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ABSTRACT: Hepatocellular carcinoma (HCC) is a leading cause of cancer-related death worldwide, most commonly
driven by chronic hepatitis B virus (HBV) infection. The HBV X protein (HBx) plays a central role in hepatocar-
cinogenesis by regulating transcription, signal transduction, epigenetic modification, and interactions with noncoding
RNAs. This review summarizes current advances in HBx-mediated signaling pathways and mutation-specific functions,
highlighting its potential as a prognostic biomarker and therapeutic target, and providing insights for future strategies in
HCC treatment and HBV eradication. Activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
κB), cAMP response element binding protein/activating transcription factor (CREB/ATF), and phosphatidylinositol
3′-kinase/AKT serine-threonine protein kinase family (PI3K/Akt) pathways by HBx promotes tumor proliferation,
epithelial–mesenchymal transition, and immune evasion. Mutation- and truncation-specific variants of HBx, such as
C1485T, C1653T, and K130M/V131I, further enhance oxidative stress, inflammatory signaling, and chemoresistance,
contributing to poor prognosis. Emerging preclinical evidence indicates that natural compounds, including asiatic acid,
sphondin, and rapamycin, can suppress HBx stability and transcriptional activity, offering novel antiviral and antitumor
strategies. Understanding HBx-driven molecular mechanisms and mutation-specific effects may guide the development
of precise diagnostic, prognostic, and therapeutic approaches for HBV-related HCC.

KEYWORDS: Hepatitis B virus X protein; hepatocellular carcinoma; hepatitis B virus X mutations; tumor microenvi-
ronment; signal transduction pathways

1 Introduction
The most common primary liver malignancy, hepatocellular carcinoma (HCC), is one of the leading

global causes of death related to cancer [1]. The risk of HCC development notably increases during chronic
infection with the hepatitis B virus (HBV) [2]. The HBV X protein (HBx) has garnered attention for its
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multifunctional roles in hepatocarcinogenesis. HBx comprises 154 amino acids and exhibits no intrinsic
enzymatic activity; instead, it exerts its effects through interactions with host cellular machinery.

This narrative review was developed through a comprehensive literature search conducted in PubMed,
Scopus, and Web of Science databases, covering studies published from January 2000 to September 2025. The
search combined the keywords HBx, hepatitis B virus X protein, hepatocellular carcinoma, and molecular
mechanism. Original research articles, reviews, and meta-analyses focusing on the pathogenic mechanisms,
mutations, and therapeutic targeting of HBx in HBV-related hepatocellular carcinoma were included. Non-
English papers and studies unrelated to HBx-mediated pathways were excluded [3].

Herein, we provide an overview to encompass the functional roles of this elusive protein and discuss
potential therapeutic approaches for its targeted inhibition.

2 Structure and Localization of HBx
The X gene of HBV encodes HBx, and it is expressed during both acute and chronic phases of infection,

significantly contributing to HBV pathogenesis and the development of HCC [4]. HBx comprises 154 amino
acids and has a molecular weight of approximately 17 kDa. This multifunctional regulatory protein is known
for its ability to localize to numerous cellular compartments (e.g., cytoplasm, nucleus, and mitochondria)
where it modulates various cellular activities that include transcription, signal transduction, apoptosis, and
DNA repair [5]. Structurally, HBx does not possess a classical DNA-binding domain, which limits its direct
interaction with genomic DNA. Instead, its function is largely mediated through protein-protein interactions
with various host factors [6]. The 1–50-residue-long N-terminal domain is relatively unstructured and
flexible, allowing it to dynamically interact with signaling molecules and participate in the transcriptional
activation of various genes. This domain contributes to the transactivation potential of HBx by engaging with
transcription factors and coactivators, such as CREB-binding protein (CBP) and p300 [3,7]. In contrast, the
C-terminal domain (residues 51–154) is more structurally conserved and plays a central role in mediating
interactions of HBx with cellular and viral components. This region contains multiple motifs essential for
oncogenic activity, including mitochondrial localization sequences and domains required for the modulation
of various signaling pathways, including the nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-κB) signaling pathway [3,8,9]. Notably, the C-terminal domain facilitates the subcellular trafficking of
HBx, enabling its translocation between the cytoplasm and nucleus in response to cellular cues and stress
signals [10].

HBx localization to the mitochondria has been particularly linked to its role in regulating apoptosis
and reactive oxygen species (ROS) production. HBx interacts with mitochondrial proteins, such as voltage-
dependent anion channel 3 (VDAC3), influencing the mitochondrial membrane potential and promoting
oxidative stress, which can contribute to genomic instability and tumorigenesis [11,12]. Additionally, nuclear
localization of HBx enables it to interact with components of transcriptional machinery (e.g., transcription
factor II B (TFIIB), transcription factor II H (TFIIH), CREB-binding protein (CBP)/p300, and other
transcription factors) to modulate host and viral transcription, thereby altering gene expression and DNA
repair processes. In contrast, cytoplasmic HBx engages and activates key signaling cascades, such as the
Src kinase, Janus kinase/signal transducer and activator of transcription (JAK/STAT), and phosphoinositide
3-kinase/protein kinase B (PI3K/Akt) pathways, to promote oncogenic signaling [13–15].

Together, the structural modularity and dynamic subcellular distribution of HBx underpin its ability
to manipulate host cell function and drive oncogenic transformation during HBV infection. Mutations and
truncations, particularly in the C-terminal region, are associated with enhanced tumorigenic potential and
chemoresistance in HCC, further highlighting the importance of HBx structure-function relationships in
the progression of HBV-related liver disease (Fig. 1).
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Figure 1: Interactions of hepatitis B virus X protein (HBx) domains with cellular proteins in host liver cells. The 154-
amino-acid (a.a.) long HBx protein is divided into two major regions, the N-terminal negative regulatory (1–50 a.a.) [3,7]
and C-terminal transactivation (50–154 a.a.) domains [3,8,9]. Key sites include XAP-1/UV-DDB (55–101 a.a.), p53
(102–136 a.a.), cccDNA regulation (55–60, 121–126 a.a.), dimerization (21–50 a.a.), and mitochondrial interaction (52–
148 a.a.), which collectively drive hepatitis B virus (HBV) transcription, viral persistence, and hepatocellular carcinoma
(HCC) development

3 Molecular Mechanisms of HBx in HCC

3.1 Transcriptional Dysregulation by HBx: A Key Driver of Hepatocarcinogenesis
The ability of HBx to modulate host gene expression at the transcriptional level is its most extensively

studied feature [16]. Although HBx does not possess intrinsic DNA-binding activity, it exerts powerful
transactivation effects through interactions with a variety of nuclear transcription factors, coactivators,
and chromatin-modifying complexes [10,17]. This transcriptional dysregulation plays a pivotal role in HBV
replication and HCC initiation and progression [18]. HBx enhances transcription by interacting with
components of the basal transcription machinery, such as RNA polymerase II, TATA-binding protein, and
transcription factor IIB [8]. These interactions facilitate recruitment of the transcriptional complex to target
promoters, leading to the aberrant expression of key genes that affect cell proliferation and survival [19]. These
interactions, in turn, activate or repress multiple signaling pathways that contribute to hepatocarcinogenesis.

3.2 Multifaceted Activation of NF-κB Signaling by HBx in Hepatocarcinogenesis: Roles of TBK1, Prion
Protein Condensates, and SHP2
HBx activates the NF-κB signaling pathway, a key regulator of inflammation, immune response, and

cell survival [9,20]. This activation is partly mediated by the proteasomal degradation of IκB, an NF-κB
inhibitor, allowing the p65 subunit to translocate into the nucleus. Therein, NF-κB promotes the transcription
of target genes involved in anti-apoptosis (including B-cell lymphoma-extra large[Bcl-xL], inflammation
(including interleukin [IL]-6), TNF-α, and cell cycle regulation [21]. A previous study revealed that HBx
enhances NF-κB signaling by transcriptionally upregulating TANK-binding kinase 1 (TBK1), which in turn
promotes NF-κB p65 phosphorylation at serine 536. The study findings suggest that TBK1 may contribute
to HBx-mediated HCC development through sustained NF-κB activation [22]. Guo et al. reported that
HBx contributes to NF-κB activation and nuclear translocation in HCC, implicating HBx in abnormal
NF-κB signaling during hepatocarcinogenesis [23]. HBx enhances cellular prion protein (PrPC) expression
via cAMP response element-binding protein 1. PrPC forms condensates that recruit components of the
NF-κB pathway-TRAF2/6, TAB2/3, and TAK1-activating NF-κB signaling and promoting tumor growth.
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The α3 helix and disulfide-bond formation in PrPC are crucial for liquid-liquid phase separation and
NF-κB activation. This, in turn, elevates IL-8 expression, further contributing to tumor progression [24].
HBx and NF-κB upregulate Src homology region 2-containing protein tyrosine phosphatase 2 (SHP2) by
promoting NF-κB binding to the promoter of Shp2. SHP2 facilitates extracellular signal-regulated kinase
(ERK) activation via complex formation with EGFR and Gab1. In vitro, SHP2-ERK activation negatively
correlates with signal transducer and activator of transcription 3 (STAT3) phosphorylation. In HBV-related
HCC tissues, SHP2 expression is reduced compared with that in adjacent non-tumorous liver, with the
highest levels observed in fibrotic background tissue. SHP2 expression progressively increases during liver
disease progression but is lost in dysplastic and cancerous tissues. These findings suggest that SHP2 depletion
disrupts NF-κB-STAT3 crosstalk, promoting HCC development [25]. Together, these findings underscore the
complex regulatory network orchestrated by HBx-NF-κB signaling and highlight potential molecular targets
for therapeutic intervention in HBV-associated HCC [26]. Table 1 summarizes the mechanisms by which
HBx activates the NF-κB signaling pathway, highlighting the molecular intermediates involved, downstream
gene expression changes, and their functional contributions to hepatocarcinogenesis.

To enhance clarity and clinical orientation, we summarized the principal HBx-mediated NF-κB sig-
naling mechanisms in Table 1. This structured overview highlights only the most functionally and clinically
relevant intermediates such as TBK1, cellular prion protein (PrPC) condensates, and SHP2 that contribute
to hepatocellular inflammation, fibrosis, and tumor progression. By focusing on these major regulatory
nodes, we aimed to facilitate readers’ understanding of how HBx-induced NF-κB activation directly links to
hepatocarcinogenesis and therapeutic opportunities.

Table 1: HBx-mediated regulation of the NF-κB signaling pathway in hepatocarcinogenesis

Mechanism Molecular events Downstream
effects

Implications in
HCC References

Canonical
NF-κB

activation

HBx induces proteasomal
degradation of IκB,

enabling p65 nuclear
translocation

Upregulation of
anti-apoptotic

(Bcl-xL),
inflammatory

(IL-6, TNF-α), and
cell cycle genes

Promotes survival,
inflammation, and

proliferation
[9,20,21]

TBK1-mediated
NF-κB

enhancement

HBx transcriptionally
upregulates TBK1, which
phosphorylates NF-κB

p65 at Ser536

Sustained
activation of

NF-κB signaling

Contributes to
chronic

inflammation and
HCC progression

[22]

Nuclear
translocation

HBx promotes nuclear
accumulation of NF-κB

components

Transcriptional
activation of
oncogenic
pathways

Enhances the
malignant

transformation of
hepatocytes

[23]

PrPC–NF-κB
axis via LLPS

HBx upregulates PrPC
via CREB1; PrPC

undergoes LLPS and
recruits TRAF2/6,

TAB2/3, TAK1

Activation of
NF-κB and

Interleukin-8
(IL-8) expression

Enhances tumor
growth and

inflammatory
microenvironment

[24]

(Continued)
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Table 1 (continued)

Mechanism Molecular events Downstream
effects

Implications in
HCC References

NF-κB–SHP2–
ERK

signaling

HBx/NF-κB upregulate
SHP2; SHP2 forms

complex with
EGFR/Gab1→ ERK
activation; inhibits

STAT3

Context-specific
modulation of

signaling pathways

SHP2 loss in tumors
disrupts

NF-κB–STAT3
crosstalk, driving

carcinogenesis

[25]

Note: Bcl-xL, B-cell lymphoma-extra large; CREB1, cAMP response element-binding protein 1; EGFR, epidermal
growth factor receptor; ERK, extracellular signal-regulated kinase; Gab1, GRB2-associated binding protein 1; HBx,
hepatitis B virus X protein; HCC, hepatocellular carcinoma; IκB, inhibitor of nuclear factor-κB; IL, interleukin;
NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; LLPS, liquid-liquid phase separation; PrPC,
cellular prion protein; SHP2, Src homology region 2-containing protein tyrosine phosphatase 2; STAT, signal
transducer and activator of transcription; TAB2/3, TAK1-binding protein 2/3; TAK1, TGF-beta activated kinase 1;
TBK1, TANK-binding kinase 1; TNF-α, tumor necrosis factor alpha; TRAF2/6, TNF receptor-associated factor 2/6.

3.3 Multifaceted Oncogenic Roles of HBx in HCC via the CREB/ATF and NF-κB/S100A9 Pathways
CREB and the activating transcription factor (ATF) family are pivotal regulators of gene expression

involved in cell growth, survival, metabolism, and inflammation [27,28]. HBx activates the CREB/ATF
pathway, contributing to HCC development [29]. Cougot et al. demonstrated that HBx physically binds
CBP/p300 in vitro and in vivo, and it cooperatively enhances CREB-mediated transcription, particularly
when CREB is phosphorylated by protein kinase A, which may promote the initiation of tumorigen-
esis [30]. Duan et al. reported that HBx promotes the nuclear translocation of NF-κB, which in turn
enhances S100A9 transcription. Functional assays confirmed that S100A9 contributes to HCC cell growth
and metastasis induced by HBx. Clinically, S100A9 levels in serum were associated with extrahepatic
metastasis, TNM stage, and HBV DNA load, and they showed diagnostic potential for identifying metastatic
disease [31]. A previous study found that HBx initially activates transcription of the tumor suppressor gene,
Ras association domain family 1 isoform A (RASSF1A), via SP1 but contributes to its silencing through
promoter methylation, ultimately facilitating HCC progression. [32]. Collectively, these findings highlight
the multifaceted role that HBx plays in HCC development. HBx promotes HCC development through
multiple transcriptional pathways, notably by activating the CREB/ATF axis via CBP/p300 interaction and
inducing S100A9 expression through NF-κB activation. These mechanisms contribute to tumor growth and
metastasis, highlighting the potential of using S100A9 as a relevant diagnostic biomarker for HBV-related
HCC progression and metastasis. Table 2 summarizes the mechanisms by which HBx triggers the NF-κB
signaling pathway, highlighting the molecular intermediates involved, downstream gene expression changes,
and their functional contributions to hepatocarcinogenesis.

Given the mechanistic diversity of non-coding RNA (ncRNA) regulation by HBx, we streamlined this
section to emphasize axes with clear translational implications. The summarized molecular networks pre-
sented in Tables 2–4 illustrate HBx-mediated mechanisms involved in hepatocellular carcinoma progression,
prognosis, and drug responsiveness, including CREB/ATF activation, tumor microenvironment modulation,
and the regulation of microRNAs and lncRNAs most strongly associated with these cancer-related outcomes.
This table-based presentation allows readers to appreciate key oncogenic pathways without excessive textual
detail while retaining mechanistic completeness for reference.
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Table 2: HBx-mediated activation of the CREB/ATF signaling pathway and related oncogenic mechanisms in HCC

Mechanism Molecular events Downstream effects Implications in
HCC References

HBx–
CREB/ATF
activation

HBx activates CREB/ATF
family transcription

factors

Promotes
expression of genes

involved in
proliferation,
survival, and
inflammation

Contributes to
HBV-induced hepa-

tocarcinogenesis
[27–29]

HBx–
CBP/p300
interaction

HBx physically binds to
CBP/p300 and enhances

CREB-mediated
transcription (especially

with
PKA-phosphorylated

CREB)

Transcriptional
coactivation of

tumor-promoting
genes

Facilitates initiation
of tumorigenesis [30]

HBx–NF-
κB–S100A9

axis

HBx activates NF-κB,
which increases S100A9

transcription

Enhances cell
growth and

metastasis; serum
S100A9 correlates

with HBV load and
metastatic stage

S100A9 serves as a
potential biomarker

for HBV-related
HCC progression

[31]

HBx and
RASSF1A
silencing

HBx transiently activates
RASSF1A via SP1 but later

induces promoter
methylation

Loss of tumor
suppressor
expression

Promotes HCC
progression through

epigenetic
repression

[32]

Note: ATF, activating transcription factor; CBP, CREB-binding protein; CREB, cAMP response element-binding
protein; HBV, hepatitis B virus; PKA, protein kinase A; RASSF1A, Ras association domain family 1 isoform A; SP1,
specificity protein 1.

3.4 Multifaceted Role of HBx in Modulating the Tumor Immune Microenvironment and Progression of
HBV-Related HCC
Understanding the complex interplay between the tumor immune microenvironment, metabolism, and

gut microbiota is essential to overcoming immune evasion and resistance in HCC [33]; however, the role
HBx plays in regulating the tumor immune microenvironment remains unclear. Zhong et al. investigated
how HBx affects the tumor microenvironment (TME) and tumor immunity in HCC by identifying HBx-
related genes and constructing a prognostic model. Transcriptomic analysis of HBx-expressing HepG2 cells,
along with The Cancer Genome Atlas (TCGA) and Genotype-Tissue Expression (GTEx) data, revealed seven
HBx-associated genes, with four (ribosome biogenesis protein BRX1 homolog [BRIX1], ribosome production
factor 2 homolog [RPF2], deoxynucleotidyltransferase terminal interacting protein 2 [DNTTIP2], and WD
repeat domain 75 [WDR75]) forming a prognostic risk score signature. Patients at high risk exhibited poorer
survival, weaker immunotherapy responsiveness, reduced anti-tumor immune infiltration, and increased
immune evasion. Among these, DNTTIP2 emerged as a key player linked to an immunosuppressive microen-
vironment through migration inhibitory factor signaling [34]. Increased CD68+ TAM infiltration in HCC
tissues is closely associated with HBx expression. Elevated levels of either marker predicted worse overall
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and progression-free survival after hepatectomy, with the poorest outcomes observed in patients showing
high expression of both. A prognostic model combining HBx, CD68, tumor size, and microvascular invasion
demonstrated the highest predictive accuracy, outperforming conventional HCC classifications [35]. A
previous study showed that HBV-related HCC exhibited lower CD8+ T cell levels and higher programmed
death-ligand 1 (PD-L1) and CD163 expression levels compared with those in non-virus-related HCC. In
mouse models, 2,5-dimethylcelecoxib (DMC) treatment elevated CD8+ T cell infiltration and lowered PD-L1
and CD163 levels in HBx-positive tumors. DMC combined with atezolizumab enhanced anti-tumor effects
and more effectively inhibited the PD-1/PD-L1 pathway. Mechanistically, DMC promotes the ubiquitin-
driven degradation of HBx-induced PD-L1 via AMP-activated protein kinase (AMPK) pathway activation,
primarily through the E3 ligase, RING box protein 1 (RBX1) [36].

The TME comprises hepatic stellate cells (HSCs), macrophages, and endothelial cells, and it actively
promotes tumor development while tumor cells further modulate the stroma to support their growth [37].
Rawal et al. demonstrated that endothelial cell-derived factors (particularly transforming growth factor β
[TGF-β]) promote aggressive behavior in hepatoma cells infected with HBx. Co-culture with human umbili-
cal vein endothelial cell (HUVEC)-conditioned media enhanced migration, invasion, and mesenchymal gene
expression, particularly increasing CD133 levels. TGF-β stimulation replicated these effects, whereas CD133
knockdown reduced mesenchymal traits, highlighting CD133 as a key driver of the epithelial–mesenchymal
transition (EMT) in cells infected with HBx. The findings suggest that endothelial-derived TGF-β contributes
to HBV-related HCC progression by inducing the EMT through CD133 [38]. The formation of a tumor
immune barrier (TIB) by secreted phosphoprotein 1 (SPP1) +macrophages and cancer-associated fibroblasts
(CAFs) at the tumor boundary impairs immune checkpoint blockade efficacy by restricting immune cell
infiltration. Hypoxia-induced SPP1 promotes macrophage CAF interactions that remodel the extracellular
matrix and reinforce the TIB. Blocking SPP1 or deleting it in macrophages enhances anti-PD-1 therapy in
mouse liver cancer by reducing CAFs and boosting the infiltration of cytotoxic T cells [39]. Another study
revealed that HBx enhances mitophagy in nutrient-deprived HCC cells by upregulating the PINK1-Parkin
pathway. HBx promotes Parkin recruitment to mitochondria and modulates the mitochondrial unfolded
protein response through LONP1, boosting mitophagy and reducing apoptosis under starvation. These
findings highlight a novel role of HBx in helping tumor cells adapt to metabolic stress, offering new insights
into HCC progression [40]. Moreover, another study uncovered how HBx modulates E2F transcription factor
1 (E2F1) functions in HCC. HBx interferes with Skp2 binding, leading to E2F1 and MLL1 accumulation. In
early tumor stages, E2F1 promotes proliferation, whereas in later stages it induces DNA damage and apoptosis
independently of p53. These opposing roles are regulated by the dynamic promoter occupancy of MLL1
and its interaction with co-activators or repressors, revealing a mechanism for the stage-specific functions
of E2F1 in tumor progression [41]. Collectively, these findings underscore HBx as a central driver of HCC
progression through its regulation of stromal interactions, metabolic adaptation, immune evasion, and cell
fate determination. Table 3 summarizes current findings on how HBx influences the TME and contributes
to HCC progression.
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Table 3: HBx-mediated regulation of the tumor immune microenvironment, stromal crosstalk, and metabolic adapta-
tion in HCC

Mechanism/
Axis Molecular events Functional

outcome
Implications in

HCC References

HBx–
immuno

suppressive
gene

signature

Identification of BRIX1,
RPF2, DNTTIP2, and

WDR75 as HBx-related
genes

High-risk group
shows low immune

infiltration, poor
survival, and

immune evasion

DNTTIP2 is linked
to the MIF pathway,

key
immunosuppressive

role

[34]

HBx–TAM
(CD68+)

axis

HBx expression
correlates with increased
CD68+ tumor-associated
macrophage infiltration

Worse overall and
progression-free

survival; enhanced
immunosuppressive
microenvironment

Prognostic model
including HBx and
CD68 outperforms
traditional models

[35]

HBx–PD-
L1–RBX1
pathway

HBx induces PD-L1;
DMC promotes its
ubiquitin-mediated
degradation via the
AMPK–RBX1 axis

Enhanced CD8+ T
cell infiltration and

response to
anti-PD-L1 therapy

DMC +
atezolizumab shows

a synergistic
antitumor effect

[36]

HBx–
endothelial–

TGF-β–
CD133

axis

HUVEC-derived TGF-β
enhances EMT and
CD133 expression in

HBx+ cells

Promotes migration,
invasion, and
mesenchymal

phenotype

CD133 is a key EMT
driver in

HBx-infected HCC
cells

[38]

HBx–
mitophagy

pathway

HBx activates
PINK1-Parkin and

LONP1 pathways under
nutrient deprivation

Promotes
mitophagy, reduces

apoptosis under
stress

Supports tumor
adaptation to

metabolic stress
[40]

HBx–E2F1–
MLL1

regulation

HBx inhibits Skp2-E2F1
degradation, modulates
E2F1 functions via MLL1

Early: proliferation;
late: DNA damage,

apoptosis
(p53-independent)

Highlights the
stage-specific role of

HBx-modulated
E2F1 activity

[41]

Note: AMPK, AMP-activated protein kinase; BRIX1, ribosome biogenesis protein BRX1 homolog; CD, cluster of
differentiation; DMC, 2,5-dimethylcelecoxib; DNTTIP2, deoxynucleotidyltransferase terminal interacting protein 2;
E2F1, E2F transcription factor 1; EMT, epithelial–mesenchymal transition; PD-L1, programmed death-ligand 1; PINK1,
PTEN-induced putative kinase 1; RBX1, RING box protein 1; RPF2, ribosome production factor 2 homolog; LONP1,
lon peptidase 1, mitochondrial; MIF, macrophage migration inhibitory factor; MLL1, myeloid-lymphoid leukemia
protein 1; Skp2, S-phase kinase associated protein 2; TAM, tumor-associated macrophage; TGF-β, transforming
growth factor β; WDR75, WD repeat domain 75.

3.5 Multifaceted Oncogenic Roles of HBx in HCC: Molecular Mechanisms and Therapeutic Implications
MicroRNAs (miRNAs) are emerging as crucial regulators of HCC pathogenesis that influence key

cellular processes and cancer hallmarks [42]. A previous study revealed that HBx promotes tumor pro-
gression in HBV-related HCC by upregulating von Willebrand factor (vWF) expression, thereby enhancing
proliferation, migration, and the EMT while also inhibiting apoptosis. Mechanistically, HBx increases
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vWF expression by upregulating achaete-scute family bHLH transcription factor 1 (ASCL1), a process
mediated by the suppression of miR-3150b-3p and activation of the long noncoding RNA (lncRNA),
ST8SIA6-AS1, which sponges miR-3150b-3p. These findings uncovered the novel HBx/ST8SIA6-AS1/miR-
3150b-3p/ASCL1/vWF axis that contributes to the malignancy of HBV-related HCC [43]. Zhou et al. reported
that the overexpression of spastic paraplegia 21 (SPG21) in HCC is associated with a poor prognosis. HBx
suppresses miR-128-3p, leading to SPG21 upregulation, which enhances the calcium influx mediated by
transient receptor potential cation channel subfamily M member 7 (TRPM7) and activates the c-Jun N-
terminal kinase (JNK) pathway. This signaling cascade promotes tumor growth, invasion, and resistance to
doxorubicin-induced apoptosis [44].

Furthermore, another study demonstrated that HBx alters microRNA expression in HCC cells. HBx
upregulates oncogenic miR-21 and miR-222 while significantly downregulating tumor-suppressive miR-22,
miR-122, and miR-132. These changes suggest that HBx promotes HCC progression by modulating key
miRNAs, and the expression patterns of these miRNAs may serve as prognostic markers in HBV-related
liver disease [45]. Wu et al. revealed that HBx promotes HCC metastasis by epigenetically repressing the
tumor-suppressive microRNA, lethal-7c microRNA (let-7c), via upregulation of enhancer of zeste homolog
2 (EZH2). This repression increases high-mobility group AT-hook 2 (HMGA2) expression, enhancing
cancer cell migration. The findings suggest that the HBx/EZH2/let-7c/HMGA2 axis plays a crucial role in
HCC progression caused by HBV and that let-7c and HMGA2 may serve as valuable diagnostic markers
and therapeutic targets [46]. HBx also promotes the progression of HCC by upregulating exosomal miR-
155, which in turn inhibits the tumor suppressor, phosphatase and tensin homolog (PTEN). Suppression
of PTEN activates the PI3K/Akt pathway, enhancing tumor cell proliferation, invasion, and survival. A
negative correlation between PTEN and miR-155 and a positive correlation between HBx and miR-155 were
observed in HBV-positive HCC tissues [47]. Downregulated expression of miR-361 was found in HBV-
related HCC tissues, HBx-expressing cells, and HBx-transgenic mice. The miRNA, miR-361, directly targets
and suppresses the p65 subunit of NF-κB, the expression of which is upregulated by HBx. Restoration of
miR-361 reduces p65 levels and inhibits HSC growth and migration, whereas p65 overexpression reverses
these effects [48].

Song et al. demonstrated that in HCC, HBx upregulates the lncRNA, transcriptional regulatory RNA 1
(TRERNA1), which promotes tumor cell proliferation and sorafenib resistance. Mechanistically, TRERNA1
functions as a competing endogenous RNA, sponging miR-22-3p to upregulate neuroblastoma RAS viral
oncogene homolog (NRAS) and activate the RAS/Raf/MEK/ERK signaling pathway [49]. HBx also plays a
key role in promoting abnormal α-fetoprotein (AFP) expression in HBV-related HCC by downregulating
miR-1236 and miR-329, which normally suppress AFP translation. Elevated AFP levels enhance HCC cell
proliferation and reduce sensitivity to chemotherapy [50]. Liu et al. speculated that HCC up-regulated long
non-coding RNA (HULC), an lncRNA highly expressed in HCC, promotes HBV replication by enhancing
the stability of covalently closed circular DNA (cccDNA) through the downregulation of APOBEC3B.
Mechanistically, HULC upregulates miR-539 (which targets APOBEC3B), and this process is driven by
HBx/STAT3-mediated activation of the promoter of miR-539. Functionally, HULC enhances hepatoma
cell growth by facilitating HBV activity in vitro and in vivo. These findings highlight a novel HULC-
HBx/STAT3-miR-539-APOBEC3B axis that contributes to HBV-linked HCC progression [51]. HBx enhances
the properties of cancer stem cells (CSCs) and tumorigenicity in HCC by upregulating stemness markers
and reprogramming proteins via the PI3K/Akt pathway. HBx also increases metastasis-associated lung
adenocarcinoma transcript 1 (MALAT1) expression and decreases that of miR-124, which directly targets
MALAT1. Restoring miR-124 or silencing MALAT1 inhibits CSC traits and tumorigenesis induced by HBx.
This suggests that the HBx/MALAT1/miR-124 axis regulates CSC properties through PI3K/Akt signaling
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in HBV-related HCC [52]. Overall, these findings highlight the central and multifaceted role HBx plays in
driving HCC pathogenesis.

HBx contributes to HBV-related HCC progression by modulating a complex network of microRNAs,
lncRNAs, transcription factors, and signaling pathways. It promotes tumor proliferation, invasion,
the EMT, cancer stemness, and resistance to therapies, such as sorafenib and chemotherapy. Notably,
HBx regulates key oncogenic axes, including the HBx/ST8SIA6-AS1/miR-3150b-3p/ASCL1/vWF,
HBx/miR-128-3p/SPG21/TRPM7/JNK, HBx/EZH2/let-7c/HMGA2, HBx/MALAT1/miR-124/PI3K-Akt, and
HBx/STAT3/miR-539/APOBEC3B axes, among others. Additionally, HBx influences tumor metabolism,
immune evasion, and reactivation of fetal markers, such as AFP. These regulatory pathways not only offer
mechanistic insights into HBx-mediated oncogenesis but also identify promising molecular targets and
biomarkers that can facilitate the early detection, prognosis, and treatment of HBV-related HCC. Table 4
summarizes the key microRNAs, lncRNAs, and associated signaling pathways regulated by HBx in
HBV-related HCC.

Table 4: HBx-regulated microRNAs, lncRNAs, and oncogenic axes in HBV-related HCC

Axis/Pathway Key molecular players Mechanism Functional
consequences References

HBx/ST8SIA6-
AS1/miR-3150b-
3p/ASCL1/vWF

ST8SIA6-AS1,
miR-3150b-3p, ASCL1, and

vWF

HBx suppresses
miR-3150b-3p by acting as

an lncRNA sponge;
upregulates ASCL1 and

vWF

Promotes
proliferation, the

EMT, and migration;
inhibits apoptosis.

[43]

HBx/miR-
128-3p/

SPG21/TRPM7/
JNK

miR-128-3p, SPG21, TRPM7,
JNK

HBx suppresses
miR-128-3p, upregulates
SPG21→ calcium influx

via TRPM7→ JNK
activation

Enhances invasion,
growth, and

doxorubicin resistance
[44]

HBx/miR-21,
-222, -22,
-122, -132

miR-21, miR-222 (↑);
miR-22, -122, -132 (↓)

HBx alters the miRNA
landscape, favoring
oncogenic profiles

Promotes proliferation
and suppresses tumor

suppressors
[45]

HBx/EZH2/let-
7c/HMGA2 EZH2, let-7c, HMGA2

HBx upregulates EZH2→
represses let-7c→
increases HMGA2

Enhances metastasis
and migration [46]

HBx/miR-
155/PTEN/PI3K-

Akt
miR-155, PTEN

HBx increases exosomal
miR-155→ suppresses

PTEN→ activates
PI3K-Akt

Promotes survival,
proliferation, and

invasion
[47]

HBx/miR-
361/NF-κB

p65
miR-361, NF-κB p65

HBx downregulates
miR-361→ upregulates

p65

Stimulates hepatic
stellate cell growth

and migration
[48]

HBx/TRERNA1/
miR-22-

3p/NRAS/ERK

TRERNA1, miR-22-3p,
NRAS

HBx induces TRERNA1,
which sponges miR-22-3p
→ upregulates NRAS→

ERK signaling

Increases proliferation
and sorafenib

resistance
[49]

HBx/miR-
1236,

miR-329/AFP
miR-1236, miR-329, AFP

HBx suppresses
miR-1236/329→
upregulates AFP

Promotes proliferation
and chemoresistance [50]

(Continued)



BIOCELL. 2026;50(3):1 11

Table 4 (continued)

Axis/Pathway Key molecular players Mechanism Functional
consequences References

HBx/STAT3/miR-
539/APOBEC3B/

HULC

miR-539, APOBEC3B,
HULC

HBx activates STAT3→
induces miR-539→

suppresses APOBEC3B→
stabilizes cccDNA; HULC

enhances this axis

Promotes HBV
replication and tumor

growth
[51]

HBx/MALAT1/
miR-

124/PI3K-Akt

MALAT1, miR-124,
PI3K-Akt

HBx increases MALAT1,
reduces miR-124 (a

MALAT1 target)

Enhances cancer
stemness and

tumorigenicity
[52]

Note: AFP, α-fetoprotein; Akt, protein kinase B; APOBEC3B, apolipoprotein B mRNA editing enzyme catalytic
subunit 3B; ASCL1, achaete-scute family bHLH transcription factor 1; cccDNA, covalently closed circular DNA;
EZH2, enhancer of zeste homolog 2; HMGA2, high-mobility group AT-hook 2; HULC, HCC up-regulated long non-
coding RNA; JNK, c-Jun N-terminal kinase; lncRNA, long noncoding RNA; let-7c, lethal-7c microRNA; MALAT1,
metastasis-associated lung adenocarcinoma transcript 1; miRNA, microRNA; NRAS, neuroblastoma RAS viral onco-
gene homolog; PI3K, phosphoinositide 3-kinase; PTEN, phosphatase and tensin homolog; SPG21, spastic paraplegia
21; ST8SIA6-AS1, ST8SIA6 antisense RNA 1; TRERNA1, transcriptional regulatory RNA 1; TRPM7, transient receptor
potential cation channel subfamily M member 7; vWF, von Willebrand factor.

3.6 Targeting HBx: Emerging Therapeutic Strategies for Chronic Hepatitis B and HBV-Related HCC
Asiatic acid, a compound derived from Centella asiatica, is a novel anti-HBV agent that targets HBx.

Asiatic acid promotes the degradation of HBx via autophagy, reduces its binding to cccDNA, induces
repressive chromatin modifications, and suppresses the transcription of cccDNA. In both HBV-infected cells
(in vitro) and a chronic infection mouse model (in vivo), asiatic acid significantly decreased HBV RNA, DNA,
and HBsAg levels, demonstrating its potential as a promising candidate for HBx-targeted chronic hepatitis B
therapy [53]. Ren et al. identified sphondin, a natural compound in traditional Chinese medicine, as a novel
antiviral agent against HBV in vitro experiments. Sphondin selectively binds to HBx at Arg72, promoting
its proteasome-mediated degradation. This impedes HBx recruitment to cccDNA, thereby inhibiting the
transcription of cccDNA and HBsAg expression without affecting cccDNA levels. The antiviral effect is lost
when HBx is absent or mutated [54]. Rapamycin has been reported to effectively inhibit HBx expression,
and it exhibits notable anti-HBV activity, particularly by suppressing cccDNA transcription through the
ubiquitin–proteasome system-mediated degradation of HBx in vitro and in vivo. These findings support
rapamycin as a promising therapeutic candidate that could be used to develop a functional cure for chronic
hepatitis B (CHB). However, it is important to note that rapamycin has a limited impact on HBV gene
expression originating from integrated viral DNA, as this transcription is independent of cccDNA [55].
Similar results revealed high expression of SMAD family member 4 (SMAD4) in HBV-positive HCC, which
is associated with poor prognosis. SMAD4 enhances HCC cell proliferation, and its effects are maintained
even when HBx is knocked down and SMAD4 reintroduced. Mechanistically, HBx upregulates SMAD4
transcription via TFII-I and stabilizes it by inhibiting its ubiquitination through binding at the MH2 domain.
Additionally, SMAD4 promotes HBx expression, forming a positive feedback loop [56]. HBx upregulates
the expression of heat shock protein family A member 8 (HSPA8) via activation of the transcription factor,
heat shock factor protein 1 (HSF1), in HCC. HSPA8 enhances HBV replication by recruiting HBx to the
cccDNA minichromosome, forming a positive feedback loop, and concurrently suppresses ferroptosis by
upregulating SLC7A11/GPX4, reducing ROS and Fe2+ accumulation. Inhibition of HSPA8 limits tumor
growth and increases erastin sensitivity [57].
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In summary, targeting HBx has emerged as a promising strategy for treating CHB and HBV-related
HCC. Several natural compounds, including asiatic acid, sphondin, and rapamycin, have demonstrated
the ability to inhibit HBx through distinct mechanisms, including autophagy or proteasome-mediated
degradation, which lead to the reduced transcription of cccDNA and suppression of viral replication. In
parallel, studies have shown that HBx interacts with host factors, such as SMAD4 and HSPA8, forming
oncogenic positive feedback loops that influence HCC progression and resistance to cell death. Collectively,
these findings highlight the potential benefits of disrupting HBx-associated pathways not only to control
HBV replication but also to impede HBV-driven hepatocarcinogenesis, paving the way for novel, HBx-
targeted interventions in CHB treatment. Table 5 summarizes the key natural compounds and molecular
pathways that modulate HBx and their therapeutic implications. Additionally, Table 5 complements Figs. 1
and 2 by summarizing HBx-directed therapeutic interventions, including natural compounds (asiatic acid,
sphondin, and rapamycin) and host-factor modulators (SMAD4 and HSPA8). It links each treatment to its
mechanistic target and antiviral or anti-tumor effect, thereby providing a schematic bridge between HBx
structure–function relationships (Fig. 1), mutation-specific pathogenic mechanisms (Fig. 2), and clinical
translation through HBx-targeted therapy.

Table 5: Therapeutic strategies targeting HBx in chronic hepatitis B and HCC

Compound/
Mechanism Source/Pathway Target/Effect on HBx Antiviral/HCC effect References

Asiatic acid
Centella asiatica

(natural
compound)

Promotes HBx degradation
via autophagy; reduces
HBx-cccDNA binding;

induces repressive
chromatin marks.

Suppresses cccDNA
transcription; decreases
HBV RNA, DNA, and
HBsAg in vitro and in

vivo

[53]

Sphondin
Traditional

Chinese
medicine

Binds HBx at Arg72,
enhances

proteasome-mediated HBx
degradation

Reduces HBx
recruitment to cccDNA

and inhibits HBsAg
expression (no effect on
cccDNA levels) in vitro

[54]

Rapamycin mTOR pathway
inhibitor

Inhibits HBx expression via
the ubiquitin-proteasome

system

Suppresses cccDNA
transcription; antiviral

effect limited to episomal
(not integrated) HBV
DNA (in vitro and in

vivo) (restricted clinical
translatability)

[55]

SMAD4
Transcription

factor regulated
by HBx

HBx upregulates and
stabilizes SMAD4 (via

TFII-I and
deubiquitination); SMAD4,

in turn, promotes HBx
expression.

Forms a positive
feedback loop,

enhancing proliferation
and poor prognosis in

HBV-positive HCC

[56]

(Continued)
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Table 5 (continued)

Compound/
Mechanism Source/Pathway Target/Effect on HBx Antiviral/HCC effect References

HSPA8
Chaperone
protein (via

HSF1)

HBx induces HSPA8
expression; HSPA8

stabilizes cccDNA by
recruiting HBc and

suppresses ferroptosis.

Enhances HBV
replication and tumor

growth; inhibition
sensitizes HCC cells to

ferroptosis.

[57]

Note: HBsAg, hepatitis B surface antigen; HSF1, heat shock factor 1; HSPA8, heat shock protein family A member 8;
mTOR, mechanistic target of rapamycin; SMAD4, SMAD family member 4; TFII-I, general transcription factor II-I.

Figure 2: Truncation and mutations of the hepatitis B virus (HBV) X protein (HBx) contribute to the regulation
of HBV-induced hepatocellular carcinoma (HCC) development. After HBV infects the liver cell, the truncated HBx
enhances caveolin-1 (Cav-1)/β-catenin/FRMD5 signaling and ABCB1-mediated drug resistance, reducing doxorubicin
cytotoxicity. HBx mutations dysregulate cell cycle regulators, elevate reactive oxygen species (ROS) levels, and induce
mitochondrial depolarization. ROS further activates Src/c-Jun N-terminal kinase (JNK) and nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-κB) signaling. Collectively, these alterations promote apoptosis resistance,
uncontrolled proliferation, and HCC development

3.7 Oncogenic Mechanisms and Therapeutic Implications of HBx Mutations in HBV-Associated HCC
A previous study evaluated how two HBx mutations (C1653T and T1753C) affect HCC progression. The

C1653T mutation significantly enhanced HBx-induced proliferation, invasion, migration, and anti-apoptotic
activity in HCC cells while also promoting tumor growth in vivo. Mechanistically, C1653T increased fibrosis
and intracellular ROS levels and altered cytokine levels, including those of MCP-1 and IL-18. Drug sensitivity
analysis revealed that C1653T responded well to apatinib, potentially due to increased VEGF expression.
These findings suggest that this mutation contributes to HCC malignancy and may serve as a predictive
biomarker for apatinib responsiveness [58]. Valosin-containing protein-interacting protein 1 (VCPIP1) was
identified by Wu et al. as a novel deubiquitinating enzyme (DUB) that could stabilize HBx via a ubiquitin-
independent mechanism. After VCPIP1 and HBx interact, the 26S proteasome subunit, PSMC3, is recruited
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to form a ternary complex that prevents HBx degradation by the 20S proteasome. This stabilization enhances
the transcriptional activity of HBx and promotes the transcription of HBV cccDNA. These results reveal a
new host-virus interaction pathway and suggest that targeting the VCPIP1-HBx-PSMC3 complex could be
a potential strategy for developing DUB-based antiviral therapies [59]. A previous study investigated the
role specific HBx mutations play in promoting HCC and aimed to identify novel therapeutic targets. Using
Sleeping Beauty transposon-based mouse models, the researchers demonstrated that the M3 and Ct-HBx
variants led to a higher incidence of HCC and enhanced cell proliferation and S phase progression compared
with those of wild-type HBx. These mutants also induced greater expression of inflammatory cytokines and
upregulated the gene expression levels of PAI1 (plasminogen activator inhibitor-1) and CDC20. Functional
analysis revealed that when PAI1 is silences, the pro-proliferative effects of the mutants are attenuated,
highlighting PAI1 as a potential mediator and candidate target in HBV-related HCC therapy [60]. Chiu
et al. demonstrated that the K130M/V131I HBx variant promotes the progression of HCC by triggering the
AKT/forkhead box O1 (FOXO1) axis and enhancing inflammatory signaling employing the Sleeping Beauty
transposon system in Fah- and Trp53-deficient mice [61].

Collectively, these studies emphasize the importance of specific HBx mutations in driving HCC
progression through distinct molecular mechanisms. Mutations such as C1653T and K130M/V131I enhance
cell proliferation, invasion, and inflammatory signaling while also influencing drug responsiveness, as seen
with the sensitivity of C1653T to apatinib. The identification of PAI1 as a key effector of M3 and Ct-HBx
variants, and the discovery of VCPIP1 as a novel DUB stabilizing HBx, further underscore the complexity of
HBx-mediated oncogenesis. These findings deepen our understanding of HBV-related hepatocarcinogenesis
and suggest innovative avenues for targeted therapies, including mutation-specific prognostic markers,
immune modulation, and DUB-based antiviral strategies. Table 6 summarizes the key mutations in HBx,
along with recently identified molecular mechanisms that contribute to HCC progression.

Table 6: Functional implications of HBx mutations and novel regulatory mechanisms in HBV-related HCC

Mutation/
Mechanism

Experimental
model

Functional
effects

Key molecular
pathways/Targets

Therapeutic
implications References

C1653T

In vitro (HCC
cells); in vivo

(mouse
xenograft)

↑ Proliferation,
invasion,

migration,
anti-apoptosis; ↑
fibrosis, and ROS

↑MCP-1, IL-18; ↑
VEGF expression

Predictive biomarker
for apatinib response [58]

VCPIP1–HBx-
PSMC3
complex

In vitro
(HBx-expressing

cells)

Stabilizes HBx by
preventing 20S

proteasomal
degradation

Ubiquitin-
independent DUB

activity

Targeting DUB–HBx
interaction as an
antiviral strategy

[59]

M3 and Ct-HBx
mutants

Sleeping Beauty
transposon

mouse model

↑HCC incidence,
cell proliferation,

S phase
progression

↑ PAI1, CDC20,
inflammatory

cytokines

PAI1 as a therapeutic
target in

mutant-driven HCC
[60]

K130M/V131I

Sleeping Beauty
transposon in

Fah−/−/Trp53−/−

mice

↑ Inflammation,
fibrosis, and

HCC progression

Akt/FOXO1
signaling,

arachidonic acid
metabolism

Highlights the Akt
pathway and
inflammatory
mediators for
intervention

[61]

Note: CDC20, cell division cycle protein 20; DUB, deubiquitinating enzyme; Fah, fumarylacetoacetate hydrolase;
FOXO1, forkhead box O1; PAI1, plasminogen activator inhibitor-1; PSMC3, proteasome 26S subunit, ATPase 3;
ROS, reactive oxygen species; Trp53, transformation-related protein 53; MCP-1, monocyte chemoattractant protein-1;
VCPIP1, valosin-containing protein-interacting protein 1; VEGF, vascular endothelial growth factor.
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3.8 Functional Characterization of C-Terminal Truncations and Point Mutations in HBx Reveals Distinct
Oncogenic Pathways and Chemoresistance Mechanisms in HBV-Related HCC
The C-terminal truncations and point mutations in HBx promote HBV-induced HCC development

by regulating cell apoptosis and proliferation through different signaling pathways (Fig. 2). A previous
study investigated how C-terminal truncated HBx variants mediate doxorubicin resistance in HCC. Trun-
cated HBx-expressing cells exhibited decreased sensitivity to doxorubicin associated with upregulation
of the drug efflux transporter, ABCB1. Functional inhibition or siRNA-mediated knockdown of ABCB1
restored doxorubicin-induced cytotoxicity, implicating ABCB1 as a key driver of resistance. These results
suggest that co-administration of ABCB1 inhibitors with doxorubicin may enhance therapeutic efficacy
in patients with HCC that exhibit C-terminal truncated HBx expression [62]. Mao et al. demonstrated
that the C-terminal truncated form of HBx (HBxΔC) frequently identified in HCC, could enhance tumor
aggressiveness by transcriptionally upregulating caveolin-1 (Cav-1). Cav-1 then promotes FERM domain-
containing protein 5 (FRMD5) expression by stabilizing low-density lipoprotein receptor-related protein
6 (LRP6) and subsequently activating β-catenin signaling. Silencing Cav-1 or FRMD5 suppresses the
oncogenic effects of HBxΔC, whereas overexpression of active β-catenin restores the tumorigenic potential.
Correlated Cav-1, LRP6, and FRMD5 expression in clinical HCC samples underscores the significance of the
HBxΔC/Cav-1/LRP6/FRMD5 axis as a candidate target for HBV-related HCC therapy [63].

The impact HBx mutants have on HCC progression has previously been investigated, with a focus on
the KV130/131MI variant. In Huh7 cells, KV130/131MI markedly enhanced cell proliferation, altered cell cycle
regulatory gene expression, elevated ROS levels, and induced mitochondrial depolarization. These results
indicate that KV130/131MI may drive hepatocarcinogenesis and contribute to liver fibrosis by promoting
unchecked proliferation and oxidative stress. The pronounced effects of this variant may account for its
greater prevalence in patients affected by both cirrhosis and HCC when compared to the single A1762T
or G1764A mutations [64]. A previous study identified the HBx gene mutations, C1485T and C1653T, as
independent risk factors for HCC in patients with CHB. In transgenic mouse models, the C1485T-HBx
variant significantly increased susceptibility to diethylnitrosamine-induced liver tumorigenesis compared
with that of wild-type HBx. Mechanistically, this enhanced carcinogenic potential was linked to β-catenin
and JNK signaling pathway activation, increased ROS production, and suppression of NF-κB activity.
These findings demonstrate the direct contribution of the C1485T mutation in HBx to the development of
HCC [65].

Taken together, these studies underscore the critical role of HBx mutations, particularly C-terminal
truncations and point mutations, such as KV130/131MI, C1653T, and C1485T, in driving HCC progres-
sion through diverse oncogenic mechanisms. These include enhanced cell proliferation, resistance to
chemotherapy via ABCB1 upregulation, β-catenin and JNK signaling activation, induction of oxidative
stress, and suppression of tumor-suppressive pathways (e.g., NF-κB signaling pathway). The HBxΔC/Cav-
1/LRP6/FRMD5 axis and Akt/FOXO1 pathway further highlight the molecular complexity by which HBx
variants contribute to tumor aggressiveness and treatment resistance. These findings not only deepen
our understanding of HBV-related hepatocarcinogenesis but also support the development of mutation-
specific prognostic markers and targeted treatment strategies that could enhance therapeutic outcomes in
patients with HCC. Table 7 summarizes key HBx variants implicated in HCC progression, highlighting
their molecular mechanisms, oncogenic effects, and potential therapeutic implications. HBxΔC variants and
specific point mutations, such as KV130/131MI and C1485T, contribute to diverse pathological features that
include enhanced tumor proliferation, chemoresistance, the EMT, and immune evasion.
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Table 7: Summary of oncogenic mechanisms and therapeutic implications of HBx mutations in HCC

HBx variant Key mechanisms Oncogenic effects Therapeutic
implications References

C-terminal
truncated HBx

(HBxΔC)

Upregulates ABCB1
drug transporter

Confers resistance
to doxorubicin in

HCC cells

ABCB1 inhibitors may
restore chemotherapy

sensitivity
[62]

HBxΔC

Transcriptionally
activates Cav-1→
stabilizes LRP6→
activates β-catenin
→ upregulates

FRMD5

Enhances tumor
aggressiveness and
metastatic potential

Cav-1/LRP6/FRMD5
axis as a potential
therapeutic target

[63]

KV130/131MI

Alters cell cycle
regulators, increases

ROS, and induces
mitochondrial
depolarization

Promotes HCC cell
proliferation and

fibrosis

May explain higher
prevalence in

cirrhosis/HCC;
potential marker for

aggressive disease

[64]

C1485T

Activates β-catenin
and JNK pathways,

increases ROS,
suppresses NF-κB

Enhances liver
tumorigenesis in
transgenic mouse

models

Prognostic biomarker;
suggests targeting

β-catenin and oxidative
stress pathways

[65]

Note: ABCB1, ATP binding cassette subfamily B member 1; Cav-1, caveolin-1; FRMD5, FERM domain-containing
protein 5; LRP6, low-density lipoprotein receptor-related protein 6.

4 Conclusion and Future Perspective
HBx plays a multifaceted and central role in the pathogenesis of HCC, driving tumor initiation,

progression, immune evasion, and therapy resistance. Through its interactions with host transcription
factors, signaling pathways, epigenetic regulators, and noncoding RNAs, HBx orchestrates a complex regu-
latory network that promotes hepatocyte transformation and tumor aggressiveness. Specific HBx mutations,
particularly C-terminal truncations and hotspot substitutions, such as C1485T, C1653T, and K130M/V131I,
further enhance oncogenic signaling, alter tumor metabolism, modulate immune cell infiltration, and confer
resistance to chemotherapy.

From a clinical perspective, emerging evidence indicates that HBx mutation profiling (including
C1485T, C1653T, and K130M/V131I) may serve as an adjunct tool for diagnosis and prognostic evaluation in
HBV-related HCC. Integration of HBx genotyping with conventional biomarkers such as serum HBV DNA
load, alpha-fetoprotein (AFP) levels, and imaging features could enhance early detection and patient risk
stratification. Furthermore, the overexpression of HBx and its truncated variants in tumor tissues correlates
with aggressive clinicopathological characteristics, suggesting potential roles in guiding treatment intensity
and surveillance intervals. From a therapeutic standpoint, the application of HBx-targeted compounds,
including asiatic acid, sphondin, and rapamycin, holds promise as precision strategies complementing antivi-
ral and immunomodulatory regimens. Continued validation of HBx-based molecular signatures in clinical
cohorts will be essential for translating these mechanistic findings into personalized medicine approaches.

Moreover, the interplay between HBx and TME components, including immune cells, stromal factors,
and gut microbiota, highlights the broader impact that the protein has beyond cell-autonomous mechanisms.
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Recent advances in targeting HBx through autophagy and proteasome-mediated degradation, and in
identifying HBx-associated molecular axes, such as the HBx/CREB/PrPC/NF-κB, HBx/STAT3/miR-539, and
HBxΔC/Cav-1/LRP6/FRMD5 axes, offer promising directions for therapeutic intervention.

Although remarkable progress has been made in elucidating the molecular mechanisms of HBx in HBV
related hepatocarcinogenesis, several critical questions remain unresolved. Future research should clarify
the temporal and spatial dynamics of HBx host interactions across disease stages and define the mutation
specific oncogenic functions of variants such as K130M/V131I, C1485T, and C1653T. The interplay between
HBx and the tumor immune microenvironment, including macrophage polarization, PD-L1 regulation,
and cytokine signaling, requires deeper investigation to identify combinatorial immunotherapeutic targets.
Moreover, HBx mediated epigenetic and noncoding RNA networks (e.g., HBx/EZH2/let 7c/HMGA2 and
HBx/HULC/miR 539/APOBEC3B axes) warrant exploration as potential reversible mechanisms of tumor
progression and drug resistance. The development of mutation tailored HBx inhibitors, vaccines, and RNA
based therapeutics, validated through multi omics and translational models, represents a promising avenue
toward personalized HBx directed therapy for HBV related HCC.

Collectively, this review underscores the importance of HBx as a diagnostic, prognostic, and therapeutic
target in HBV-related HCC. Continued efforts to refine HBx-targeted strategies, delineate its signaling spec-
trum, and integrate mutation profiling into clinical management will be pivotal in advancing personalized
treatment and improving patient outcomes.
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AFP α-Fetoprotein
Akt Protein kinase B
AMPK AMP-activated protein kinase
APOBEC3B Apolipoprotein B mRNA editing enzyme catalytic subunit 3B
ASCL1 Achaete-scute family bHLH transcription factor 1
ATF Activating transcription factor
Bcl-xL B-cell lymphoma-extra large
BRIX1 Ribosome biogenesis protein BRX1 homolog
CAF Cancer-associated fibroblast
Cav-1 Caveolin-1
CBP CREB-binding protein
cccDNA Covalently closed circular DNA
CD Cluster of differentiation
CDC20 Cell division cycle protein 20
CHB Chronic hepatitis B
CREB cAMP response element-binding protein
CSC Cancer stem cell
DMC 2,5-Dimethylcelecoxib
DNTTIP2 Deoxynucleotidyltransferase terminal interacting protein 2
DUB Deubiquitinating enzyme
E2F1 E2F transcription factor 1
EGFR Epidermal growth factor receptor
EMT Epithelial–mesenchymal transition
ERK Extracellular signal-regulated kinase
EZH2 Enhancer of zeste homolog 2
Fah Fumarylacetoacetate hydrolase
FOXO1 Forkhead box O1
FRMD5 FERM domain-containing protein 5
Gab1 GRB2-associated binding protein 1
GPX4 Glutathione peroxidase 4
HBV Hepatitis B virus
HBx Hepatitis B virus X protein
HBxΔC C-terminal truncated hepatitis B virus X protein
HBsAg Hepatitis B surface antigen
HCC Hepatocellular carcinoma
HSC Hepatic stellate cell
HSF1 Heat shock factor protein 1
HSPA8 Heat shock protein family A member 8
HULC HCC up-regulated long non-coding RNA
HUVEC Human umbilical vein endothelial cell
IL Interleukin
JAK Janus kinase
JNK c-Jun N-terminal kinase
let-7c Lethal-7c microRNA
LLPS Liquid-liquid phase separation
LONP1 Lon peptidase 1, mitochondrial
LRP6 Low-density lipoprotein receptor-related protein 6
MALAT1 Metastasis-associated lung adenocarcinoma transcript 1
MCP-1 Monocyte chemoattractant protein-1
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MIF Macrophage migration inhibitory factor
miRNA MicroRNA
MLL1 Myeloid-lymphoid leukemia protein 1
mTOR Mechanistic target of rapamycin
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
NRAS Neuroblastoma RAS viral oncogene homolog
PAI1 Plasminogen activator inhibitor-1
PD-L1 Programmed death-ligand 1
PI3K Phosphoinositide 3-kinase
PINK1 PTEN-induced putative kinase 1
PrPC Cellular prion protein
PSMC3 Proteasome 26S subunit, ATPase 3
PTEN Phosphatase and tensin homolog
RBX1 RING box protein 1
RASSF1A Ras association domain family 1 isoform A
RPF2 Ribosome production factor 2 homolog
ROS Reactive oxygen species
SHP2 Src homology region 2-containing protein tyrosine phosphatase 2
Skp2 S-phase kinase associated protein 2
SLC7A11 Solute carrier family 7 member 11
SMAD4 SMAD family member 4
SP1 Specificity protein 1
SPP1 Secreted phosphoprotein 1 (osteopontin)
SPG21 Spastic paraplegia 21
STAT Signal transducer and activator of transcription
ST8SIA6-AS1 ST8SIA6 antisense RNA 1
TAB2/3 TAK1-binding protein 2/3
TAK1 TGF-beta activated kinase 1
TAM Tumor-associated macrophage
TBK1 TANK-binding kinase 1
TCF T-cell factor
TGF-β Transforming growth factor β
TFII-I General transcription factor II-I
TFIIB Transcription factor II B
TIB Tumor immune barrier
TME Tumor microenvironment
TNF-α Tumor necrosis factor alpha
TRAF2/6 TNF receptor-associated factor 2/6
TRERNA1 Transcriptional regulatory RNA 1
TRPM7 Transient receptor potential cation channel subfamily M member 7
vWF von Willebrand factor
VCPIP1 Valosin-containing protein-interacting protein 1
VEGF Vascular endothelial growth factor
WDR75 WD repeat domain 75
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