nodes, and promote the activation of B cells
and Tth cells, inducing the production of antibodies. This
nanoparticle vaccine induces a high-level and persistent anti-
preS1 response, which results in an efficient viral clearance
and a partial serological conversion in chronic HBV-infected

mice, exerting a significant anti-HBV therapeutic effect.'>!

Conclusions

In conclusion, multiple mechanisms are involved in the reg-
ulation of the disease process from HBV infection to tumor-
igenesis. The occurrence and development of HBV-associated
HCC is aresult of the accumulation of multiple factors and the
interactions of various mechanisms. With the development of
research, new pathogenic mechanisms have been proposed,
but there are still many problems that need to be solved. The
prevention and treatment of HBV infection is important for
the prevention and treatment of HCC. Anti-HBV therapy is
still the main treatment for chronic hepatitis B; and although

existing antiviral drugs can inhibit HBV replication, they are
not effective in clearing HBV, and the incidence of HBV-
associated HCC is still high due to repeated viral infection.
Raising awareness regarding the importance of hepatitis
B vaccination is the most cost-effective means of preventing
HBYV infection and transmission. New therapies, such as gene
therapy and immunoregulatory therapy, are also being stu-
died, but most of these studies are still in the laboratory stage.
In terms of stability, drug resistance, and actual efficacy,
further evaluation of these therapies is required. Also, further
research on the mechanisms of the occurrence and develop-
ment of HBV-associated HCC is of great significance for us to
gain a more comprehensive understanding of the disease
process and to find more effective therapeutic targets and
strategies to treat HCC.
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