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Abstract

Hepatitis B virus (HBV) genotype C is common in East Asia
and is associated with poor outcomes, particularly liver
cirrhosis and hepatocellular carcinoma (HCC). Clinically,
genotype C infection is generally associated with persis-
tent viral replication, later HBeAg seroconversion, more
active hepatic inflammation, and an increased risk of HCC.
Current evidence suggests that these features are driven
by several key molecular events, including the A1762T/
G1764A double mutation in the basal core promoter, the
G1896A mutation in the precore region, abnormal hepa-
titis B virus X protein function, and viral integration. To-
gether, these changes may reshape viral transcription, an-
tigen expression, host immune interactions, and oncogenic
signaling, thereby contributing to disease progression and
hepatocarcinogenesis. Other factors, such as epigenetic
changes, dysregulated DNA damage responses, impaired
tumor protein p53 function, and disrupted autophagy, may
also be involved, although their exact roles remain unclear.
Notably, even after effective viral suppression with potent
nucleos(t)ide analogs, patients with genotype C may still
have a relatively high residual risk of HCC. This review
summarizes the molecular virological features, pathogenic
mechanisms, immune dysregulation, and clinical signifi-
cance of HBV genotype C, and discusses the potential val-
ue of genotype information in risk stratification, long-term
surveillance, and clinical assessment of chronic hepatitis B.
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Introduction

Chronic hepatitis B (CHB) remains a major public health is-
sue worldwide. Although hepatitis B vaccination has been
widely implemented and antiviral therapies have significantly
improved patient outcomes, hepatitis B virus (HBV)-related
liver disease continues to be an important cause of morbidity
and mortality, especially in the Western Pacific and African
regions.! In patients infected with HBV before universal im-
munization, accurate risk assessment and long-term man-
agement remain major clinical challenges.

The clinical course of CHB varies widely. Some patients
remain in an inactive phase characterized by minimal liver
inflammation and near-normal liver histology, whereas oth-
ers develop progressive fibrosis, cirrhosis, hepatocellular car-
cinoma (HCC), or hepatic decompensation.2 This difference
cannot be explained by host factors alone. Age at infection,
sex, immune status, and genetic background all play impor-
tant roles, but environmental exposures and viral factors also
contribute.3 Increasing evidence suggests that viral factors,
especially HBV genotypes and related mutation patterns, are
important determinants of disease progression and long-
term prognosis.

Although HBV is a DNA virus, it replicates through reverse
transcription of an RNA intermediate. Because its polymerase
lacks efficient proofreading activity, HBV exhibits a relatively
high mutation rate.* HBV is classified into at least 10 major
genotypes (A-]) and multiple subgenotypes, which differ in
geographic distribution, virological features, and clinical out-
comes.®> In Asia, genotypes B and C are the predominant
genotypes and have been the main focus of clinical and mo-
lecular studies.

Genotype C has attracted particular attention because it is
more frequently associated with adverse clinical outcomes.
Compared with genotype B and some other genotypes, geno-
type C infection is more commonly linked to delayed hepatitis
B e antigen seroconversion, persistent viral replication, more
active hepatic inflammation, and a higher risk of cirrhosis and
HCC.6-8 Within genotype C, subgenotype C2 is predominantly
found in East Asia.® Owing to its wide distribution and poten-
tial clinical significance, C2 has received considerable atten-
tion. However, much of the available high-quality evidence
still concerns genotype C as a whole, whereas direct com-
parative studies specifically addressing C2 remain limited.
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Therefore, the risk profile of C2 should be interpreted within
the broader virological and clinical context of genotype C.

Current evidence suggests that the high-risk features of
HBV genotype C are closely related to its molecular virological
characteristics rather than being incidental. In particular, mu-
tations in the basal core promoter (BCP) and precore (preC)
region may jointly contribute to a viral phenotype charac-
terized by high replication and low HBeAg expression.10 In
addition, abnormal hepatitis B virus X protein function, HBV
integration, and the resulting activation of oncogenic sign-
aling may also contribute to chronic inflammation, immune
imbalance, and hepatocarcinogenesis.!! Therefore, examin-
ing the clinical heterogeneity of CHB in the context of viral
genotypes and their molecular mechanisms may help clarify
the basis of HBV-related hepatocarcinogenesis and refine risk
stratification and long-term clinical assessment.

This review focuses on the virological characteristics, path-
ogenic mechanisms, and clinical relevance of HBV genotype C
in CHB. It summarizes the molecular basis of its high-risk fea-
tures, particularly its association with hepatocarcinogenesis,
and discusses the potential value of genotype-related factors
in clinical risk assessment and long-term management.

Virological features of HBV genotype C

Phylogenetic classification and geographic distribu-
tion

HBV genotype C is a major genotype predominantly distrib-
uted in Asia and Oceania. It is closely associated with CHB
progression, cirrhosis, and an increased risk of HCC.12 Phy-
logenetic analyses based on full-length genome sequences
have shown marked genetic heterogeneity within genotype
C, and several subgenotypes have been identified. Among
these, C1, C2, C3, and C4 are the subgenotypes most fre-
quently discussed in clinical and epidemiological studies,
whereas C5 and several rarer lineages have been reported
in specific geographic regions.13 These subgenotypes differ
in geographic distribution, evolutionary history, and certain
virological characteristics. C1 is prevalent in Southeast Asia,
whereas C2 is common in the Chinese mainland, the Korean
Peninsula, and Japan. In contrast, C3, C4, and related line-
ages are more frequently identified in Oceania and nearby
regions.5° This distribution pattern may be influenced by re-
gional differences in historical HBV endemicity, transmission
patterns, and host background. In East Asia, before hepatitis
B vaccination became widespread, HBV transmission mainly
occurred through mother-to-child transmission and early
childhood exposure. This may have contributed to the long-
term persistence and regional predominance of genotype C,
particularly C2.14

In areas where HBV genotypes B and C co-circulate, both
mixed-genotype infection and superinfection have been doc-
umented. With the introduction of more sensitive molecular
methods, mixed-genotype infection may be more common
than previously appreciated in such settings,!>1¢ arising ei-
ther from exposure to multiple viral strains during primary
infection or from superinfection after chronic HBV infection
has already been established.

Compared with single-genotype infection, mixed-gen-
otype HBV infection may be associated with higher viral
replication levels and more active hepatic inflammation.”
However, these observations have not been consistent
across studies, and the underlying mechanisms remain un-
clear. Potential explanations include interactions between
coexisting viral strains, recombination between genotypes,
and differential host immune responses to heterologous
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viral antigens. Beyond geographic distribution, major HBV
genotypes also differ in HBeAg seroconversion, viral replica-
tion, mutation patterns, disease progression, and HCC risk.
These risk-relevant clinical and virological differences are
summarized in Table 1.5:13,18,19-22

HBV genome structure, regulatory regions, and key
sequence features

The HBV genome is a partially double-stranded relaxed cir-
cular DNA molecule of approximately 3.2 kb.23 Despite its
limited genomic size, HBV maintains high coding efficiency
through overlapping open reading frames, multiple tran-
scripts, and compact transcriptional regulation.24 Its major
viral proteins are encoded by four highly overlapping open
reading frames. The preC/core (C) region encodes HBeAg
and the core protein hepatitis B core antigen. The polymer-
ase (P) gene encodes a multifunctional enzyme with reverse
transcriptase, DNA-dependent DNA polymerase, and RNase
H activities. The the pre-surface/surface (preS/S) region en-
codes the large, medium, and small envelope proteins. The X
gene encodes HBx, which is involved in viral replication and
the regulation of multiple host cellular processes.2> Because
of this extensive genomic overlap, a single nucleotide change
may affect more than one viral region and influence multiple
viral functions (Fig. 1).

In genotype C, the key issue lies not only in the genome
structure itself but also in the sequence background that may
influence the emergence of important regulatory mutations.
Comparative genomic studies have shown that genotype C,
particularly the East Asian C2 subgenotype, carries relatively
stable characteristic nucleotides in the preC region, the BCP,
and other regulatory regions.26 These sequence features
may not determine the clinical phenotype by themselves.
However, they may influence the likelihood of later mutations
and modify their biological effects.?”

Among the regulatory regions, the preC region and BCP
are of particular importance. Both are directly involved in the
regulation of HBeAg expression and are closely associated
with viral replication status and disease progression.28 One
of the best-studied BCP variants is the A1762T/G1764A dou-
ble mutation.2® This mutation is more frequently detected in
genotype C than in genotype B and is also commonly found
in C2 strains from East Asia.3? These observations suggest
that genotype-specific sequence background may influence
the development of key regulatory mutations, thereby alter-
ing HBeAg expression and viral replication.

Some genotype-specific nucleotide differences also have
clearer structural and functional relevance. One representa-
tive example is nucleotide 1858 in the preC region. Genotype
C usually carries 1858C, whereas genotype B more often
carries 1858T.3! The G1896A stop codon mutation requires
stable base pairing within the € stem-loop structure. Because
nucleotide 1858 affects local base pairing within this struc-
ture, variation at this site can directly influence the emer-
gence and stability of G1896A.32 This may partly explain why
the frequency and timing of G1896A differ between geno-
types.

Taken together, the high-risk features associated with HBV
genotype C are not simply the result of isolated mutations.
They are also shaped by the intrinsic genomic background of
genotype C, which may influence the selection, persistence,
and functional effects of key regulatory mutations.

Key mutations and their biological effects

BCP A1762T/G1764A double mutation: The BCP, located
at nucleotides 1744-1804 of the HBV genome, regulates
transcription of the 3.5-kb preC mRNA and 3.5-kb pregenom-
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Table 1. Risk-relevant clinical and virological features of major HBV genotypes

Feature Genotype A Genotype B Genotype C Genotype D :sze;efer-
Geographic Europe, North East and East Asia and Oceania; Mediterranean 513,19
distribution America, parts Southeast Asia C2 common in East Asia region, Middle
of Africa East, India, parts
of Europe
Asian 3.1% overall 17.8% overall; 30.9% overall; high 15.4% overall; high 13
prevalence high in Vietnam, in China, Japan, in Iran, India, Turkey
Taiwan, China Thailand, Korea
HBeAg sero- Earlier than Earlier than Later than genotype B; Later than genotype  19-21
conversion genotype D genotype C longer HBeAg-positive/ A; often linked to
high-replication phase HBeAg-negative CHB
Viral Lower intrahepatic Lower serum Higher serum HBV DNA  Higher intrahepatic g=7il
replication/ HBV DNA and HBV DNA and and histologic activity HBV DNA and
histologic histologic activity histologic activity than genotype B histologic activity
activity than genotype D than genotype C than genotype A
Mutation Lower preC A1896 Higher preC A1896 Lower preC A1896 but Higher preC A1896 19-21
pattern and BCP A1762T/ but lower BCP higher BCP A1762T/ and BCP A1762T/
G1764A frequency A1762T/G1764A G1764A and pre-S G1764A frequency
than genotype D and pre-S deletion deletion frequency than genotype A
frequency than than genotype B
genotype C
Fibrosis/ Lower than Lower than Higher than genotype B Higher than 19-21
cirrhosis genotype D genotype C genotype A
tendency
HCC risk A vs D: no significant Lower than Higher than genotype B: D vs A: no significant 1822
difference; genotype C; OR = 2.05; 4.77/1,000 difference;
1.28/1,000 person- 0.00/1,000 person-years (0.477%/  0.47/1,000 person-

years (0.128%/year) person-years

(0.000%/year)

year), RR vs B/D = 10.6

years (0.047%/year)

Directional comparisons such as higher/lower and earlier/later summarize genotype-specific trends reported in the cited reviews and comparative studies. Asian preva-
lence estimates are pooled prevalence values from Bello et al. 2023.13 HCC incidence rates are expressed as events per 1,000 person-years, with approximate annual
percentage equivalents shown in parentheses for readability; these values should not be interpreted as cumulative incidence. OR, odds ratio; RR, risk ratio; vs, versus;
HBeAg, hepatitis B e antigen; CHB, chronic hepatitis B; HBV, hepatitis B virus; DNA, deoxyribonucleic acid; BCP, basal core promoter; preC, precore region; preS, pre-

surface region; HCC, hepatocellular carcinoma.

ic RNA (pgRNA).33 The preC mRNA encodes HBeAg, where-
as pgRNA serves as the template for reverse transcription
and also directs synthesis of the core protein HBcAg. Within
this region, the A1762T/G1764A double mutation is one of
the most extensively studied variants in CHB.26:34 The two
nucleotide substitutions usually occur together rather than
independently, suggesting that the combined form may be
selectively favored during chronic infection.

Previous studies have shown that A1762T/G1764A is more
common in genotype C infection than in genotype B and be-
comes more frequent as disease progresses.3> The muta-
tion is relatively uncommon in asymptomatic carriers, but its
prevalence increases in patients with active chronic hepatitis,
cirrhosis, and HCC.3¢ This distribution pattern suggests that
the BCP double mutation may be selectively enriched during
chronic infection, particularly in the setting of sustained im-
mune pressure and ongoing hepatic inflammation.37

A major biological consequence of A1762T/G1764A is the
combination of reduced HBeAg expression and enhanced vi-
ral replication. The double mutation suppresses preC mRNA
transcription, thereby reducing HBeAg production.3® One
possible explanation is altered binding of hepatocyte tran-
scription factors within the core promoter region.3° At the
same time, A1762T/G1764A has been reported to enhance
pgRNA transcription and increase viral replication efficien-
cy.40 Although the precise basis for these effects remains
unclear, proposed mechanisms include changes in local RNA

structure, altered binding of core promoter-associated tran-
scription factors, and increased stability of pgRNA.4! Togeth-
er, these effects produce a virological profile characterized
by low HBeAg expression and relatively high replication ca-
pacity, which is thought to contribute to the development of
HBeAg-negative CHB.

Because the BCP overlaps with the 3’ end of the X gene,
A1762T and G1764A also produce nonsynonymous substitu-
tions in HBx, namely K130M and V1311.42 These amino acid
changes may affect HBx conformation, stability, subcellular
localization, and biological activity, and may also alter its reg-
ulatory effects on viral and host gene transcription, as well
as its interactions with signaling proteins and transcriptional
regulators.3® Some studies further suggest that HBx carrying
K130M/V131I may have stronger oncogenic potential, which
may partly explain the association between the BCP double
mutation and an increased risk of HCC.43

Longitudinal cohort studies and meta-analyses have
shown that A1762T/G1764A has important clinical signifi-
cance. Compared with wild-type virus, carriers of this double
mutation have a significantly increased risk of HCC, and the
association appears to be stronger in genotype C infection.44
Even after adjustment for age, sex, cirrhosis, viral load, and
alanine aminotransaminase (ALT), the BCP double mutation
may still serve as an independent predictor of HCC.4> In ad-
dition, A1762T/G1764A has been identified in a subset of
non-cirrhotic HCC cases. This finding suggests that its effect
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Fig. 1. Genome organization of HBV genotype C and key mutations in the BCP/preC/HBx regions associated with its high-risk phenotype. The left panel
illustrates the overall genome organization of HBV, including the four major overlapping open reading frames (P, preS/S, preC/C, and X), the basal core promoter (BCP),
and the € stem-loop structure. The right panel outlines representative sequence variations in the BCP/preC/HBx regions, including the A1762T/G1764A double mutation,
nucleotide 1858C, and the G1896A mutation, together with their potential effects on HBeAg expression, viral regulatory functions, persistent inflammation, and disease
progression. HBV, hepatitis B virus; BCP, basal core promoter; preC, precore region; HBX, hepatitis B virus X protein; ORF, open reading frame; P, polymerase; preS/S,
pre-surface/surface region; preS1/preS2/S, pre-surface 1/pre-surface 2/surface protein; preC/C, precore/core region; HBeAg, hepatitis B e antigen; HBcAg, hepatitis
B core antigen; pgRNA, pregenomic RNA; nt, nucleotide; HCC, hepatocellular carcinoma; €, epsilon.

may not be limited to indirect promotion of tumor develop-
ment through inflammation and fibrosis but may also involve
more direct contributions to hepatocarcinogenesis.*® Over-
all, A1762T/G1764A is an important molecular marker of the
high-risk phenotype associated with HBV genotype C.

G1896A stop codon mutation: The preC region encodes
a 29-amino-acid signal peptide that directs the newly synthe-
sized precore/core precursor into the endoplasmic reticulum,
where it undergoes further processing to generate secreted
HBeAg.478 The G1896A mutation occurs at a critical codon
in the preC region and converts the tryptophan codon TGG
into the stop codon TAG. As a result, translation of the preC
protein is prematurely terminated, leading to loss of HBeAg
production without directly altering HBcAg expression from
pgRNA.4° This mutation may emerge during chronic HBV in-
fection and is often detected around the time of spontaneous
or treatment-related HBeAg seroconversion.>0 It is therefore
regarded as an important molecular marker of the transition
from HBeAg-positive to HBeAg-negative CHB.

However, the occurrence and persistence of G1896A are
not random and are strongly constrained by the € stem-loop
structure. This structure is located in the 5’ overlapping re-
gion of pgRNA and is required for polymerase binding, pgRNA
packaging, and initiation of reverse transcription.51:52 Stable
base pairing between nucleotides 1896 and 1858 is important
for maintaining the integrity of the € stem-loop.53 In geno-
type C, which usually carries 1858C, acquisition of G1896A
would create an unfavorable mismatch and reduce structural
stability. Accordingly, G1896A is less likely to occur in geno-

type C. When G1896A does occur, it is often accompanied by
compensatory changes at nearby sites that partially restore
€ stem-loop stability and preserve replication capacity.>* This
may partly explain why G1896A is more readily observed in
genotypes B and D, which more often carry 1858T. By con-
trast, in genotype C, it tends to occur less frequently and at
a later stage of infection.

The clinical significance of G1896A is stage-dependent and
is influenced by the phase of infection, the composition of the
viral population, and the presence of other coexisting mu-
tations.>> During the immune-active HBeAg-positive phase,
preC mutations may be associated with lower viral replication
and relatively mild inflammatory activity.4? After HBeAg sero-
conversion, however, if viral strains carrying G1896A become
dominant, patients may remain HBeAg-negative despite a
relatively high viral load, with recurrent ALT fluctuations,
persistent hepatic inflammation, and progressive fibrosis.>6
Therefore, G1896A is not only involved in the establishment
of the HBeAg-negative state but may also contribute to on-
going disease activity in HBeAg-negative CHB.57

Synergistic effects of BCP and preC mutations: BCP
and preC mutations may co-occur during chronic HBV infection
and jointly contribute to a more pathogenic viral phenotype.>8
Patients carrying both A1762T/G1764A and G1896A have
been reported to show greater disease activity and a higher
risk of adverse outcomes, including cirrhosis and HCC.59:60
The association may reflect multiple mechanisms, such as al-
tered viral replication, loss of HBeAg expression, persistent
inflammation, immune escape, and increased viral population
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complexity.11.61 The coexistence of BCP and preC mutations
may therefore represent a molecular pattern associated with
disease progression and increased risk of liver cancer.

Quasispecies evolution and mutation enrichment:
During chronic HBV infection, the virus does not exist as
a single homogeneous population. Instead, it persists as a
group of closely related but genetically distinct variants, re-
ferred to as a quasispecies.t2 Because HBV replicates actively
and lacks efficient proofreading during reverse transcription,
it shows substantial within-host genetic plasticity. This qua-
sispecies structure allows the virus to evolve continuously
under selective pressures such as sustained immune re-
sponses, changes in the host microenvironment, and anti-
viral therapy.37:63 High-throughput sequencing studies have
further shown that even in patients classified as wild-type
by conventional Sanger sequencing, low-frequency variants
with potential biological relevance are often present. Under
certain selective pressures, some of these minor variants
may gradually expand and become dominant.®4

In HBV genotype C, quasispecies evolution may contribute
to the occurrence and enrichment of key mutations, particu-
larly in the BCP and preC regions.®> As chronic infection per-
sists, HBeAg serostatus changes and host immune pressure
increases, variants with replication advantages or immune
escape potential are more likely to be selected and retained.
This may promote the gradual accumulation of high-risk mu-
tations.5! Rather than representing a static endpoint, mu-
tation enrichment reflects ongoing viral adaptation under
long-term host selection. In genotype C, this evolutionary
dynamic may have particular clinical relevance.

Quasispecies evolution may influence not only viral repli-
cation and HBeAg expression but also disease activity, fibro-
sis progression, and HCC risk.6¢ These findings suggest that
quasispecies dynamics and the accumulation of key muta-
tions may help explain the enhanced pathogenicity and clini-
cal heterogeneity of HBV genotype C.52

Molecular pathogenic mechanisms: from infection to
carcinogenesis

HBeAg loss, immune dysregulation, and chronic
inflammation

The BCP and preC mutations discussed above not only shape
the characteristic virological phenotype of HBV genotype C
infection but also substantially alter the interaction between
the virus and the host immune system. Among these chang-
es, reduced or absent HBeAg expression appears to be a key
link between viral mutation and immune dysregulation.

HBeAg is not only an important serological marker of HBV
replication but also contributes to the establishment and
maintenance of immune tolerance, especially in high-endem-
ic regions where vertical transmission is common.2> During
mother-to-child transmission, maternal HBeAg may enter
the fetal circulation and influence immune recognition of HBV
antigens during a critical stage of immune system develop-
ment.67 Sustained exposure to HBeAg during the perinatal
period may promote immune tolerance to HBV in newborns
and thereby increase the risk of chronic infection.58 This is
one reason why chronicity is much more common after peri-
natal infection than after adult-acquired infection.

In HBV genotype C strains carrying BCP-related variants,
reduced or absent HBeAg expression may disrupt the original
balance between the virus and the host immune system.6?
Although this change may partly weaken the previous state
of immune tolerance, it is usually insufficient to achieve ef-
fective viral clearance. Instead, it is more likely to result in

a persistent but ineffective inflammatory response.”’® Under
these conditions, inflammatory mediators remain elevated,
immune cells continue to infiltrate the liver, hepatocytes un-
dergo repeated cycles of injury, necrosis, and regeneration,
and viral persistence is maintained.”!

The resulting chronic inflammatory microenvironment
promotes fibrosis progression and creates a favorable set-
ting for hepatocarcinogenesis. Abnormal HBeAg expression
is therefore not only an important virological feature of the
high-risk phenotype associated with HBV genotype C but also
a key link between immune dysregulation, persistent inflam-
mation, and disease progression.

Importantly, the pathogenic significance of HBeAg defi-
ciency does not mainly lie in a single episode of immune
activation. Rather, it lies in its tendency to promote a per-
sistent but ineffective inflammatory state.>¢ In this setting,
hepatocytes are repeatedly exposed to injury, necrosis,
and regeneration.”2 Local oxidative stress, cytokine imbal-
ance, and tissue remodeling also persist, thereby creating
conditions for the accumulation of subsequent carcinogenic
events.”3 In this sense, abnormal HBeAg expression is bet-
ter understood as part of the inflammatory background of
HBV-related hepatocarcinogenesis rather than as an isolated
direct carcinogenic factor.

HBx/BCP variations and oncogenic mechanisms

As summarized in Table 2,27:44,74:20,21 several BCP/preC/HBx-
related variants may alter HBeAg expression, viral replica-
tion, immune escape, and oncogenic signaling. The carcino-
genic potential of HBV genotype C is not solely attributable to
persistent immune-mediated inflammation but may also be
related to the enrichment of clinically relevant variants in the
BCP/X region.! Because the BCP partially overlaps with the
X gene coding region, these variants may affect both HBeAg
regulation and HBx structure or function.43 In genotype C
infection, especially when BCP/X-related variants are pre-
sent, these changes may provide a viral background that fa-
vors hepatocarcinogenesis.”’> Key viral alterations, including
BCP A1762T/G1764A, preC G1896A, preS deletion, C1653T,
T1753V, and HBx K130M/V1311, are summarized in Table 2.

Wingless/Int-1 (Wnt)/B-catenin and signal trans-
ducer and activator of transcription 3 (STAT3) signal-
ing: HBx is a multifunctional regulatory protein implicated
in HBV-related hepatocarcinogenesis. Among the pathways
affected by HBx, Wnt/B-catenin and STAT3 signaling have
been proposed as two mechanisms that may contribute to
HBx-related oncogenic activity (Fig. 2).76

Under physiological conditions, cytoplasmic B-catenin is
degraded through the destruction complex, preventing ab-
normal nuclear accumulation.’” HBx has been reported to
interfere with B-catenin degradation through adenoma-
tous polyposis coli (APC)/glycogen synthase kinase 3 beta
(GSK3B)-related mechanisms and to enhance Wnt signal-
ing partly through epigenetic repression of Wnt antagonists
such as SFRP1 and SFRP5.78 These changes may promote
-catenin accumulation, nuclear translocation, and transcrip-
tional activation of proliferative and invasive programs.’®
Some studies further suggest that BCP/X-related variants
may enhance Wnt/B-catenin pathway activation.”®

STAT3 activation is also frequently observed in HCC and
may support tumor-promoting inflammation, proliferation,
apoptosis resistance, and stemness-related programs.8° HBx
has been reported to disrupt mitochondrial function and in-
crease reactive oxygen species accumulation, thereby pro-
moting Janus kinase (JAK)/STAT3 activation.8! HBx variants
associated with BCP-related mutations, such as K130M/
V1311, may further enhance HBx-related oncogenic activity.”4
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Mutation/region Main effect Genotype relevance Clinical relevance E:Zel;efer-
BCP A1762T/ Reduced HBeAg More frequent in genotype  Increased liver disease 27,44,20
G1764A transcription; altered C than B; enriched in C2/ progression and HCC

viral replication; HBx high-risk background risk; OR for HCC = 3.79

K130M/V131I due to

X-gene overlap
preC G1896A Premature stop codon; More compatible with HBeAg-negative CHB; 20,21

loss of HBeAg production

preS deletion Impaired secretion; ER

stress; immune escape

1858T background; more
common in B/D than C

Higher frequency in
genotype C than B in

persistent inflammatory
activity in some patients

Increased HCC 20
risk; OR = 3.77

comparative tables

C1653T Alters enhancer/X Often considered with BCP/ Increased HCC 20
regulatory region X-region high-risk variants risk; OR = 2.76
T1753V BCP/X-region variant Often coexists with Increased HCC 20

BCP-region variants

BCP-related HBx variants,
relevant to genotype C
high-risk phenotype

HBx K130M/V1311 Amino-acid changes
caused by A1762T/

G1764A overlap

risk; OR = 2.35

May enhance oncogenic 7420
signaling and disease
progression

OR values indicate the relative odds of HCC associated with specific HBV mutations or deletions. The OR values for T1753V, C1653T, A1762T/G1764A, and preS dele-
tion are derived from Lin & Kao 2015.2° OR, odds ratio; HBeAg, hepatitis B e antigen; CHB, chronic hepatitis B; BCP, basal core promoter; preC, precore region; presS,
pre-surface region; HBx, hepatitis B virus X protein; HBV, hepatitis B virus; ER, endoplasmic reticulum; HCC, hepatocellular carcinoma.

In addition, C-terminally truncated HBx produced by viral in-
tegration may activate the STAT3/NANOG axis and promote
tumor stemness and invasiveness.83

These findings suggest that Wnt/B-catenin and STAT3
signaling may contribute to the oncogenic background of
genotype C infection, particularly when BCP/X-related vari-
ants or integration-derived truncated HBx are present. How-
ever, these pathways should not be interpreted as genotype
C-exclusive mechanisms. Their relevance to genotype C is
better understood in the context of enriched BCP/X-related
variants and HBx alterations, and direct genotype C-specific
human validation remains limited.

Additional host regulatory disturbances: In addition to
Whnt/B-catenin and STAT3 signaling, HBV-related hepatocar-
cinogenesis may involve broader host regulatory disturbances,
including epigenetic dysregulation, impaired DNA damage re-
sponse, tumor protein p53 (p53) dysfunction, and autophagy
abnormalities (Fig. 3). HBx has been reported to influence
DNA methylation and histone-related regulation, leading to
abnormal expression of tumor suppressor genes and signaling
regulators.”8:83 Sustained replication stress, oxidative stress,
and viral DNA integration may increase DNA damage and im-
pair DNA damage response pathways.84-8¢ HBx-related inter-
ference with p53 function may allow damaged hepatocytes to
survive and expand.88:88 HBV-associated autophagy changes
may further affect viral replication, mitochondrial homeosta-
sis, oxidative stress, and inflammatory signaling.89-91

These mechanisms are not specific to genotype C. Their
relevance to genotype C is better interpreted within a high-
risk viral background characterized by prolonged replication,
BCP/X-related variants, HBx alterations, and viral integra-
tion. Therefore, they should be viewed as cooperating mech-
anisms that may amplify genotype C-associated carcinogenic
risk rather than as independent genotype C-specific causal
pathways.

Viral integration and genomic instability
HBV DNA integration into the host genome is one of the

key molecular events in HBV-related hepatocarcinogenesis.
Comprehensive genomic studies have shown that HBV inte-
gration is detectable in approximately 85%-90% of tumor
tissues from HBV-related HCC.°2 HBV integration may occur
at multiple stages of chronic infection and accumulate over
time in the setting of persistent viral replication and repeated
hepatocyte injury.®3 Integrated viral sequences often show
fragmentation, rearrangement, and truncation. This pattern
suggests that HBV integration is not a targeted viral process
but is more likely a byproduct of host DNA double-strand
break repair, particularly through non-homologous end join-
ing and related pathways.%*

Although HBV integration sites are distributed throughout
the host genome, integration events are more frequently en-
riched in regions involved in cell-cycle regulation, telomere
maintenance, and chromosomal stability.> Notably, integrat-
ed fragments often involve the X gene region and may gen-
erate truncated forms of HBx that continue to be expressed.
These integration-derived HBx proteins may continue to be
expressed even in the absence of active viral replication and
may influence cell proliferation, survival, and stemness-re-
lated programs.96

However, HBV integration should not be interpreted as
a uniform event. Comparative studies of paired tumor and
non-tumorous liver tissues indicate that integration can be
detected in both compartments, but their biological implica-
tions may differ.%7 In non-tumorous liver tissue, integration
events are often heterogeneous, low-frequency, and broadly
distributed, consistent with background infection, hepato-
cyte turnover, or passenger events. By contrast, tumor tis-
sues may show clonal expansion of hepatocytes carrying se-
lected integration events, recurrent or preferentially selected
breakpoints, and integration into host genes with oncogenic
relevance.®8 Large-scale analyses have further identified re-
currently targeted genes, including TERT, KMT2B/MLL4, and
PLEKHG4B, supporting the view that selected integration
events may contribute to HCC driver mechanisms.%°

Current sequencing approaches also have important limita-
tions for HBV integration analysis. Short-read sequencing can
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Fig. 2. HBx/BCP-related HBx variants and oncogenic signaling in HBV genotype C-associated hepatocarcinogenesis. HBx and BCP-related HBx variants,
including K130M/V131I and C-terminally truncated HBx, may contribute to hepatocarcinogenesis through Wnt/B-catenin and JAK/STAT3 signaling. In the Wnt/B-catenin
pathway, HBx may interfere with the B-catenin destruction complex through APC/GSK3B-related mechanisms and may repress Wnt antagonists such as SFRP1 and
SFRP5 through DNMT1/3A-associated epigenetic regulation. These changes may promote B-catenin accumulation, nuclear translocation, and TCF/LEF-mediated tran-
scription, thereby potentially supporting proliferation, invasion, and metastasis. In the JAK/STAT3 pathway, HBx-related mitochondrial dysfunction and ROS accumula-
tion may promote JAK/STAT3 activation. K130M/V131I and C-terminally truncated HBx may further enhance this pathway and potentially support apoptosis resistance,
proliferation, stemness, and tumor initiation. Together, these signaling alterations may provide a plausible mechanistic link between HBx/BCP-related variants and
the high-risk phenotype of HBV genotype C, although these pathways should not be interpreted as genotype C-exclusive mechanisms, and direct genotype C-specific
human validation remains limited. HBV, hepatitis B virus; HBXx, hepatitis B virus X protein; BCP, basal core promoter; Wnt, Wingless/Int-1; JAK, Janus kinase; STAT3,
signal transducer and activator of transcription 3; APC, adenomatous polyposis coli; GSK3B, glycogen synthase kinase 3 beta; SFK, Src family kinase; DNMT1/3A, DNA
methyltransferase 1/3A; SFRP1/SFRP5, secreted frizzled-related protein 1/5; ROS, reactive oxygen species; TCF/LEF, T-cell factor/lymphoid enhancer-binding factor;
Bcl-2, B-cell lymphoma 2; Bcl-xL, B-cell ymphoma-extra large; Mcl-1, myeloid cell leukemia 1; NANOG, Nanog homeobox; SOX2, SRY-box transcription factor 2; OCT4,
octamer-binding transcription factor 4; c-Myc, cellular myelocytomatosis oncogene.

detect viral-host junctions with relatively high throughput, but
it may incompletely resolve long, fragmented, rearranged, or
repetitive integration structures.!90 Targeted HBV-probe cap-
ture and other enrichment-based methods can improve sen-
sitivity for rare integration events but may introduce capture
bias and may not fully represent genome-wide integration
patterns.93 For these reasons, integration detection alone is
insufficient to define a driver event. Integration data should
be interpreted together with breakpoint recurrence, read sup-
port, clonal expansion, affected host genes, viral transcript ex-
pression, genomic instability, and clinical outcomes.

From molecular mechanisms to clinical high-risk
phenotypes

Overall, the high-risk clinical phenotype of HBV genotype C
reflects the long-term interaction of viral mutations, host re-
sponses, and cumulative molecular damage rather than any
single molecular event (Fig. 4). BCP and preC mutations may

promote a virological state characterized by high replication
and low HBeAg expression, which favors persistent immune-
mediated inflammation. HBx-related activation of oncogenic
pathways such as Wnt/B-catenin and STAT3, together with
epigenetic and stress-response abnormalities, may support
hepatocyte survival, proliferation, and stemness-related pro-
grams. Viral integration and genomic instability may further
promote clonal expansion and malignant transformation. To-
gether, these mechanisms may contribute to faster fibrosis
progression, later HBeAg seroconversion, earlier HCC devel-
opment, and a clinically relevant residual risk even after an-
tiviral therapy.*6

Clinical consequences and management implications

The virological abnormalities and molecular pathogenic
mechanisms described above do not act independently. In-
stead, they continuously interact to shape disease progres-
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Fig. 3. HBV-related regulatory imbalance promoting malignant pro-
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dysfunction. These alterations may jointly disrupt genome stability and cell fate
control, thereby favoring oncogenic clonal selection and malignant progression.
HBV, hepatitis B virus; HBx, hepatitis B virus X protein; ROS, reactive oxygen
species; DDR, DNA damage response; JNK, c-Jun N-terminal kinase; DNMT,
DNA methyltransferase; HDAC, histone deacetylase; SFRP1/5, secreted friz-
zled-related protein 1/5; ATM, ataxia telangiectasia mutated; ATR, ataxia telan-
giectasia and Rad3-related; CHK, checkpoint kinase; p53, tumor protein p53.

sion and are ultimately reflected in a more aggressive natural
history, an increased risk of HCC, and a clinically relevant
residual risk even after antiviral treatment.82 The clinical
significance of HBV genotype C can therefore be considered
from three main perspectives: natural history, tumor risk,
and long-term management.

Natural history and disease progression

The high-risk features of HBV genotype C are evident in
the natural history of chronic infection. Compared with
genotype B, genotype C infection is more often associated
with a longer immune-active phase, more prolonged viral
replication, and more active hepatic inflammation.> HBeAg
seroconversion also tends to occur later in genotype C than
that in genotype B. During this prolonged immune-active
phase, patients are more likely to accumulate persistent
liver injury and progressive fibrosis.101 Multiple longitudinal
studies have suggested that progression to significant fi-
brosis and cirrhosis occurs more rapidly in genotype C than
that in genotype B.192 This difference in disease course may
lead to earlier development of cirrhosis and related compli-
cations in patients with genotype C infection, thereby con-
tributing to an increased subsequent risk of HCC.

HCC risk: a core clinical outcome

The association between HBV genotype C and an increased
risk of HCC is one of the most consistent findings in studies of
chronic HBV infection. In the REVEAL-HBV prospective com-
munity-based cohort, 164 new cases of HCC were recorded
during a mean follow-up of 11.4 years, highlighting the long-
term cumulative nature of HBV-related hepatocarcinogen-
esis.103 A subsequent genotype-based analysis of this co-
hort showed that, among 2,762 participants, HBV genotype
C remained an independent risk factor for HCC compared
with genotype B. After adjustment for age, sex, ALT, viral
load, and other relevant factors, the risk of HCC was approxi-
mately 2.35-fold higher (Hazard Ratio [HR] = 2.35, 95% CI
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1.68-3.30). This association remained significant in partici-
pants with baseline HBV DNA >10% copies/mL (HR = 1.76,
95% CI 1.19-2.61).7> Several subsequent cohort studies and
meta-analyses have supported the same trend, showing that
the risk of HCC is generally higher in patients with genotype
C infection than that in those with genotype B.18

Antiviral therapy: efficacy and persistent residual risk

Treatment for CHB mainly relies on potent nucleos(t)ide
analogs, such as entecavir and tenofovir. These agents can
effectively suppress viral replication, improve fibrosis, and
significantly reduce the risk of cirrhotic complications and
HCC.104.105 However, antiviral therapy does not completely
eliminate genotype-related differences in risk. Available evi-
dence suggests that even after long-term, stable virological
suppression, patients with genotype C infection, especially
those who have already progressed to cirrhosis, may still
have a relatively high residual risk of HCC.106,107

The comparative effect of entecavir and tenofovir on HCC
risk has been widely discussed, but the available evidence
remains inconsistent. In a Korean nationwide cohort study,
tenofovir treatment was associated with a lower risk of HCC
than entecavir treatment in patients with CHB.108 By con-
trast, another multicenter Korean cohort study reported no
significant difference in HCC incidence between patients
treated with entecavir and those treated with tenofovir.10° A
reconstructed individual patient data meta-analysis further
suggested that there was no clinically meaningful difference
in HCC risk between entecavir and tenofovir, especially when
clinical cohort studies were analyzed separately.!10 In pa-
tients who had already developed HBV-related HCC, another
reconstructed individual patient data meta-analysis suggest-
ed that tenofovir may be associated with improved overall
survival and reduced late recurrence compared with ente-
cavir, although this evidence applies to post-HCC prognosis
rather than primary HCC prevention.!!! These apparently
divergent findings should be interpreted cautiously because
most comparisons between entecavir- and tenofovir-treated
cohorts are observational and may be influenced by baseline
differences in age, cirrhosis status, viral load, treatment era,
prior antiviral exposure, follow-up duration, adherence, and
residual confounding.

Therefore, in genotype C infection, the key issue is not
whether one nucleos(t)ide analogue completely abolishes
genotype-associated risk, but why residual HCC risk may
persist despite effective viral suppression.

One possible explanation is that antiviral therapy sup-
presses active viral replication but does not fully reverse
pre-existing oncogenic injury. Integrated HBV DNA may per-
sist even when serum HBV DNA is undetectable, and inte-
gration-derived viral fragments, particularly those involving
the X region, may continue to affect host gene regulation,
genomic stability, and oncogenic signaling.293 In addition,
clonal expansion of hepatocytes carrying HBV integration or
other premalignant alterations may have already occurred
before treatment initiation, leaving an established oncogenic
field that cannot be eliminated by viral suppression alone.112

Conventional serum HBV DNA may therefore not fully
reflect residual viral activity or long-term carcinogenic risk
during therapy. Complementary biomarkers, including quan-
titative hepatitis B surface antigen (HBsAg), hepatitis B core-
related antigen (HBcrAg), and serum HBV RNA, may provide
additional information on viral antigen burden, cccDNA-relat-
ed activity, or residual transcriptional activity.113.114 However,
their use in genotype-informed HCC risk prediction remains
insufficiently standardized. Future studies should determine
whether combining genotype information, high-risk viral vari-
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ants, fibrosis stage, cirrhosis status, and emerging biomark-
ers can improve long-term risk stratification in patients with
HBV genotype C infection.

Genotype-based risk stratification: clinical value and
limitations

HBV genotypes differ in geographic distribution, natural his-
tory, mutation patterns, disease progression, HCC risk, and
treatment-related outcomes.!? Because genotype distribu-
tion is strongly region-dependent, genotype-associated risk
should be interpreted within the relevant population and
epidemiological context.>° Among major HBV genotypes,
genotype C has been most consistently associated with an
unfavorable clinical profile, including delayed HBeAg sero-
conversion, prolonged viral replication, a longer immune-ac-
tive phase, more active hepatic inflammation, and increased
HCC susceptibility.20:21 Genotype D has also been linked to
delayed HBeAg seroconversion and more severe liver dis-
ease in some regions, whereas genotypes A and B gener-
ally show more favorable HBeAg seroconversion patterns in
many studies.20:2! These differences suggest that HBV geno-
type may reflect a viral background that shapes the duration

and intensity of liver injury rather than serving merely as a
phylogenetic label.

The association between genotype C and HCC risk is par-
ticularly well supported. In a meta-analysis of 43 studies in-
cluding 14,545 patients, HCC was reported in 1,541/6,060
patients with genotype C and 550/4,417 patients with geno-
type B, corresponding to a significantly higher risk for gen-
otype C (odds ratio [OR] = 2.05, 95% CI 1.52-2.76, P <
0.001). Genotype C was also associated with a higher HCC
risk than genotypes A and D combined (OR = 2.34, 95% CI
1.63-3.34, P < 0.001), whereas genotype A and genotype
D showed no significant difference in that analysis.1® A more
recent long-term cohort study from the Hepatitis B Alaska
Study further supported the relevance of genotype in HCC
surveillance risk stratification. In that cohort, HCC incidence
differed markedly across genotypes, with genotype F and
genotype C showing higher incidence rates than genotypes
A, D, and B.22 This risk difference may reflect delayed HBeAg
seroconversion, prolonged immune-active disease, enrich-
ment of BCP/X-region variants, persistent inflammation, and
cumulative fibrosis- and carcinogenesis-related injury.20.21

However, genotype-based risk stratification should not be
interpreted as genotype-only risk stratification. Age, sex,
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family history of HCC, HBV DNA level, ALT, fibrosis stage,
cirrhosis, metabolic factors, alcohol use, and treatment re-
sponse remain central to clinical decision-making. Therefore,
genotype C should be regarded as a risk modifier that com-
plements conventional clinical variables and viral mutation
profiles rather than as a stand-alone marker for determin-
ing treatment initiation, surveillance intensity, or follow-up
intervals.

Translational implications for surveillance and long-
term management

The clinical implication of genotype C should not be limited to
describing it as a high-risk genotype. In Asian populations,
where genotypes B and C commonly co-circulate, genotype
C should be considered a risk-enhancing virological fac-
tor in long-term management. Long-term cohort evidence
also supports the relevance of HBV genotype in determining
HCC surveillance risk.?22 This does not mean that genotype
C alone is sufficient to mandate antiviral treatment or a uni-
versally shortened surveillance interval. Rather, it may lower
the threshold for strict surveillance adherence, repeated risk
reassessment, and closer interpretation of residual HCC risk
when additional adverse factors are present.

For HCC surveillance, genotype C should refine rather than
replace guideline-based criteria. Ultrasound-based surveil-
lance at 6-month intervals remains the standard approach
for patients with cirrhosis and other high-risk groups.11> In
Asian patients with genotype C infection, clinicians should
be particularly cautious when genotype C coexists with older
age, male sex, family history of HCC, advanced fibrosis, BCP/
preC mutations, metabolic dysfunction, or persistent low-
grade inflammation despite viral suppression. In these set-
tings, the practical priority is not necessarily to shorten the
formal interval, but to ensure strict adherence to 6-month
surveillance, avoid missed surveillance rounds, and reassess
fibrosis and residual risk more actively over time.

For antiviral treatment, genotype C should not be used as
a single independent indication for therapy. Treatment deci-
sions should still follow established criteria, including HBV
DNA level, ALT activity, fibrosis stage, cirrhosis status, age,
and other host-related risk factors.104:105 However, in patients
near treatment thresholds, or in those with borderline bio-
chemical activity but additional high-risk features, genotype
C may support earlier reassessment, closer laboratory and fi-
brosis monitoring, and a lower threshold for specialist review.

For patients already receiving nucleos(t)ide analogue ther-
apy, genotype C remains relevant because viral suppression
does not necessarily eliminate HCC risk. Integrated HBV DNA
may persist and continue to influence host gene regulation,
genomic stability, and oncogenic signaling despite suppres-
sion of active viral replication.3 Hepatocyte clones carrying
HBV integration or premalignant alterations may also persist
during antiviral treatment, partly explaining why undetect-
able serum HBV DNA does not fully eliminate residual HCC
risk.112 Therefore, genotype C-infected patients with cir-
rhosis, advanced fibrosis, or a long history of active disease
should not be considered low-risk solely because HBV DNA
is suppressed.

Complementary biomarkers may help identify genotype
C-infected patients whose risk remains underestimated by
conventional monitoring. HBcrAg has been reported to pre-
dict HCC development in patients with CHB-related cirrhosis
undergoing long-term effective antiviral therapy.2 Serum
HBV RNA measured during viral suppression has been re-
ported to predict subsequent HCC development in nucleos(t)
ide analogue-treated CHB patients, supporting its poten-
tial value in post-treatment risk stratification.11® HBV RNA

Huang C. et al: High-risk phenotype of HBV genotype C

and HBcrAg may reflect residual transcriptional activity and
cccDNA-related activity, but their use in genotype-informed
management remains insufficiently standardized.114 These
markers should not yet determine surveillance intensity on
their own, but they may support closer risk reassessment
when available.

Overall, a practical Asia-oriented approach is to treat geno-
type C as a risk-enhancing factor, not a passive descriptive
label. It should not replace HBV DNA, ALT, fibrosis stage, cir-
rhosis status, age, sex, family history, metabolic factors, or
treatment response. However, when combined with these var-
iables, genotype C may justify stricter surveillance adherence,
more frequent risk reassessment, and a lower threshold for
specialist evaluation. This position recognizes genotype C as a
meaningful high-risk signal without overstating it as a stand-
alone determinant of treatment or surveillance decisions.

Perspectives

HBV genotype C is associated with more persistent viral rep-
lication, delayed or reduced HBeAg seroconversion, more
active hepatic inflammation, increased risk of HCC, and a
clinically relevant residual risk even after treatment.10%,106
Rather than being only a geographic or phylogenetic label,
genotype C may represent a viral background that favors
prolonged immune-active disease, enrichment of high-risk
variants, HBV integration-related injury, and persistent on-
cogenic signaling. It should also be noted that most available
evidence still treats genotype C as a single category, whereas
direct comparative studies of different subgenotypes, espe-
cially subgenotype C2, remain relatively limited. Therefore,
prospective studies are needed to determine whether these
risk estimates apply equally across C2 and other regionally
enriched subgenotypes.

First, future studies should establish and validate genotype-
informed HCC risk prediction models that integrate viral fac-
tors such as genotype, BCP/preC/HBx mutation profile, HBV
DNA level, quantitative HBsAg, HBcrAg, and serum HBV RNA,
together with host factors including age, sex, family history,
fibrosis stage, cirrhosis, metabolic dysfunction, alcohol use,
and treatment response. Serum HBV RNA and HBcrAg are
particularly relevant because they may provide information
on residual viral transcriptional activity beyond conventional
serum HBV DNA.11% The key question is whether genotype
and mutation data improve existing models in discrimination,
calibration, surveillance adherence, or long-term outcomes.

Second, future work should clarify the biological basis of
residual HCC risk after viral suppression. Potent nucleos(t)
ide analogue therapy reduces HBV replication, but it does
not necessarily remove pre-existing HBV integration, clonal
hepatocyte expansion, fibrosis-related architectural distor-
tion, or accumulated somatic and epigenetic injury. Recent
evidence suggests that HBV integration and hepatocyte clon-
al expansion may persist despite antiviral treatment, which
may partly explain residual HCC risk after serum HBV DNA
suppression.12 For genotype C infection, this issue is espe-
cially relevant because prolonged active disease may ex-
tend the time window for these events to accumulate before
treatment. Longitudinal studies combining viral sequencing,
integration profiling, fibrosis assessment, and circulating bio-
markers are needed to identify which residual changes con-
tinue to predict HCC after virological suppression.

Third, Wnt/B-catenin and JAK/STAT3 signaling may pro-
vide mechanistic entry points for future intervention studies,
but they should not be framed as genotype C-specific clinical
therapies at present. Although these pathways are therapeu-
tically relevant in HCC research, there is no direct evidence
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that targeting them reduces residual HCC risk in genotype
C-infected patients.”® Therefore, the near-term priority is to
determine whether activation of these pathways in genotype
C-infected patients has predictive, preventive, or therapeu-
tic value, rather than to propose routine pathway-targeted
interventions.

Fourth, therapeutic vaccines, immune-modulatory ap-
proaches, and cell-based therapies remain relevant to func-
tional cure research. These strategies may be relevant be-
cause future functional cure approaches will need to clarify
whether durable viral control can be linked not only to HBsAg
loss or immune restoration but also to long-term cancer pre-
vention. However, their role in genotype C infection remains
uncertain. Future studies should define which patient popu-
lations may benefit, what safety boundaries are acceptable,
and whether functional cure strategies can meaningfully re-
duce HCC risk beyond suppression of serum HBV DNA.

Finally, real-world implementation remains a major unre-
solved issue. Routine HBV genotyping may be clinically in-
formative, but its feasibility, cost-effectiveness, and added
value over conventional clinical predictors need to be tested
in different healthcare settings. This is especially important
in regions with a high HBV burden, uneven access to molecu-
lar testing, and limited resources for long-term surveillance.
Current HBV management guidelines emphasize risk-based
treatment and long-term monitoring, but they do not yet
provide a genotype C-specific surveillance algorithm.104 An
important next step is to test whether genotype-informed
risk assessment improves surveillance adherence, timing of
treatment evaluation, and patient-level outcomes. In prac-
tice, genotype information is likely to be useful only when
embedded in integrated risk models rather than used as an
isolated decision rule.

Conclusions

HBV genotype C represents a clinically relevant high-risk
form of chronic HBV infection. It is generally associated with
delayed HBeAg seroconversion, persistent viral replication,
more active hepatic inflammation, faster fibrosis progres-
sion, and a higher risk of HCC. Importantly, this risk may
persist even after effective antiviral suppression, especially
in patients with advanced fibrosis or cirrhosis. The high-risk
phenotype of genotype C appears to be related to its viral
sequence background, enrichment of BCP/preC/HBx-related
variants, altered HBeAg expression, immune dysregulation,
HBx-related oncogenic signaling, and HBV integration-asso-
ciated genomic instability. Although these mechanisms are
not exclusive to genotype C, they may be more clinically
relevant in genotype C infection because of the prolonged
replication phase, enrichment of high-risk viral variants,
and greater cumulative inflammatory and oncogenic injury.
In clinical practice, genotype C should be viewed as a risk-
enhancing virological factor rather than a stand-alone de-
terminant of treatment or surveillance decisions. Combining
genotype information with viral mutations, fibrosis stage, cir-
rhosis status, treatment response, and emerging biomarkers
may help refine long-term risk assessment and surveillance
planning for patients with chronic hepatitis B.
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