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Introduction
Hepatocellular carcinoma (HCC), which accounts for no 
less than 75% of primary liver cancers globally, is a lead-
ing cause of tumor-associated deaths [1]. Surgical resec-
tion is a suitable option when the disease is discovered 
at an early stage. Unfortunately, many patients with this 
malignancy are often diagnosed at an advanced stage 
[2]. Although patients with advanced HCC can receive 
targeted therapy or immunotherapy, their therapeutic 
effects are disappointing. HCC is a heterogeneous dis-
ease. Currently, liver cancer stem cells (LCSCs), also 
called liver cancer stem-like cells or tumor-initiating 
cells [1], are identified as a small and unique subpopula-
tion of HCC cells with the capacity for high self-renewal, 
unlimited differentiation, and hepatocarcinogenesis. 
Understanding the traits and regulatory mechanisms of 
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Abstract
Hepatocellular carcinoma (HCC) is a heterogeneous disease with high recurrence and mortality. It is well known 
that a large proportion of HCCs are caused by hepatitis B virus (HBV) infection. In particular, the HBV X protein 
(HBX), a multifunctional molecule produced by the virus, plays a leading role in hepatocarcinogenesis. However, 
the molecular mechanisms underlying HBX-mediated HCC remain not fully elucidated. Recently, liver cancer stem 
cells (LCSCs), a unique heterogeneous subpopulation of the malignancy, have received particular attention owing 
to their close association with tumorigenesis. Especially, the modulation of LCSCs by HBX by upregulating CD133, 
CD44, EpCAM, and CD90 plays a significant role in HBV-related HCC development. More importantly, not only 
multiple signaling pathways, including Wnt/β-catenin signaling, transforming growth factor-β (TGF-β) signaling, 
phosphatidylinositol-3-kinase (PI-3 K)/AKT signaling, and STAT3 signaling pathways, but also epigenetic regulation, 
such as DNA and histone methylation, and noncoding RNAs, including lncRNA and microRNA, are discovered 
to participate in regulating LCSCs mediated by HBX. Here, we summarized the mechanisms underlying different 
signaling pathways and epigenetic alterations that contribute to the modulation of HBX-induced LCSCs to facilitate 
hepatocarcinogenesis. Because LCSCs are important in hepatic carcinogenesis, understanding the regulatory factors 
controlled by HBX might open new avenues for HBV-associated liver cancer treatment.
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LCSCs can help us develop novel strategies for treating 
the malignancy [3].

LCSC identification and characterization have been 
conducted for nearly two decades. Accumulated evidence 
shows that one reason for the occurrence of LCSCs is the 
transformation of hepatic stem/progenitor cells (HPCs)/
oval cells. Mature hepatocytes with genetic or epigenetic 
changes are considered another possible origin of LCSCs 
during the hepatic injury or regeneration process [4, 5]. 
The distinct origin of LCSCs indicates its heterogeneity, 
which results in the lack of universal markers for LCSC 
identification. Until now, various LCSC surface mark-
ers, including but not limited to EpCAM, CD133, DLK1, 
CD90, CD44, OV6, CD24, ABCG2, and CK19, have been 
identified [6]. Because different LCSC surface markers 
have distinct functional characteristics, the identified 
LCSCs using distinct markers are highly heterogeneous 
and might exhibit different phenotypes [7]. Despite these 
limitations, the identified LCSC markers have laid the 
groundwork for current studies on LCSCs [3].

Hepatitis B virus (HBV), hepatitis C virus (HCV) infec-
tion, and nonalcoholic fatty liver disease are the main risk 
factors for HCC [8]. Increasing evidence indicates that 
LCSCs are closely associated with HCC development 
induced by these risk factors [3]. In addition, various cel-
lular factors, including signaling pathways, epigenetic 
regulators, transcription factors, metabolic regulators, 
and secretory molecules, can drive the plasticity and 
reversibility of LCSC phenotypes in HCC [3, 9]. Given 
the importance of LCSCs in tumor metastasis, recur-
rence, and resistance to conventional treatment [4], a 
better understanding of the cellular factors that contrib-
ute to the regulation of LCSCs mediated by different risk 
factors facilitates the development of suitable approaches 
for targeting HCC.

Relationship of HBX with LCSCs in HBV infection
The occurrence and progression of HCC are closely 
related to HBV infection in Asia and Africa [2, 10, 11]. 
Although a variety of factors, including viral gene inte-
gration, genomic mutation, chronic inflammation, epi-
genetic alteration, and tumor-related signaling pathway 
activation, have been discovered in the pathogenesis of 
HBV-induced HCC [12–14], the exact relevant mecha-
nisms are still not well clarified. Previous studies indi-
cate that LCSCs are crucial for HBV-mediated HCC [8, 
15]. Moreover, some LCSC markers can be used to pre-
dict HBV-associated HCC outcomes. For example, in 
HBV-positive malignancies, EpCAM is closely associ-
ated with AFP, vascular invasion, advanced tumor node 
metastasis stage, and poor tumor differentiation [16]. 
Compared to the peritumoral EpCAM-negative group, 
the EpCAM-positive group in paracancerous tissues 
with HBV infection has a worse overall survival (OS) and 

poor recurrence-free survival (RFS) [17]. In addition to 
EpCAM, clinical evidence shows that CD133 is related to 
poor disease-free survival (DFS) and OS [18], and CK19 
is related to shorter DFS [19] in HBV-related HCC.

Four overlapping open reading frames (ORFs), P, C, 
S, and X, exist in the HBV genome. Functionally, these 
ORFs contribute to the production of viral polymerase 
(HBp), viral core protein (HBc), e-antigen (HBeAg), enve-
lope antigens (HBsAg, pre-S1, and pre-S2), and HBX pro-
tein [20–23]. As a multifunctional viral protein, HBX has 
a vital role in viral infection, replication, and associated 
tumorigenesis [20–22, 24]. Furthermore, accumulating 
evidence shows that it can cause genetic dysregulation, 
result in epigenetic aberrations, and interfere with sev-
eral signaling pathways involved in cellular growth, apop-
tosis, autophagy, and invasion to facilitate carcinogenesis 
[25, 26].

In particular, based on cell models [27], clinical samples 
[28], and mouse models [29], it has been shown that the 
appearance of LCSCs induced by HBX has an important 
contribution to hepatocarcinogenesis. In HBV-associated 
cancer tissues, clinically significant associations between 
HBX and different LCSC markers, including EpCAM and 
OV6, were also identified [30, 31]. Therefore, illustrat-
ing the mechanisms responsible for the modulation of 
LCSCs caused by HBX may not only deepen the under-
standing of the pathogenesis of HBV-associated malig-
nancies but also benefit the development of therapeutic 
approaches to facilitate HCC management.

As mentioned, no universal marker can distinguish 
LCSCs from HCC cells because of the heterogeneity of 
LCSCs. However, until now, CD133, EpCAM, CD44, 
and CD90, have been used mostly for the identification 
and isolation of LCSCs [32]. Here, we mainly presented 
an up-to-date overview of the molecular mechanisms 
(Fig.  1), including signaling pathways and epigenetic 
alterations, in modulating LCSCs by HBX by controlling 
the expression of CD133, EpCAM, CD44, and CD90 in 
HCC cells.

The signaling pathways in regulating LCSCs mediated by 
HBX
To date, the hyperactivation of multiple signaling path-
ways, including Wnt/β-catenin signaling, transforming 
growth factor-β (TGF-β) signaling, phosphatidylinositol-
3-kinase (PI3-K)/AKT signaling, and STAT3 signaling 
pathways influenced by HBX have been demonstrated 
to have significant effects in the process of HBV-asso-
ciated hepatocarcinogenesis [16, 33]. In particular, 
increasing evidence indicates that these signaling path-
ways are responsible for maintaining the stemness of 
HBX-induced LCSCs via upregulation of different LCSC 
surface markers, including CD133, CD90, CD44, and 
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EpCAM. Here, we summarized the contribution of these 
pathways to the regulation of HBX-induced LCSCs.

Wnt/β-catenin signaling
Investigations have demonstrated that Wnt/β-catenin 
signaling has a large effect on the initiation and progres-
sion of several cancers. β-catenin is a very significant 
core molecule of this signaling. Without extracellular 
Wnt signals, β-catenin in the cytoplasm is restricted by 
a “destruction protein complex”, which consists of GSK3β 
and APC molecules, and then degraded in a ubiquitina-
tion-dependent manner. After Wnt molecules bind to 
the LRP5/6 and FZD receptor complex, the activated 
signals disrupt the “destruction protein complex”. Then, 
β-catenin translocates into the cell nucleus, in which 
it forms a protein complex with TCF/LEF molecules 
to activate the transcription of different downstream 
genes [34, 35]. Until now, HBx has been discovered to 

upregulate the levels of β-catenin in various ways. For 
example, HBX is capable of binding to APC to displace 
β-catenin from its “destruction protein complex” [36]. 
The viral protein activates the β-catenin promoter to pro-
mote its expression by increasing URG11 levels [37]. By 
sensitizing Notch1 signaling, HBX enhances the activity 
of the Wnt/β-catenin pathway [38]. In HCC cells, ETV4, 
which is upregulated by HBX [39], and PTEN [40], as 
well as GSK3β, which are inhibited by the viral protein 
[41], also contribute to the regulation of this signaling 
activation. Besides these, the study from our group sug-
gests that HBX can elevate the levels of β-catenin via 
LASP1 [42] (Table 1).

A previous study showed that HBV can downregu-
late DDX5 expression to activate this signaling and 
strengthen the expression of the LCSC marker EpCAM 
[43]. Particularly, in HBX-transfected cell models, the 
viral protein was observed to sensitize the Wnt/β-catenin 

Fig. 1 The factors contribute to the regulation of LCSCs mediated by HBX. The signaling pathways, including Wnt/β-catenin signaling, TGF-β signaling, 
PI3-K/AKT signaling, and STAT3 signaling pathways participate in regulating LCSCs mediated by HBX. The epigenetic regulation, such as DNA and histone 
methylation, as well as ncRNA, including microRNA and lncRNA, also contributes to the modulation of HBX-induced LCSCs
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signaling pathway to benefit the anti-apoptosis of stem 
cells [44]. Lin et al. found that HBX could interact with 
MYH9 and promote its levels to activate β-catenin and 
facilitate the increase of multiple LCSC markers, includ-
ing CD44, EpCAM, and CD133 [45]. Wang et al. showed 
that HBX enhances the levels of MDM2 by binding with 
the protein to inhibit its ubiquitination. MDM2 further 
activates β-catenin and elevates the levels of LCSC mark-
ers, including CD90, EpCAM, and CD133 [31]. Until 
now, although Wnt/β-catenin signaling has been dem-
onstrated to benefit the modulation of HBX-induced 
LCSC markers, the detailed mechanisms are still not fully 
elaborated. Therefore, in-depth studies on the control 
of LCSCs via this signaling pathway in HBX-associated 
HCC are needed.

PI3-K/AKT signaling
The PI3-K/AKT pathway is an important signaling path-
way that controls numerous cellular processes, includ-
ing cell survival, autophagy, growth, and differentiation. 
PI3-K is a cytosolic protein complex comprising P85 and 
p110 protein subunits. Upon activation, the p85-p110 
complex induces the generation of phosphatidylinositol 
3,4,5-triphosphate (PIP3). Sequentially, PIP3 recruits and 
sensitizes AKT. After activation, AKT further sensitizes 
its substrates to modulate the expression of downstream 
genes [46]. Studies have shown that HBX could upregu-
late miR-155 to suppress PTEN and then activate PI3-K/
AKT signaling (Table  1) [47]. The viral protein induces 
the upregulation of reactive oxygen species (ROS) to 
inactive PTEN and further sensitizes this signaling [48]. 
In addition, the inhibition of miR-132 induced by HBX 
contributes to PI3-K/AKT signaling activation [49]. The 
upregulation of AFP [50], AFPR, and LASP1 mediated by 
HBX can also sensitize PI3-K/AKT signaling [42, 51].

More importantly, HBX is crucial for sensitizing this 
signaling to facilitate the upregulation of LCSC mark-
ers. For example, HBX contributes to the upregulation 

of IL-23 by activating ERK1/2. The suppression of PI3-K/
AKT signaling by its inhibitors significantly decreases the 
sensitization of ERK1/2 and the levels of IL-23 [52]. How-
ever, the upregulation of IL-23 promotes the malignant 
properties of HBV-positive HCC cells via attenuating 
HNF4α to increase the proportion of LCSCs by increas-
ing the expression of CD133 [53]. In addition, HBX ele-
vates the malignant proliferation capability of stem cells 
by increasing Cyclin D1 via activating the PI3-K/Akt 
pathways [54]. Dependent on this signaling [27], AFP, 
which is elevated by the viral protein, promotes the ini-
tiation of LCSCs by upregulating CD44, CD133, and 
EpCAM. Because of the importance of PI3-K/Akt signal-
ing in the modulation of LCSCs stimulated by HBX, the 
components involved in this signaling are viable candi-
dates for therapeutic intervention.

TGF-β signaling
TGF-β signaling is a highly conserved signaling pathway, 
and abnormalities of this signaling pathway are closely 
related to the initiation and progression of liver malignan-
cies [55]. In general, the signaling is triggered by the cyto-
kine TGF‐β, which binds to two receptors, TGFβRI and 
TGFβRII, leading to the transcription of target genes in 
a SMAD‐dependent or SMAD‐independent manner. The 
signaling exhibits anti‐tumor effects at the early stages 
of hepatocarcinogenesis but has a pro‐oncogenic activ-
ity during the late stages of HCC development [56]. HBX 
is shown to switch TGF‐β signaling from the anti‐tumor 
p-Smad3C-p21 pathway to the pro‐oncogenic p-Smad3L-
c‐Myc pathway in the early stage of tumorigenesis [57]. 
Furthermore, multiple potential mechanisms facilitate 
the sensitization of this signaling modulated by HBX. 
On the one hand, HBX inhibits PPM1a levels by elevat-
ing its ubiquitination to induce the over-sensitization 
of the TGF‐β signaling [58]. On the other hand, HBX 
can enhance SMAD4 expression through TFII-I and 
directly binds to SMAD4, stabilizing the protein and then 

Table 1 The factors involved in the control of LCSC-associated signaling pathways mediated by HBX
Target signaling Target molecules The effect of target molecules 

on identified signaling
The role of HBX on target 
molecule

Refer-
ences

Wnt/β-catenin APC, PTEN, GSK3β Inhibition Inhibition [36, 40, 41]
Wnt/β-catenin URG11, Notch1, ETV4, LASP1 Activation Upregulation/

Activation
[37–39, 
42]

Wnt/β-catenin MDM2, MYH9 Activation Upregulation/
Interaction

[31, 45]

PI3-K/AKT PTEN, miR-132 Inhibition Inhibition [48, 49]
PI3-K/AKT AFP, AFPR, LASP1 Activation Upregulation [42, 50, 51]
TGF-β PPM1a Inhibition Inhibition [58]
TGF-β SMAD4 Activation Upregulation/

Interaction
[59]

TGF-β Egr Activation Activation [60]
STAT3 IL-6, ROS, LASP1, SH2D5 Activation Upregulation [30, 42, 65, 

66]
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increasing the activity of this signaling [59]. Additionally, 
with the activation of the Egr transcription factor binding 
site, HBX is capable of upregulating TGF‐β expression to 
facilitate sensitization of this signaling (Table 1) [60].

Studies have reported that TGF-β signaling is a key 
signaling pathway that modulates and maintains HBX-
induced LCSCs. For example, TGF-β, cooperating with 
HBX, can induce the malignant transformation of HPCs 
into LCSCs by increasing EpCAM and CD90 levels to 
facilitate epithelial-mesenchymal transition (EMT). In 
addition, the sensitization of the JNK/c-Jun pathway par-
ticipates in HPC malignant transformation mediated by 
HBX and TGF-β [16]. Moreover, TGF-β could stimulate 
HBX-positive HCC cells to enhance the expression of the 
LCSC marker CD133 [61]. Owing to the significant rele-
vance of TGF-β signaling in HBX-induced LCSCs, efforts 
to target this signaling using pharmacological inhibitors 
for therapeutic interventions are needed to investigate.

STAT3 signaling
STAT3 is a ubiquitously expressed signaling molecule 
that can be activated by multiple cytokines, nonrecep-
tor-like tyrosine kinases, and growth factor receptors 
in almost all body cells. After activation, the signaling 
molecule translocates into the nucleus and then binds to 
DNA to drive the transcription of downstream genes that 
contribute to not only cellular differentiation, cell cycle, 
proliferation, and angiogenesis but also metastasis [62, 
63]. During infection, HBV can sensitize STAT3 signal-
ing. The activated signaling further causes the transcrip-
tion of different target genes to regulate viral replication, 
antiviral immunity, and tumorigenesis [62, 64].

In particular, HBX could increase the production of 
reactive oxygen species (ROS) in HCC cells to induce the 
sensitization of STAT3 signaling [65]. HBX also enhances 
STAT3 signaling activation by upregulating SH2D5 and 
LASP1 expression (Table 1) [42, 66]. In HBX-transgenic 
mice, the viral protein upregulates IL-6 and activates 
STAT3 signaling to enhance the malignant transforma-
tion of stem cells by upregulating EpCAM to facilitate 
hepatocarcinogenesis [30]. Mutations in the HBX gene 
also correlate with the development of HCC [67]. Espe-
cially, STAT3 signaling, along with the activation of 
Nanog, had a central effect in elevating stemness proper-
ties with the increase of CD133 mediated by HBX with 
C-terminal mutations [68, 69]. It should be noted that 
although the effect of STAT3 signaling on the regulation 
of LCSCs in HBX-induced tumorigenesis has been iden-
tified, a full understanding of how this unique pathway 
affects HBX-induced LCSCs is still required.

In addition to the above signaling pathways, accumu-
lating investigations indicate that the mitogen-activated 
protein kinase (MAPK) signaling pathway, including 
ERK, JNK, and p38 signaling, as well as the nuclear factor 

kappa B (NF-κB) signaling pathway, also participates in 
the regulation of LCSCs [70–74]. Moreover, these two 
signaling pathways could be activated by HBX to control 
the expression of a variety of factors implicated in differ-
ent biological processes that benefit hepatocarcinogene-
sis [42, 75–82]. However, to date, whether the activations 
of the MAPK and NF-kB signaling pathways are involved 
in the modulation of LCSCs mediated by HBX during 
the development of HCC, is still unclear, and it is worth 
exploring in the future.

The epigenetic alterations in modulating LCSC induced by 
HBX
Epigenetic regulation is a dynamic physiological process 
that regulates the accessibility of host DNA but does 
not alter DNA sequences to induce gene expression. 
Epigenetic mechanisms include (1) DNA methylation; 
(2) Modifications of histones mediated by methylation, 
phosphorylation, ubiquitination, and acetylation at dif-
ferent sites; (3) Alterations of noncoding RNAs (ncRNA), 
which participate in the regulation of RNA transcrip-
tion and processing [83, 84]. Studies indicate that HBX-
induced epigenetic reprogramming is essential for 
HBV-associated hepatic carcinogenesis [26]. The emerg-
ing data support the involvement of epigenetic altera-
tions caused by DNA and histone modification, as well as 
ncRNA, in HBX-mediated modulation of LCSC markers, 
including EpCAM, CD133, and CD44. Here, we summa-
rized the updated findings in HBX-mediated epigenetic 
regulation to control LCSCs.

DNA and histone methylation
DNA Methylation is a heritable epigenetic regulation that 
occurs when methyl groups are added to cytosine resi-
dues in host genomes by DNA methyltransferases [83]. 
To date, despite ample evidence supporting the effect of 
DNA methylation on HCC development [85], the rel-
evance of DNA methylation with HBX-induced LCSCs 
is still not fully elucidated. A recent study from Fan et 
al. indicated that HBX upregulated EpCAM expression 
by enhancing DNA demethylation with the help of the 
methyltransferase EZH2. Furthermore, DNA demeth-
ylation was regulated by RelA, which formed a protein 
complex with EZH2 and TET2 [86] (Table  2). Despite 
this study sheds light on the mechanisms by which HBX 
regulates the LCSC marker EpCAM via DNA methyla-
tion, further studies are necessary to identify additional 
DNA methylation modifiers and characterize their roles 
in modulating LCSCs induced by HBX in HBV-associ-
ated malignancy.

DNA is packaged in the nucleus around histones, 
which controls how DNA can be read by transcription 
machinery. Histone modifications controlled by meth-
ylation, phosphorylation, acetylation, ubiquitination, 
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and sumoylation can modulate the tightness or loose-
ness of the histone package to determine whether DNA 
can be transcribed freely. A specific arginine or lysine 
residue at the N-terminus of histones is often methyl-
ated, and gene transcription activation or repression is 
correlated with differences in residue methylation. For 
instance, transcriptional activation is related to lysine 
methylation at H3 lysine 4 (H3K4) and H3K36, and there 
is a link between H3K9 and H3K27 methylation and tran-
scriptional repression [87]. In recent years, with techno-
logical advancements, the study of histone methylation 
has become an area of interest in HCC [85]. In particu-
lar, current evidence indicates that polycomb repres-
sive complex 2 (PRC2), consisting of EZH2, SUZ12, 
and EED, mediates the modification of H3K27me3 to 
repress EpCAM expression in HCC cells. However, HBX 
can downregulate SUZ12 and ZNF198 to upregulate 
EpCAM [88]. Another study showed that, in HCC cells, 
HBX induces the elevation of EpCAM by activating the 
histone demethylase KDM5B [89], which is associated 
with H3K4me2/3 modification. HBX can also promote 
H3K4me3 modification on the promoter of EpCAM by 
stabilizing WDR5, a significant subunit of H3K4 meth-
yltransferase complexes (Table 2) [90]. Histone methyla-
tion contributes to the regulation of LCSCs induced by 
HBX. Thus, the pharmacological control of histone meth-
ylation is a novel treatment strategy for HBX-associated 
hepatocarcinogenesis. In addition to methylation, his-
tones can also be regulated by acetylation, phosphory-
lation, sumoylation, and ubiquitination, as mentioned 
above [85, 87]. However, whether these modifications 
also participate in modulating LCSCs mediated by HBX 
remains unclear.

ncRNA
Based on high-throughput RNA sequencing approaches, 
a variety of ncRNAs, including microRNAs with an aver-
age length of 22 base pairs [91] and long noncoding RNA 
(lncRNA) about 200 base pairs, have been identified [92]. 
Although these ncRNAs do not encode proteins, they 
play posttranscriptional regulatory roles in gene expres-
sion. Furthermore, they have crucial effects on hepa-
tocarcinogenesis, and many ncRNAs have abnormal 
expression patterns in HBV-associated malignancies [92].

Importantly, recent investigations have indicated that 
ncRNAs are essential for HBX-mediated regulation of 
LCSCs. For instance, Arzumanyan et al. showed that 
HBX up-regulates miR-181 to elevate the stemness of 
LCSCs by increasing the expression levels of EpCAM 
[28]. miR-199a-3p contributes to HBX-induced malig-
nant transformation of HPC into LCSCs with the help 
of TGF-β [16]. Lin et al. showed that HBX is capable of 
increasing miR-5188 expression to impair the levels of 
FOXO1 and then promoting the cellular stemness of 
LCSCs by increasing CD133 and CD44 expression [93]. 
Chen et al. found that HBX enhances the levels of miR-
3682-3p to stimulate the stemness of HCC cells by elevat-
ing CD133 and CD44 [94]. In addition, it was observed 
that HBX can induce LCSC properties with the increase 
of CD133, EpCAM, and CD44 by upregulating lncRNA-
MALAT1 while declining miR-124 (Table  2) [95]. To 
date, although these studies of ncRNAs have provided 
valuable information on LCSC modulation mediated 
by HBX, the mechanisms involved in LCSC modulation 
mediated by these ncRNAs are still incompletely under-
stood, and further explorations are needed.

Conclusions and future perspectives
Experimental studies have demonstrated that HBX, a 
multifunctional molecule encoded by HBV, contributes 
significantly to hepatocarcinogenesis [96, 97]. Target-
ing HBX and its associated factors is a promising clini-
cal treatment strategy for HBV-induced malignancy [98]. 
Despite great advances in understanding the effect of 
HBX on carcinogenesis have been made, the underlying 
mechanisms remain not fully illuminated. The patho-
physiology of HCC is complex. In recent years, LCSCs 
have received particular attention because of its signifi-
cant association with HCC recurrence, metastasis, and 
prognosis [4]. Especially, the appearance of LCSCs in 
HBV-related HCC is closely relevant to HBX. Therefore, 
understanding how HBX affects LCSCs may provide 
strategies to inhibit LCSC-mediated self-renewal, tumor-
igenesis, and metastasis in HBV-related HCC.

Here, we reviewed studies indicate that HBX can initi-
ate and maintain LCSCs by controlling the expression of 
various LCSC markers. It should be noted that, until now, 
studies on the effect of HBX on the expression of LCSC 

Table 2 The factors involved in the regulation of LCSC-associated epigenetic alterations induced by HBX
Epigenetic factors Target molecules involved in epigenetic regulation The role of HBX on target molecule References
DNA methylation EZH2 Inhibition [86]
Histone methylation SUZ12 Inhibition [88]
Histone methylation KDM5B, WDR5 Activation/Upregulation [89, 90]
microRNA miR-181, miR-5188,

miR-199a-3p, miR-3682-3p
Upregulation [16, 28, 93, 94]

microRNA miR-124 Inhibition [95]
LncRNA lncRNA-MALAT1 Upregulation [95]
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surface markers are mainly focused on CD133, EpCAM, 
CD44, and CD90. Whether other LCSC markers can be 
modulated by HBX is also worth exploring. Because of 
the uncertainty of LCSC origin, a single LCSC marker 
identified in the current research might only represent a 
unique subpopulation of LCSCs that could be controlled 
by HBX. Therefore, to better identify and isolate HBX-
associated LCSCs and investigate their characteristics in 
detail, optimized combinations of LCSC surface markers 
are needed in the future. Furthermore, these identified 
surface markers of LCSCs have different biological char-
acteristics [9]. To eliminate LCSCs induced by HBX, a 
strategy targeting more than one LCSC marker is a more 
effective way in HCC. Moreover, accumulated evidence 
indicates that to facilitate the upregulation of the LCSC 
markers CD90, CD133, EpCAM, and CD44, Wnt/β-
catenin signaling, TGF-β signaling, PI3-K/AKT signal-
ing, and STAT3 signaling pathways can be activated by 
HBX. In addition, epigenetic regulation, including DNA 
and histone methylation, as well as ncRNA, also contrib-
utes to the modulation of CD133, CD44, and EpCAM in 
HBX-induced LCSCs.

Moreover, the current investigations indicated that 
stem cell-derived hepatocytes effectively support HBV 
replication and can be used as a novel tool to examine 
the life cycle of HBV [99, 100]. These studies implied 
that the virus may induce the appearance of stem cells 
to facilitate its replication or infection. In addition to 
HBX, HBsAg, and preS1 can also induce the expression 
of LCSC markers, including CD90, EpCAM, and CD133, 
in HCC [101, 102]. However, the associated mechanisms 
by which HBsAg and preS1 regulate LCSCs are not fully 
understood. Therefore, to better understand how HBV 
modulates LCSCs, comprehensive work assessing the 
function of different viral proteins during HBV infection 
to regulate LCSCs is worthwhile. To date, several clinical 
trials targeting cancer stem cells are currently ongoing 
[103]. A better understanding of the properties of HBX-
induced LCSCs may help develop effective therapeutic 
approaches against HBV-associated malignancies.
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