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Abstract: With 296 million cases estimated worldwide, chronic hepatitis B virus (HBV) infection is
the most common risk factor for hepatocellular carcinoma (HCC). HBV-encoded oncogene X protein
(HBx), a key multifunctional regulatory protein, drives viral replication and interferes with several
cellular signalling pathways that drive virus-associated hepatocarcinogenesis. This review article
provides a comprehensive overview of the role of HBx in modulating the various hallmarks of HCC
by supporting tumour initiation, progression, invasion and metastasis. Understanding HBx-mediated
dimensions of complexity in driving liver malignancies could provide the key to unlocking novel
and repurposed combinatorial therapies to combat HCC.
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1. Introduction

Despite the availability of hepatitis B virus (HBV) vaccines, the worldwide incidence of
hepatitis B cases remain to be an estimated 296 million, with over 1.5 million new infections
occurring annually [1]. Prolonged chronic inflammation and tissue damage associated with
HBYV often lead to fibrosis/cirrhosis and eventually hepatocellular carcinoma (HCC), the
most common form of liver cancer [2]. According to the latest epidemiological data from
Globocan 2020 report, newly diagnosed liver cancer cases account for over 900,000 cancer
cases annually (4.7% of all cancers) and there are approximately 830,000 deaths linked to
HCC annually [3]. Geographic variations associated with HBV infection show 70-80%
hepatitis B surface antigen (HBsAg) seroprevalence in South East Asia and Sub-Saharan
Africa, linked to high levels of HBV driven HCC incidence, whereas less than 2% HBsAg
seroprevalence is observed in Western Europe, America and Australia with a similar low
level of HBV-driven HCC [4].

HBYV is a small DNA virus, a prototype of Hepadnaviridae family of viruses, with
a 3.2 kilobases circular and partially double stranded genome. During replication, the
partially dsDNA genome is gap repaired and transcribed into a full length pre-genomic
RNA which is subsequently reverse transcribed by a viral polymerase with RT activity. The
genome encodes four overlapping open reading frames (ORF) encoding envelope protein
(pre-S1/pre-S2), core protein (pre-C/C), viral polymerase and X protein (HBx) [5]. While
the exact molecular mechanisms driving HBV-induced HCC have been poorly defined, it
has been speculated that virus-host genome integration, prolonged inflammation aided host
immune response and cellular signal transduction pathways altered by the viral regulatory
protein HBx could play a crucial role in the progression of liver tumorigenesis [6-8].

HBx gene, the smallest ORF of the HBV genome, encodes a 154-amino acid regula-
tory protein of molecular weight 17 kDa. It is found in all mammalian Hepadnaviruses,
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termed Orthohepadnaviruses, but interestingly not in avian species which are infected by
Avihepadnaviruses. HBx proteins from different species contain conserved regions, helical
structures in the amino- and carboxy-terminal as well as a coil-to-coil motif with several
regions with known functional domains [9]. Attempts at crystallizing the protein have been
proven futile, so no detailed structural information is available. HBx forms homodimers
via disulfide bonds and acetylation [10]. It received its name, X protein, due to the lack
of sequence homology to any existing protein. Intracellular localization studies based
on HBV patient-derived liver biopsies show that HBx predominantly accumulates in the
cytoplasm when highly expressed, whereas low expression leads to localization primarily
in the nucleus [11,12].

While the precise functions of HBx are not fully understood, it has been proposed
that HBx is multifunctional owing to its negative regulatory/anti-apoptotic N terminal
and transactivator C terminal in addition to being the only regulatory protein encoded
by the virus. HBx is key to driving HBV viral infection via governing cellular and viral
promoters and enhancers, driving promiscuous transactivation, through protein—protein
interactions and, without directly binding to DNA [13,14]. Given its primary localization
in the cytoplasm, HBx is able to modulate several signal transduction pathways such as
mitogen-activated protein kinase (MAPK), nuclear factor kappa-light-chain-enhancer of ac-
tivated B cells (NF-kB), rat sarcoma virus (Ras), rapidly accelerated fibrosarcoma (Raf), janus
kinase-signal transducer and activator of transcription (JAK-STAT), focal adhesion kinase
(FAK) and kinase C signalling cascades. [15,16]. Furthermore, HBx has also been implicated
in cell cycle regulation, calcium signalling, DNA repair and regulation of apoptosis [17].
The potential role of HBx in hepatocarginogenesis was apparent with the development of
HCC in the natural hosts of HBx encoding Orthohepadnaviruses, woodchucks, squirrel
monkeys and humans, whereas there is no evidence of liver tumourigenesis for infection
with Avihepadnaviruses which lack the HBx protein [18]. In vitro studies have shown
that prolonged expression of HBx induces cellular transformation of rodent hepatocytes,
while the presence of integrated HBx gene in the chromosomal DNA has been frequently
detected in patients diagnosed with HCC [19,20].

The multifunctional nature of HBx implies its involvement in altering several cellu-
lar mechanisms by hijacking the host cell homeostasis and provoking tumorigenic traits
capable of inducing HCC. Such complex and distinct traits that trigger tumorigenesis
and metastatic propagation, in general, have been organized into 10 major hallmarks of
cancer by Hanahan and Weinberg [21,22]. These hallmarks are sustaining proliferative sig-
nalling, eluding growth suppressors, evading immune destruction, facilitating replicative
immortality, aiding in tumour-promoting inflammation, triggering invasion and metastasis,
prompting angiogenesis, inducing genomic instability, preventing cell apoptosis, and dereg-
ulating cellular energetics [22]. This article discusses the involvement of HBx in modulating
the different hallmarks of HCC, highlighting the potential therapeutic implications. Table 1
and Figure 1 provide a summary and overview of HBx-mediated hallmarks of HCC.

Table 1. Key molecular mechanisms regulated by hepatitis B Virus X protein that drive hallmarks of
hepatocellular carcinoma.

HCC
Hallmark

HBx Activity Study Design Ref.

Activates stellate cells and elevates
transforming-growth factor 31 In vitro co-culture with LX-2 cells
(TGF-B1) and connective tissue growth  and stable QSG7701-HBx cell line
factor (CTGF)

Guo et al. [23]
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Table 1. Cont.

HCC .. .
Hallmark HBx Activity Study Design Ref.
In vitro human hepatoma cell
lines Huh7 and IHHs and in vivo Shukla &

X15-myc transgenic mouse model
In vivo HBx-transgenic mice with
c-myc driven by woodchuck
hepatitis virus (WHV)

Five-fold elevated expression of c-myc

Kumar et al.
Terradillos et al.
[24,25]

In vitro HBx-expressing HepG2
cells and HBV containing
HepG2.2.15 cells

HBx-SMYD?3 interaction, guided by the
downstream target gene c-myc

Yang et al. [26]

In vitro human fibroblasts and
HCC cells and In vivo
HBx-transgenic mice.

Enhanced expression of fibroblast
growth factor-inducible 14 (fn14)

Feng et al. [27]

In vivo pX expressing primary
mouse hepatocytes

Disrupts cell cycle progression by
upregulating p21 and p27

Qiao et al. [28]

Sustaining proliferative In vivo tumour xenografts in mice

Elevates serine/threonine p21 activated

signalling . and in vitro human hepatoma Xu et al. [29]
kinase 1 (PAKT) cells with pHBV1.3
Upregulates transcription of fatty acid . ) .
synthase (FAS), mediated by hIen Zégﬁfg; eégif;“ﬁ%igﬂ ?ﬁs Wang et al. [30]
5-lipoxygenase (5-LOX) P p
Upregulates cyclooxygenase (COX-2)  In vitro HBx-expressing L-O2 and Shan et al. [31]
and MERK/ERK kinase 2 (MEKK2) H7402 cell lines. o
Suppressed anti-apoptotic protein In vitro Chang liver cells
PP M 11_31 P p transiently transfected with HBx Lee et al. [32]
¢ (CHL-X)
In vitro human hepatoma Hep3B
Activates Ras and Src kinase cells with transiently transfected Noh et al. [33]
HA-tagged HBx
. . In vitro HepG2 cells transfected Yang & Bouchard,
Enhances cytosolic calcium levels with full length HBx 2012 [34]
Elevates adhesion protein LASP-1 via In vitro HBx stably transfected Tang et al. [35]
PI3K pathway HepG2 and Huh-7 cells & ’
. . . In vitro HBx expressing human
Partial sequestra:gr;sif P53 causing G1 fibroblasts, HepG2 cells and liver Elmore et al. [36]
tissue from patients
Inhibition of p53 response element trarg;etl’zg Ef;;;agzlﬁi t61};ells Truant et al. [37]
Eluding growth
suppressors Inactivates Rb gene promoter In vitro HepG2 and Hela cells Choi et al. [38]

In vitro HBx-expressing human
hepatoma cells Huh7, HepG2.
In vivo X15-myc transgenic
mouse model

Confers stability to replication initiator
CDCé6

Pandey & Kumar,
2012 [39]

In vitro HBx-expressing
hepatoma cell lines and In vivo
HBx- transgenic mice and
patient samples

miR-205 inhibition via promoter
hypermethylation

Zhang et al. [40]
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Table 1. Cont.

HCC
Hallmark

HBx Activity

Study Design

Ref.

Controls miR-520b and hepatitis B
X-interacting protein (HBXIP)

In vitro HBx-expressing human
hepatoma cells and In vivo nude
mice transplantation and
patient samples

Zhang et al. [41]

Represses RIZ1 via hypermethylation

In vitro HBx-expressing human
hepatoma cells and
patient samples

Zhao et al. [42]

Suppresses E-cadherin tumour
suppressor

In vitro HBx-expressing HepG2
cell line

Lee et al. [43]

Hypermethylates p16 via pRb-E2f
pathway

HBV-HCC patient and
tissue specimens

Zhu et al. [44]

Downregulates retinoic acid
receptor-beta 2 (RAR-[32)

In vitro HBx-expressing
HepG2 cells

Jung et al. [45]

Pro-apoptosis

Induces the expression of TRAIL-R2
(DR5)

In vitro HBx-expressing
Huh-7 cells

Kong et al. [46]

Upregulation of miR-125a

In vitro HBx-expressing HepG2
and LO-2 liver cells

Zhang et al. [47]

Anti-apoptosis

Induces myeloid cell leukemia-1 (Mcl-1)

and B cell lymphoma 2 (Bcl-2)

In vitro HBx-expressing HPCs
(HP14.5) cells

Shen et al. [48]

Resisting cell death -
Interacts with apoptosis-inducing

factor (AIF) and AIF-homologue

mitochondrian-associated inducer of

death (AMID)

In vitro HBx-expressing
HepG2 cells

Liu et al. [49]

Autophagy

Upregulating SQSTM1 and lysosomal

aspartic protease cathepsin D

In vitro HBx-expressing Huh-7
cells and human tissue specimens

Liu et al. [50]

In vitro HBx-expressing HepG2

Son et al. [51]

Interacts with BECN1 (Beclin 1) and SK-Hep-1
PI3K-Akt-mTOR pathwa In vitro HBx-expressing Wang et al. [52]
p y HepG2 cells & '
Activates human telomerase reverse In vitro HBx-expressing HepG2 Zhang et al.
Facﬂitating replicative transcriptase (hTERT) and QBC939 cell lines QU_ etal. [53,54]
immortality MAZ binding aided telomerase In vitro HBx-expressing H7402
. . Su et al. [55]
impairment hepatoma cells
In vitro HBx-expressing human
HopGhandmore B 16 el
Upregulates VEGF mRNA expression . Moon et al.
. In vitro ChangX-34 and HBx
and stabilizes HIF-1« Lo Yun et al.
transgenic mice model [56-58]

In vitro HBx-expressing

HEK293 cells
Mitigates binding of von In vitro HBx-expressing
Hippel-Lindau (pVHL) HEK293 cells Moon et al. [58]




Cells 2022, 11, 741

50f23

Table 1. Cont.

HCC

Hallmark HBx Activity

Study Design

Ref.

Activates p42/44 mitogen-activated
protein kinases (MAPK)

In vitro HBx-expressing human
hepatoma cell lines and HBx
transgenic mice model

Yoo et al. [59]

Upregulates metastasis-associated
protein 1 (MTA1) and histone
deacetylase (HDAC1)

In vitro Chang X-34 cells, HBx
transgenic mice and
patient samples

Yoo et al. [60]

Overexpresses matrix
metalloproteinases (MMP) 2,3 and 9

Prompting angiogenesis

In vitro HBx-expressing human
Chang cell lines and murine
AML-12 liver cell line
In vitro HBx-expressing human
hepatoma cell lines
In vitro HBx-expressing HepG2
cell line and xenograft mice model

Lara-Pezzi et al. [61]
Yu et al. [62]
Liu et al. [63]

Induces COX-2 enzyme

In vitro HBx-expressing Hep3B
cell line and patient samples

Cheng et al. [64]

Mediates D114 upregulation

In vitro HBx-expressing human
hepatoma cell lines and HCC
patient samples

Kongkavitoon et al.
[65]

Stimulates Ang-2 isoform

In vitro HBx-expressing Chang
cell line and rat hepatic stellate
cells CFSC-2G, THP1
promonocyte cell line and patient
and tissue specimens

Sanz-Cameno et al.
[66]

Induces nitrogen oxide synthase 2
(NOS2)

In vitro HBV-expressing HepG2
and HepG2.2.15 cell lines and
patient and tissue specimens

Majano et al. [67]

Promotes production of MMPs 1 and 2
and disrupts adherens junctions

In vitro HBx-expressing human
Chang cell lines and murine
AML-12 liver cell line
HCC patient tissue specimens

Lara-Pezzi et al. [61]
Giannelli et al. [68]

Modifies « integrin subunits and
activates 31 integrin subunits

In vitro HBx-expressing Chang
cell line

Lara-Pezzi et al. [69]

Upregulation of Capn4 via nuclear
factor-kB/p65

In vitro HBx-expressing HepG2
and H7402 cell lines

Zhang et al. [70]

Promotes tumour stemness via
impaired FOXOL1 and -catenin nuclear
translocation

Triggering invasion and
metastasis

In vitro HBx-expressing cell lines
and In vivo tumour xenograft
mice model

Lin et al. [71]

Elevates miRNA-143 (miR-143)

In vitro HepG2 and Huh? cell
lines and In vivo HBx transgenic
mice and patient tissue samples

Zhang et al. [72]

Activates cell-surface adhesion
molecule CD44

In vitro HBx expressing Chang
cell line

Lara-Pezzi et al. [73]

Activates ossteopontin (OPN)
through 5-LOX

In vitro HBx-expressing HepG2
cell line

Zhang et al. [74]

Activates (STAT5b) and c-Src
proto-oncogene

In vitro HBx-expressing Huh?7
and HCC patient samples
In vitro HBx-expressing
SMMC-7721 cell line

Lee et al. [75]
Yang et al. [76]
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HCC
Hallmark

HBx Activity

Study Design

Ref.

Stabilizes Snail protein

In vitro human hepatoma Huh?7
and Chang cell lines and
patient samples

Liu et al. [77]

Induces expression of vimentin

In vitro HBx-expressing HepG2
and Huh7 cell lines and
patient samples

You et al. [78]

Represses E-cadherin

In vitro HBx-expressing HepG2
cell line and patient samples

Arzumanyan et al.
[79]

Evading immune
destruction

Induces apoptosis in HBV-specific
CD8+ T cells

In vitro HBx-expressing primary
hepatocytes

Lee et al. [80]

Interacts with IPS-1 and inhibits
interferon-Y

In vitro HBx-expressing HepG2
and In vivo HBx transgenic mice

Kumar et al. [81]

Inhibits IRF3 and associations between
VISA and RIG-1/MDA5

In vitro BHK and HEK
293 cell lines

Wang et al. [82]

Degradation of MAVS via
Lys(136) ubiquitination

In vitro human hepatoma cell
lines, In vivo HBx knock-in mice
model and liver tumour samples

Wei et al. [83]

Promotes RNA adenosine
deaminase ADAR1

In vitro HepG2.2.15 and
NTCP-expressing HepG2 and
Huh?7, In vivo mice model

Wang et al. [84]

Tumour-promoting
inflammation

Induces RIP-1 and aids in activation of
cytokines IL-6, IL-8 and CXCL2

In vitro HBx-expressing
LO-2 hepatocytes

Xie & Huang [85]

Induces S100A9 DAMP protein

In vitro HBx-expressing human
hepatoma cell lines, In vivo HBx
transgenic mice model and
patient samples

Duan et al. [86]

Activates signal transduction adaptor
MyD88, including, IRAK-1, NF-kB
and ERKs/p38

In vitro HBx-expressing human
hepatic L02 cells and human
hepatoma SMMC-7721

Xiang et al. [87]

Activates ERK/NF-kB pathway and
IL-23 subunits

In vitro HepG2 and Huh?7, normal
hepatocyte Chang liver and
HL-7702, and HepG2.2.15 cells
lines and patient samples

Xia et al. [88]

Interacts with CPAP regulator

In vitro HBx- and
NTCP-expressing human
hepatoma cell lines and In vivo
xenograft mice model

Yen et al. [89]

Inducing genomic
instability

Binds HBXIP

In vitro Hela and mouse
embryonic fibroblast (MEF) cell
lines and In vivo liver
regeneration mice model

Fujii et al. [90]

Binds Crm1 with the NES domain
on HBx

In vitro HBx-expressing Hep3B
and primary human fibroblast
cell lines

Forgues et al. [91]

Binds DDB proteins

In vitro wild-type or mutant
HBx-expressing HepG2 cell lines

Becker et al. [92]

Disrupts Ras-induced senescence

In vitro HBx-expressing human
primary fibroblasts B] and TIG3
cell lines and In vivo mice model

QOishi et al. [93]
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HCC
Hallmark

HBx Activity

Study Design

Ref.

Stimulates DNA helicase catalytic
activity of TFIIH subunits

In vitro HBx-expressing Hela cells
and yeast model

Qadri et al. [94]

Degradation of Smc 5/6

In vitro wild type and mutant
HBx-expressing HepG2,
HepAD38, HepG2-NTCP
cell lines

Murphy et al. [95]

Deregulating cellular
energetics

Downregulates TXNIP protein

In vitro HBx-expressing MIHA
and LO-2 cell lines, In vivo mice
model and HCC patient samples

Zhang et al. [96]

Elevates expression of GLUT1

In vitro human hepatoma HepG2
cell line and HCC patient samples

Zhou et al. [97]

Overexpression of PEPCK, PGCl«,
and G6Pase

In vitro HBx-expressing HepG2
cell line, In vivo HBx transgenic

Shin et al. [98]
mice and HCC patient samples

In vitro HBx-expressing

Downregulates NQO1 enzyme Huh? cell line

Jung et al. [99]

COX-2
CTGF MEKK2

c-myc Ras/Src
S100A9 DAMP Fnl4 Calcium
MyD88 LASP-1 miR-520b
IL-23 p53 response element
CPAP RIZ1

ERK/NF-kB E-cadherin

RAR-B2

IPS-1 interaction
ADAR1

CD206
stability

IFN-Y
MAVS
IRF3

Hepatitis B Virus

X protein
GLUT1 HBx
PEPCK

Binds HBXIP [ &

TXNIP Ras-induced  Binds Crm1 /3§
PGCla NQO1 senescence  DDB1 g
G6Pase Smc 5/6 TEIH ;'5

£
Bcl-2 S
AIF interaction FOX0-1 . &
Cathepsin D pVHL E-cadherin OPN )
SQsTM1 STATSb s
TRAIL-R2 MMP 2,3 &9 MMP1,2  CSrC <

miR-125a COX-2 B1integrin Sr_\ail st?bility
>, Mcl-1 Dll4 VEGF Capnd Vimentin s‘:‘é\‘,
elr@,’t. BECN1 interaction Ang-2  MAPK miR-143 “\e@

“% NOS2  mTA1 cDa4 o
&, HDAC1 =~
%o - .&,‘“ +——— Downregulation/Inactivation
'°l‘o:_ HIF-1a stability %a‘\
© << <«—— Upregulation/Activation

Prompting angiogenesis

Figure 1. Hallmarks of hepatocellular carcinoma modulated by hepatitis B virus X protein (HBx).
Numerous liver tumorigenesis-driving hallmarks influence the downstream cellular mechanisms
by sustaining proliferative signalling, eluding growth suppressors, evading immune destruction,
facilitating replicative immortality, aiding in tumour-promoting inflammation, triggering invasion

and metastasis, prompting angiogenesis, inducing genome instability, preventing cell apoptosis, and
deregulating cellular energetics.

2. Sustaining Proliferative Signalling

According to Hanahan and Weinberg, cancer cells endure proliferative signalling by
enabling growth factor expression, stimulating non-malignant cells within the tumour-
associated stroma, upregulating receptor protein levels in cancer cells and altering the
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structures of receptor molecules while activating downstream mitogenic signalling path-
ways linked to these receptors [22]. Conceivably, the most significant function of HBx is its
ability to promote cell proliferation in hepatocarcinogenesis. For example, HBx has been
proposed to activate stellate cells in fibrosis and elevate expression of transforming-growth
factor 1 (TGF-31) and connective tissue growth factor (CTGF) thus promoting cellular
transformation [23].

HBx-transgenic liver cancer mouse model studying pre-neoplasm showed a five-fold
elevated expression of c-myc, a multifunctional transcription factor which promotes cell
proliferation, while an In vitro study established a strong correlation between HBx and
c-myc which abetted ribosome biogenesis and cellular transformation [24,25]. Another
In vitro study involving HepG2 hepatoma cells, concluded HBx-SMYD3 interaction, guided
by the downstream target gene c-myc, promoted cell proliferation [26]. Additionally,
HBx-transgenic mouse models implicate enhanced expression of fibroblast growth factor-
inducible 14 (fn14) in c-myc/TGF-a-driven hepatocarcinogenesis [27]. HBx also disrupts
cell cycle progression by upregulating p21 and p27, proteins that inhibit cyclin-dependent
kinase (CDK) activity, which in turn enhances the ability of mitogen-activated protein
kinase (MAPK) signalling to cause proliferation in hepatocytes [28]. Similarly, HBx elevates
serine/threonine p21 activated kinase 1 (PAK1) and causes cytoskeletal rearrangement in
xenograft mouse models [29].

With regard to altering mitogenic signalling pathways, HBx promotes cell proliferation
via the 5-LOX/FAS mediated positive feedback loop mechanism. In vitro studies in HepG2
and H7402 cells concluded that HBx upregulated the transcription of fatty acid synthase
(FAS), known to play a critical role in tumour cell survival and proliferation, mediated
by 5-lipoxygenase (5-LOX) through phosphorylated ERK 1/2 [30]. Another study also
has found that HBx promotes liver cell division by upregulating cyclooxygenase (COX-2)
and MERK/ERK kinase 2 (MEKK?2), the latter known to regulate several transcription
and translation factors [31]. COX-2, on the other hand, is highly expressed in HCC, and
along with HBx, mediates sequestration of p53 to abolish apoptosis. Incapacitated p53 can
induce reactivation of previously suppressed anti-apoptotic proteins such as Mcl-1 thus
driving forward an indirect HBx-mediated cell proliferation [32]. HBV gene expression and
hepatocyte transformation is also driven by Ras-Raf MAPK signalling pathway by HBx-
mediated activation of Ras and Src kinase through overriding the pro-apoptotic effects of
HBx which will be reviewed in the following sections [33,100]. Such signalling mechanisms
are imperative for successfully stimulating cell cycle and deregulating cell cycle checkpoint
controls [101].

HBx is also capable of enhancing cytosolic calcium levels leading to elevated mitochon-
drial calcium uptake which induces HBV replication in vitro [34]. HBx may be involved
in extracellular matrix remodelling by elevating adhesion protein LASP-1 through PI3K
pathway to promote hepatocyte proliferation and invasion [35]. It is worth noting that high
concentrations of HBx and its subcellular localization, especially in cell systems that lack
effective negative growth regulatory pathways and intact tumour suppressors, suggests
that cell growth inhibition in such cells is not strictly governed to the extent of that of
healthy cells, which could be a key driver of neoplastic transformation [102].

3. Evading Growth Suppressors

Neoplastic maladies arise from accumulated genetic and epigenetic changes in proto-
oncogenes and tumour suppressor genes with the latter mostly involved in suppression of
metastasis, pro-apoptosis and DNA damage repair [103]. For instance, mutations arising
from the TP53 tumour suppressor gene have been implicated in over half of all human
cancers [104]. HBx is known to bind to the C terminus of p53 and obstruct numerous
crucial cellular processes such as transcriptional binding, DNA sequence-specific binding
and apoptosis. More specifically, in human hepatocytes and fibroblasts, HBx partially se-
questers p53 in the cytoplasm leading to unfavourable G1 arrest conditions that eventually
result in inhibition of apoptosis, typically indicating onset of hepatocarcinogenesis [36,105].
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Interestingly, transient transfection of human pulmonary adenocarcinoma Calu-6 cells
has shown that HBx directly interacts with p53 and enables inhibition of p53 response
element-directed transactivation [37].

Retinoblastoma-associated (Rb) tumour suppressor is another critical gatekeeper of
cell cycle progression that is deregulated by HBx. It has been shown that HBx incapacitates
inhibition of E2F1 activity, a positive regulator of cell cycle progression, by inactivating Rb
gene promoter and thereby tumour suppressor Rb [38]. Additionally, HBx increases CDK2
activity, leading to impairment of E2F1-Rb balance, which confers stability to replication
initiator protein CDC6 and aids in the HBx-mediated oncogenic sabotage thereafter [39].

MicroRNAs (miRNAs), which regulate gene expression through translational repres-
sion and degradation of complementary target mRNAs, define tumourigenesis [106]. miR-
205, a miRNA tumour suppressor is inhibited by HBx via hypermethylation of miR-205
promoter [40]. Another vital tumour suppressor miR-520b which targets cyclin D1 and
MEKK?2 is known to inhibit liver cancer cell proliferation [107]. HBx stimulates hepato-
carcinogenesis by partnering with survivin by controlling tumor suppressor miR-520b
and oncoprotein hepatitis B X-interacting protein (HBXIP), binding protein of HBx [41].
Epigenetically, HBx also represses RIZ1, another tumour suppressor of HCC, via methy-
transferase 1 (DNMT1) governed hypermethylation and suppressed miR-152 [42]. More-
over, HBx acts as an epigenetic deregulator by altering transcription of DNMT1 and 3 and
thereby suppresses E-cadherin tumour suppressor while hypermethylating p16 via pRb-E2f
pathway [43,44]. Tumour-suppression activity of retinoic acid receptor-beta 2 (RAR-32) is
epigenetically downregulated by HBx via DNMT-driven hypermethylation, instigating
upregulation of G1-checkpoint regulators p16, p21 and p27 and eventually E2F1 activation
and ensued tumourigenesis [45,108].

4. Resisting Cell Death

Programmed cell death by apoptosis, initiated by highly regulated cascades of intrinsic
and extrinsic pathways, is another hurdle tumour cells need to circumvent. Series of
upstream regulators and downstream effectors of the apoptotic machinery regulate binding
of Fas ligand on the cell membrane leading to activation of caspase 8 and caspase 3 and
thereby extrinsic pathways, while the mitochondrial release of cytochrome c activates
extrinsic pathways, leading to proteolysis that gradually dissembles the cells, eventually
consumed by phagocytic neighbouring cells [17,109].

Intriguingly, HBx-induced apoptosis in HCC plays a contradictory role depending on
the cellular conditions and components that HBx interacts with. For instance, pro-apoptotic
HBx induces the expression of TRAIL-R2 (DR5), a death receptor that targets TNF p-related
apoptosis inducing ligand (TRAIL) that is known to elicit apoptosis [46]. HBx suppresses
the E3 ubiquitin ligase activity of A20 via upregulation of miR-125a which prevents inhi-
bition of caspase 8 leading to hepatocyte sensitization to TRAIL-induced apoptosis [47].
Conversely, anti-apoptotic HBx elevates the expression of widely known apoptosis inhibitor
genes myeloid cell leukemia-1 (Mcl-1) and B cell lymphoma 2 (Bcl-2) which inherently
restrains pro-apoptotic Bcl-2-associated X protein (Bax) further inactivating caspase 9 and
3 [48]. HBx also modulates apoptotic activities by acting on the mitochondria, caspases and
SIRT-related pathways. More precisely, elevated cytoplasmic HBx interacts with apoptosis-
inducing factor (AIF) and AIF-homologue mitochondrian-associated inducer of death
(AMID) which primarily drives the inhibition of AIF translocation from mitochondrion-to-
nucleus [49]. The discrepant behaviour of HBx-elicited apoptosis could be partly attributed
to HBx mutations, such as C-terminal truncation (trHBx), which are significantly more
common in tumour tissues compared to non-tumour tissues [110,111]. For example, ex-
pression of wild type HBx (wtHBx) impaired colony formation in several HCC cell lines
while cell growth remained unaltered in cells transfected with trHBx, with some studies
even suggesting that C-terminal transactivation might be the primary site of pro-apoptotic
function [112]. However, it is worth noting that HBx intracellular localization could be
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another key driver of apoptosis, since wtHBx and trHBx displayed preferential localization
in cytoplasm and nucleus, respectively [113,114].

Autophagy signifies another crucial cell-physiologic response that sequesters protein
aggregates and impairs organelles into autophagosomes which fuse with lysosomes, re-
sulting in degradation [50,115]. HBx is known to incapacitate lysosomal acidification and
ensued decrease in lysosomal degradative capacity while simultaneously upregulating
autophagy substrate SQSTM1 and lysosomal aspartic protease cathepsin D, which aids in
chronic HBV infection followed by liver cancer [50]. Similarly, HBx interacts with BECN1
(Beclin 1) and hinders the interaction of BECN1-Bcl-2 complex that inhibits assembly of pre-
autophagosomal components [51]. Contrariwise, In vitro studies in HepG2 cells suggest the
progressive activation of autophagic lysosomal pathway by HBx via the PI3K-Akt-mTOR
pathway [52]. Such paradoxical behaviour of HBx in driving autophagy of hepatocytes
could be attributed to severely stressed cancer cells preferentially undergoing autophagy to
achieve reversible dormancy [116]. Clarifying such conflicting behaviours of HBx-induced
autophagic tumour cells could close a crucial research gap in liver cancer research.

5. Enabling Replicative Immortality

Contrary to the proliferative barriers that normal cells instil with limited number of
division cycles, tumour cells display acquired unlimited replicative potential, propagated
primarily by abrogating senescence and cell death. For instance, telomere maintenance is
crucial to sustaining the neoplastic state. Healthy cells achieve apoptosis or senescence by
decreasing telomerase activity and gradually shortening the telomeres, unlike tumour cells
which preserve unaltered telomere lengths owing to persistent telomerase reactivation [117].
HBx is reported to impact on telomeres and telomerase activity; however, this remains
controversial. A number of studies have suggested that HBx activates human telomerase
reverse transcriptase (hnTERT) mRNA expression in hepatocarcinoma and cholangiocar-
cinoma cells [53,54,118], whereas one study reported that HBx transgenic mice showed
significantly low telomerase activity with virtually no difference in the mRNA expression of
hTERT compared to healthy mice, during partial hepatectomy [119]. However, since there
is high mutation rate in HBXx, especially in different HBV genotypes, it is challenging to ex-
clusively define telomerase activity in the HCC patient population as a whole. Canonically,
one study argues that certain, not all, HBx isoforms are able to impair human telomerase
expression by transcriptionally repressing its promoter, aided by myc-associated zinc fin-
ger protein (MAZ) binding to its consensus sequence. Nonetheless, telomere shortening
is widely observed in hepatocarcinogenesis. They further speculate that HBx-mediated
impaired telomerase activity could lead to genome instability and subsequent restoration
of telomerase transcription that may aid in HCC cellular transformation [55].

6. Prompting Angiogenesis

Unregulated angiogenesis is a key hallmark of neoplastic growth and metastasis.
Similar to normal tissues, tumour tissues too acquire nutrients and oxygen as well as dispel
waste products by developing new blood vessels, known as angiogenesis. However, unlike
the tightly regulated largely quiescent vasculogenesis in normal cells, cancer cells maintain
a constantly activated “angiogenic switch” owing to several countervailing factors [120,121].
There is a strong correlation between HBV-induced angiogenesis and HCC progression
and malignancy, especially by the only regulatory protein encoded by HBV: HBx [122].

Compelling evidence by Kleinman and Martin (2005) show that, in matrigel injected
mice, HBx-expressing HCC cells induced more blood vessel formation compared to control
HCC cells. Moreover, HBx alone could not only elicit angiogenesis but also upregulate
VEGF mRNA expression as well as aid in transcriptional activation and stabilization
of hypoxia-inducible factor (HIF-1cx), the latter a key regulator of cellular adaptive re-
sponses to hypoxic conditions [56-58]. HBx directly interacts with transcriptional regulator
bHLH/PAS domain of HIF-1x while mitigating binding of tumour suppressor protein
von Hippel-Lindau (pVHL) and averting ubiquitin-dependent degradation of HIF-1« [58].
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More specifically, HBx induces phosphorylation of HIF-1«x while activating p42 /44 mitogen-
activated protein kinases (MAPK) [59]. HBx also drives HIF-1x-related angiogenesis by
upregulating metastasis-associated protein 1 (MTA1), critical gene involved in tumour
invasion and metastasis, and histone deacetylase (HDAC1) [60]. Increased expression of
VEGF and HIF-1« has been observed in patient samples, thus entails a strong positive
correlation with HBV-induced HCC [123,124]. HBx has been known to overexpress several
matrix metalloproteinases (MMP 2 [61], 3 [62] and 9 [63]), which initiates neovascular-
ization by disintegrating basement membrane thus ameliorating endothelial migration
to nearby tissues. Moreover, HBx induction of COX-2 enzyme catalyses pro-angiogenic
activity that further drives HBV-associated tumourigenesis [64].

Among key pathways that govern angiogenesis in general, Notch signalling is notable
for its functions in cell development, wound healing, pregnancy and more importantly,
tumour angiogenesis. More explicitly, Notch ligands Delta-like 4 (DII4) seem to act as
a negative regulator of tumour angiogenesis. One study reported upregulated Notchl
and DII4 in HBV genome containing HepG2.2.15 cells compared to HepG2 control cells,
also HBx silencing diminished DII4 levels and cleaved Notch1 [65]. Furthermore, specific
signalling pathway inhibitor treatment assured that MEK1/2, PI3K/AKT and NF-«xB
pathways deem imperative for HBx-mediated DIl4 upregulation [65]. Angiogenesis in
hypervascular tumours such as HCC is partly regulated by angiopoietins especially the
well-characterized angiopoietin-1 (Angl) and angiopoietin-2 (Ang2) which bind to the
tyrosine kinase receptor. Unsurprisingly, HBx-expressing hepatocytes and HBV infected
patient biopsies have shown significant stimulation of Ang-2 isoform expression [66].
Finally, successful vasculature and tumour invasion require endothelium-derived nitric
oxide and according one study, HBx alone or HBV genome are capable of inducing nitrogen
oxide synthase 2 (NOS2) mRNA expression; however, this potential mechanism warrants
further research [67].

7. Triggering Invasion and Metastasis

Tumour metastatic dissemination and invasion is conceivably the most significant
cancer hallmark, as all other hallmarks tend to be indistinctively represented in both benign
and malignant tumours, unlike metastasis which, with the exception of endometriosis,
tends to define malignancy for its unique characteristic ability to invade and colonize
distant healthy tissues [125].

The influence of HBx on cell migration, invasion and extracellular matrix remodelling
are largely associated with the upregulation of membrane-type matrix metalloproteinase
(MMPs). Aggressive behaviour of HCC cells is partly driven by metastasis induced by HBx,
which disrupts adherences junctions and integrin-associated adhesion to the extracellular
matrix in addition to promoting production of MMPs 1, 3 and 9 [126]. HBx expressing
cells have been shown to modify « integrin subunits and activate 1 integrin subunits
which localize in pseudopods and prevents cell attachment, thus leading to epithelial
transformation [69]. Calpain small subunit 1 (Capn4), a regulatory subunit involved in cell
proliferation, migration and apoptosis, is highly correlated with tumour metastasis after
liver transplantation [127]. Interestingly, HBx contributes to upregulation of Capn4 via
nuclear factor-kB/p65 in HepG2 hepatoma cells [70]. Another study has also highlighted,
HBx-mediated progression of tumour stemness in HCC via a positive feedback loop mech-
anism involving miR-5188 impairment of FOXO1 (a well-characterized tumour suppressor
in HCC) and stimulation of 3-catenin nuclear translocation [71]. Likewise, miRNA-driven
HBx influence has been associated with metastatic behaviour, for instance, In vivo work by
Zhang et al. demonstrates a dramatic elevation of miRNA-143 (miR-143) in HBx transgenic
mice [72]. MiR-143 transcription is carried out by nuclear factor kappa B (Nf-Kb) which
potentiates metastatic activities and fibronectin type III domain containing 3B (FNDC3B)
which directs cell motility [72].

HBx alters migratory phenotype of transformed hepatocytes through cytoskeletal
rearrangement and development of pseudopodial protrusions in addition to activating
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cell-surface adhesion molecule CD44, a hyaluronan (HA) receptor. This is achieved by HBx-
mediated relocation of F-actin binding proteins (that belong to the ezrin/radixin/moesin
family) in the pseudopodial protuberances, via a Rho/Rac- dependent manner while simul-
taneously enhancing CD44-moesin interaction [73]. While a majority of these studies focus
on HBx wild type, one landmark study has concluded that HBx mutant, HBxA127 promotes
hepatoma cell migration by activating ossteopontin (OPN), a secreted phosphoprotein
well implicated in mammalian epithelial cell transformation, through 5-LOX (another key
enzyme tied to metabolism of arachidonic acid and often upregulated in several tumor
types) [74]. It is worth noting that HBV integration which most often leads to terminal
truncations on HBx, was identified in 80%-90% of the host genome of HBV-induced HCC
cases [128].

A key developmental regulatory process prominently involved in cancer metastasis
and invasion is epithelial-mesenchymal transition (EMT). Among plethora of research
focussing on EMT modulation by oncogenic viruses, HBV-induced HCC has been well
implicated especially due to the high incidence of poor patient survival associated with
metastasis in advanced tumour stages [129]. HBx ameliorates cancer motility and EMT
by activating signal transducers and activators of transcription 5b (STAT5b) and c-Src
proto-oncogene in hepatoma cells [75,76]. Moreover, HBx stabilizes Snail protein, a key
EMT-orchestrating transcriptional factor, through triggering the phosphatidylinositol 3-
kinase/protein kinase B/glycogen synthase kinase-3b (PI3K/AKT/GSK-3b) signalling
pathway [77]. Lastly, HBx is known to induce the expression of vimentin, a putative
mesenchymal marker, while epigenetically repressing E-cadherin, a key cell-to-cell adhesion
molecule which best characterizes phenotypic alterations that are indicative of EMT-driven
cellular transformation [78,79].

8. Evading Immune Destruction

Evading innate and adaptive immunity remains a crucial defensive mechanism that
ensures HBV survival in infected hepatocytes. While it is expected for virus-host inter-
actions to induce immune system activation, viruses with oncogenic potential, through
evolution, have developed several strategies to surpass barriers of the immune system and
establish chronic infections [130].

In particular, HBx imposes immune suppression by inducing apoptosis in HBV-specific
CD8+ T cells (known to be major effector cells of viral clearance during acute HBV infection),
while decreasing the production of interferon-Y in hepatocytes (a cytokine that suppresses
HBYV proliferation in hepatocytes) [80,131]. Beta interferon promoter stimulator 1 (IPS-1) is
an adaptor protein that mediates retinoic acid-inducible gene 1 (RIG-1) signalling and is
known to activate antiviral innate immune response and interferon (3 (IFN-3). HBx-IPS-1
protein interaction interferes with RIG-1-related immuneregulation and inhibits activation
of IFN-p [81]. Similarly, HBx mediates inhibition of IFN-regulatory factor (IRF3) and dis-
rupts associations of the mitochondrial membrane protein virus-induced signalling receptor
(VISA) with its upstream components RIG-1 and melanoma differentiation-associated gene
5 (MDADS) [82]. Another HBx/IFN-{ linked immune suppression mechanism is the in-
teraction between HBx and mitochondrial antiviral signalling (MAVS) protein, a critical
activator of Nf-kB and IRE-3, and degradation of MAVS via Lys-136 ubiquitination that
prevents IFN-{3 induction [83]. Moreover, HBx protein impairs glucose metabolism with
augmented lactate production, which weakens the migratory ability of T cells in the liver
as well as their cytolytic activity [132]. Additionally, HBV evades immune recognition
with the aid of HBx which transcriptionally promotes RNA adenosine deaminase ADARI1
resulting in HBV RNA deamination of adenosine (A) to generate inosine (I),which disrupts
host immune recognition in hepatocytes [84].

Attenuation of the antiviral immune response can also be accomplished by HBx-
mediated epigenetic modulation and miRNA dysregulation [133]. HBx-dysregulated
tumour suppressor miR-101 reduces LPS-stimulated macrophage expression, capable of
inducing HCC, due to its inability to modulate DUSP1 phosphatase enzyme, which leads to
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impaired ERK1/2/p38/JNK elevation of pro-inflammatory cytokines such as TGF-{3 [134].
To gain a more comprehensive insight into HBx influence on a plethora of miRNA dysregu-
lation pathways and their associated immune response, refer to Sartorius et al. [133].

9. Tumour-Promoting Inflammation

Inflammation, an adaptive response to infection and tissue damage, paradoxically
contributes towards tumourigenesis via facilitating other cancer hallmarks by delivering
bioactive molecules to the tumour microenvironment, such as anti-apoptotic survival factor,
growth factors, angiogenesis-driving extracellular matrix-modifying enzymes, proangio-
genic factors and inductive signals that aid in cellular transformation [22]. Non-resolving
inflammation which substantially contributes to HCC, is initiated by extrinsic pathways
involving pattern-recognition receptors (PRRs) by pathogen-associated molecule patterns
(PAMPs) resulting from gut microflora or damage-associated molecule patterns (DAMPs)
released from apoptotic liver cells. Such inflammation-mediating DAMPs include nuclear
and cytoplasmic proteins, such as, histones and IL-1, high-mobility group box1 (HMGB1),
heat shock proteins and myeloid-specific S100 proteins (5100s). Similarly, intrinsic path-
ways, including the recruitment of inflammatory cells by the tumour itself, too contribute
to HCC disease pathogenesis [135].

HBx overexpression in healthy hepatocytes induces serine/threonine kinases, in par-
ticular, receptor-interacting protein (RIP-1), which inherently aids in the production of pro-
inflammatory cytokines IL-6, IL-8 and CXCL2, in addition to secreting HMGB1, a cytokine
mediator of inflammation [85]. Moreover, HBx has been mechanistically demonstrated to in-
duce S100A9 DAMP protein, by prompting translocation of cytoplasmic NF-kB into the nu-
cleus followed by binding to activate its transcription [86]. Activated S100A9 binds to PRR
receptor RAGE in the tumour microenvironment and blocks host-mediated antitumor im-
mune response targeting tumour cells, in doing so enabling tumour progression [136,137].

HBx induces immunomodulation by upregulating inflammatory cytokines and other
related cellular components such as ICAM-1, major histocompatibility complex and Fas
ligand, thus promoting long term liver inflammation and ensuing HCC [138,139]. Para-
doxically, HBx may also hinder HBV-specific immune response, promote apoptosis of
immune cells and induce immune response leading to persistent HBV infection and liver
tumourigenesis [140]. In vitro, HBx stimulates production of interleukin-6 (IL-6) while
activating downstream signalling targets of innate immune signal transduction adaptor
MyD88, including, IRAK-1, NF-kB and ERKs/p38 in the HBV-infected liver microenvi-
ronment [87]. Besides, chemokine expression profiles in hepatoma cells show that IL-8 is
significantly upregulated when HBx is overexpressed, while downregulation was observed
in pro-inflammatory mediators such as, macrophage inflammatory protein-33 (MIP-3f3),
epithelial-neutrophil activating protein 78 (ENA78) and monocyte chemotactic proteins-1,
-2 and -3 [141]. In chronic HBV patients, HBx also invokes activation of ERK/NEF-kB path-
way which leads to transactivation of the p19 and p40 subunits of IL-23, predominantly
secreted by macrophages and dendritic cells which are mainly activated by proinflamma-
tory cytokines [88]. Another study reports that HBx-mediated tumour microenvironment
remodelling involves interactions with centrosomal P4.1-associated protein (CPAP), a
key regulator of procentriole elongation and microtubule nucleation, which progressively
leads to enhanced inflammatory cytokine production, malignancy associated with NF-kB
activation [89].

10. Genome Instability and Mutation

Successful establishment of neoplasms and eventual dominance over the tumour
microenvironment, in part require alterations in the premalignant cell genome and amass-
ing favourable genotypes. Tumour cells hijack the host DNA-maintenance machinery by
damaging the host cell’s ability to detect and respond to DNA damage, activate DNA
repairing and inactivate mutagenic molecules [22]. HBV in known to productively infect
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hepatocytes by taking over DNA damage response proteins and indirectly influencing
intracellular signalling pathways that determine DNA repair [142].

HBx induces genetic instability and defects in chromosomal segregation partly by
binding with the conserved HBx-interacting protein (HBXIP) and driving aneuploidy
associated with overabundant centrosome formation as well as tripolar and multipolar
mitotic spindles. HBx promotes aneuploidy, a classic trait of tumourigenicity, by disrupting
the cell growth stimulating function of HBXIP, resulting in failed centrosome duplication
during prometaphase. HBXIP and HBx prevent the dissociation of midbody microtubules
that hold the dividing daughter cells together during telophase, which leads to merged
binucleated cells [90]. Additionally, HBx has been shown to contain a leucine-rich nuclear
export signal (NES) domain which binds to nuclear export receptor Crm1 and activates NF-
kB nuclear translocation. Given Crm1 plays a role in mitosis, HBx-mediated inactivation of
Crm1 via its nuclear export could be a key affair that drives HBV related oncogenesis [91].
Additionally, since Crm1 is involved in maintaining centrosome integrity, disrupting Crm1
activity by HBx indirectly drives formation of supernumerary centrosomes and abnormal
multipolar spindles [143]. HBx overexpression in healthy hepatocytes displays synthesis of
polyploidy nuclei, DNA damage accumulated via elevated IL-6 expression and PLK1 and
p38/ERK activation which strongly correlates with aberrant polyploidation and hepatocyte
transformation [144].

With regard to HBx-mediated disruption of DNA repair mechanisms, HBx binds with
damaged DNA binding (DDB) proteins causing alterations in p53 function, which in turn
induces cell apoptosis and inhibits nucleotide excision repair (NER), thereby compromising
genome integrity [92,145]. Furthermore, Ras-induced senescence is interrupted by HBx
leaving hepatocytes cells vulnerable to mitotic errors, caused by supernumeracy centro-
somes and multipolar spindles [93]. HBx also stimulates DNA helicase catalytic activity of
TFIIH subunits while recruiting DNA-repair enzyme tyrosyl-DNA phosphodiesterase 2
(TDP2) for the synthesis of HBV DNA [94,146]. Chromosome segregation and organiza-
tion are crucial functions of the structural maintenance of chromosomes (Smc) complex
proteins, Smc 5/6 in particular. Relevantly, given the multi-regulatory functions of HBx,
it is not surprising that HBx promotes host cell genetic instability via degradation of Smc
5/6 proteins following binding with cellular DDB1-containing E3 ligase [95,147].

11. Deregulating Cellular Energetics

Altered energy metabolism is another crucial malignancy trait that is closely associated
with exponential proliferation-inducing hallmark of cancer cells, with regard to the abnor-
mal Warburg effect of cancer cell metabolism. One study shows that C-terminal truncated
HBx in capable of inducing neoplasmic traits by downregulating an important regulator of
glucose sensing and reduction—-oxidation system, thioredoxin-interacting protein (TXNIP),
which drives glucose metabolism reprogramming [96]. This finding remains significant
as TXNIP has been implicated as a tumour suppressor and its expression is either low or
redundant in hepatoma cells [148]. Cancer cells promote their aerobic glycolysis-driven
energy metabolism by upregulating glucose transporters such as GLUT], to increase glu-
cose uptake into the cytoplasm. Oncogene HBx interacting protein HBXIP elevates GLUT1
via upregulating NF-kB in liver cancer [97]. Another recent study has concluded that
hepatic glucose homeostasis is retained by HBx via elevating the gene expression of hepatic
gluconeogenic enzymes, namely, PEPCK, PGClx, and G6Pase and glucose production
which are inherently regulated through nitric oxide (NO)/JNK signalling [98].

HBx contributes to abnormal energy metabolisms in hepatic cells by promoting lipid
peroxidation and reactive oxygen species (ROS). In hepatoma cell lines, HBx also reduces
expression of mitochondrial enzymes that are part of electron transport in oxidative phos-
phorylation (complexes 1, III, IV, and V) while sensitizing the mitochondrial membrane
potential [149]. HBx induces oxidative stress and mitochondrial injury by downregulating
NADPH: quinone oxidoreductase 1 (NQO1) enzyme detoxifies ROS, thereby indirectly
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inducing glycolysis that drives carcinogenesis. Interestingly, C-terminal truncated HBx-
induced mitochondrial damage is more severe than nucleus DNA [99].

12. Therapeutic Potential of HBx

Since HBx expression persists throughout from the inception of acute HBV infection
to the progression of HCC, spanning a couple of decades of repeated cycles of chronic liver
inflammation, it could be considered an ideal therapeutic target. While research into the
potential therapeutic implications of HBx is still in its infancy, identifying HBx-interacting
host cell targets and better understanding HBx-mediated host immune response, could
potentially help reverse the chronic inflammatory state during HBV, and thereby preventing
liver cellular transformation.

However, given the multi-regulatory functions of HBx, especially its pervasive role in
every cancer hallmark, it remains challenging to narrow down the search for prospective
therapies [150]. Another limitation is that due to the difficulty in obtaining appropriate
protein samples, the native full-length polypeptide sequence of HBx has not been deci-
phered by NMR or x-ray structural characterization [151]. Additionally, standardized
protocols are yet to be established for studying HBx [152]. Even though the majority of the
HBx-related studies, as detailed in this review, rely on HBx-overexpression In vitro studies,
these models fall short of deciphering its real physiological relevance. Another limitation
can be attributed to the double-edged nature of HBx, for instance, its contradictory role
in both promoting and inhibiting apoptosis as well as alternating between activating and
hindering host immune response, throughout the course of the HBV infection.

Despite such shortcomings, experimental progress in HBx-based therapeutics are
currently being pursued worldwide. Recently, HBx protein-based therapeutic vaccine has
been shown to drive HBV viral antigen clearance by mobilizing systemic HBx-mediated
CD4+ and CD8+ T cell response in HBV carrier mice [153]. Similarly, In vitro and In vivo
HBx-knockdown models using short hairpin or short interfering RNA have been shown to
abrogate HBx activity and promote antiviral response and anti-tumourigenicity [154,155].
HBx monoclonal antibody shows promise as an anti-tumour agent based on HCC mouse
models and clinical studies. HBx antibody bound cell penetrating HIV tat protein which
is conjugated experimentally to enhance antibody delivery to the cell, inhibits HBV tran-
scription and translation. Combinatorial therapies utilizing HBx antibody and HBV capsid
inhibitors that eliminate viral infection could aid in long term containment of chronic HBV
infection and tumour emergence [156,157]. Alternatively, more research needs to be fo-
cused into repurposing drugs currently existing in the market. For instance, Dicoumarol, a
competitive NQOLI inhibitor, has been verified as an inhibitor of HBx expression, displaying
strong antiviral activity in humanised mouse model [157]. Similarly, FDA-approved Nita-
zoxanide, repurposed from its prescription for protozoan enteritis, inhibits the HBx-DDB1
protein interaction and restores Smcb protein expression and prevents viral transcription
and translation [158]. Another study which conducted large-scale screening of 640 FDA-
approved drugs against HBV, concluded that a few of these compounds (24 most potent
compounds) decreased HBV transcription by, on average, 33.9% in the absence of HBx
expression and 30.6% in the presence of HBx. Further analysis showed one compound,
Terbinafine, potently and specifically impaired HBx-mediated HBV RNA transcription
In vitro [159].

More precisely, among principal clinical trials in randomized Phase II trial evaluating
antiviral therapies to combat HBV, the recombinant yeast-based vaccine, G5-4774, which
contains HBx, HBsAg and HBcAg viral components capable of eliciting an immune re-
sponse by promoting antigen processing via MHC class I and II pathways, was assessed.
The study concluded that, while the vaccine was well-tolerated, there was limited efficacy
observed, with no significant clinical outcomes in HBsAg clearance, in virally suppressed
non-cirrhotic patients with chronic HBV infection [160]. Similarly, another randomized
Phase II trial using combinatorial therapy of GS-4774 and tenofovir disoproxil fumarate
(TDF), showed clear restoration of several T-cell functions in HBeAg negative patients with
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hepatitis B even though the therapy fell short on producing clinically significant decrease
in HBsAg in these patients [161,162]. Notably, therapies solely based on HBx are yet to
reach clinical trials. Nonetheless, these promising observations further emphasize the sig-
nificance of targeting HBx along with combinatorial therapies in eliminating HBV-induced
hepatocellular carcinoma.

13. Conclusions and Future Prospects

The high mortality rate associated with HBV-induced hepatocarcinogenesis has encour-
aged intense research into better understanding the cellular and physiological mechanisms
of HBV-induced liver malignancies. With regard to HBx viral protein, its multifactorial
nature prevents current research from identifying a specific function of HBx that potentially
drives cellular transformation. Unsurprisingly, it is even more challenging to identify
suitable cellular targets for HBx-based therapy since it is difficult to quantify the cellular
and nuclear localization of HBx at a particular point over the course of the HBV infection,
as this is subjected to frequent alterations depending on the HBV viral load, tumour mi-
croenvironment and other risk factors the liver encounters (hepatitis C, metabolic diseases,
chronic alcoholism and aflatoxin exposure) [163]. Nonetheless, the past few decades have
witnessed a surge in research focussing on the role of HBx in the initiation, progression and
metastasis of HCC.

While decades of research have suggested the potential role of HBx from genetic
and epigenetic standpoints, especially its implication on HCC pathogenesis, the emerging
field of epitranscriptomics, the study of RNA modifications, is an untrodden territory that
warrants research. Few studies have suggested certain RNA modifications such as m6A to
play a crucial role in HCC, yet the role of the HBx protein in this context remains unclear,
highlighting a research gap with immense therapeutic prospective [164-169]. It is also
worth exploring the mechanisms HBx employs to control the level of HBV replication and
which exact domains and host cell targets are modulated by HBx and their concomitant
biological relevance. A better understanding how HBx regulates various hallmarks of
HCC would provide rather an overall picture of HBV-mediated HCC. In this context, it is
imperative to take into account the short half-life and unstructured nature of HBx when
designing experimental models to closely emulate, as much as possible, actual liver disease
pathogenesis. Thus, elucidating the role of HBx in hepatocarcinogenesis could be the key
to unlocking promising therapeutic strategies to combat HCC.

Author Contributions: Conceptualization, R.R., Z.L. and J.M.; Writing—original draft preparation,
E.S.; Critical revision, N.B. and R.R; Funding acquisition, R.R. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was funded by the Key Program Special Fund of Xi’an Jiaotong-Liverpool Uni-
versity (KSF-E-23, R.R.) and the Research Development Fund of Xi’an Jiaotong-Liverpool University
(RDF-17-02-31 R.R.).

Acknowledgments: We apologize to the authors whose excellent works have not been quoted in this
review manuscript due to space restriction.

Conflicts of Interest: The authors declare no conflict of interest.

1. World Health Organization. Global Progress Report on HIV, Viral Hepatitis and Sexually Transmitted Infections. 2021. Available
online: https://www.who.int/publications/i/item /9789240027077 (accessed on 29 December 2021).

2. Wong, VW.-S,; Janssen, H.L.A. Can we use hcc risk scores to individualize surveillance in chronic hepatitis b infection? J. Hepatol.
2015, 63, 722-732. [CrossRef] [PubMed]

3.  Sung, H,; Ferlay, ].; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: Globocan
estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021, 71, 209-249. [CrossRef]

[PubMed]

4. Kgatle, M. Recent advancement in hepatitis b virus, epigenetics alterations and related complications. In Advances in Treatment of
Hepatitis C and B; IntechOpen: London, UK, 2017.


https://www.who.int/publications/i/item/9789240027077
http://doi.org/10.1016/j.jhep.2015.05.019
http://www.ncbi.nlm.nih.gov/pubmed/26026875
http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338

Cells 2022, 11, 741 17 of 23

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Seeger, C.; Mason, W.S. Hepatitis b virus biology. Microbiol. Mol. Biol. Rev. MMBR 2000, 64, 51-68. [CrossRef] [PubMed]
Feitelson, M.A.; Lee, J. Hepatitis b virus integration, fragile sites, and hepatocarcinogenesis. Cancer Lett. 2007, 252, 157-170.
[CrossRef] [PubMed]

Berasain, C.; Castillo, J.; Perugorria, M.J.; Latasa, M.U.; Prieto, J.; Avila, M.A. Inflammation and liver cancer. Ann. N. Y. Acad. Sci.
2009, 1155, 206-221. [CrossRef] [PubMed]

Ali, A.; Abdel-Hafiz, H.; Suhail, M.; Al-Mars, A.; Zakaria, M.K; Fatima, K.; Ahmad, S.; Azhar, E.; Chaudhary, A.; Qadri, L
Hepeatitis b virus, hbx mutants and their role in hepatocellular carcinoma. World J. Gastroenterol. 2014, 20, 10238-10248. [CrossRef]
Mathew, M.A; Kurian, S.C.; Varghese, A.P.; Oommen, S.; Manoj, G. Hbx gene mutations in hepatitis b virus and hepatocellular
carcinoma. Gastroenterol. Res. 2014, 7, 1-4.

Miller, R.H.; Robinson, W.S. Common evolutionary origin of hepatitis b virus and retroviruses. Proc. Natl. Acad. Sci. USA 1986,
83, 2531-2535. [CrossRef]

Martin-Vilchez, S.; Lara-Pezzi, E.; Trapero-Marugan, M.; Moreno-Otero, R.; Sanz-Cameno, P. The molecular and pathophysiologi-
cal implications of hepatitis b x antigen in chronic hepatitis b virus infection. Rev. Med. Virol. 2011, 21, 315-329. [CrossRef]
Henkler, F.; Hoare, J.; Waseem, N.; Goldin, R.D.; McGarvey, M.].; Koshy, R.; King, I.A. Intracellular localization of the hepatitis b
virus hbx protein. J. Gen. Virol. 2001, 82, 871-882. [CrossRef]

Bouchard Michael, J.; Schneider Robert, J. The enigmatic x gene of hepatitis b virus. . Virol. 2004, 78, 12725-12734. [CrossRef]
[PubMed]

Faktor, O.; Shaul, Y. The identification of hepatitis b virus x gene responsive elements reveals functional similarity of x and htlv-i
tax. Oncogene 1990, 5, 867-872. [PubMed]

Murakami, S. Hepatitis b virus x protein: A multifunctional viral regulator. ]. Gastroenterol. 2001, 36, 651-660. [CrossRef]
[PubMed]

Caselmann, W.H.; Koshy, R. Transactivators of hbv, signal transduction and tumorigenesis. In Hepatitis B Virus; Imperial College
Press: London, UK, 1998; pp. 161-181.

Rawat, S.; Clippinger, A.J.; Bouchard, M.]. Modulation of apoptotic signaling by the hepatitis b virus x protein. Viruses 2012, 4,
2945-2972. [CrossRef]

Robinson, W.S. Molecular events in the pathogenesis of hepadnavirus-associated hepatocellular carcinoma. Annu. Rev. Med.
1994, 45, 297-323. [CrossRef]

Seifer, M.; Hohne, M.; Schaefer, S.; Gerlich, W.H. In vitro tumorigenicity of hepatitis b virus DNA and hbx protein. J. Hepatol.
1991, 13, S61-S65. [CrossRef]

Paterlini, P.; Poussin, K.; Kew, M.; Franco, D.; Brechot, C. Selective accumulation of the x transcript of hepatitis b virus in patients
negative for hepatitis b surface antigen with hepatocellular carcinoma. Hepatology 1995, 21, 313-321.

Hanahan, D.; Weinberg, R.A. The hallmarks of cancer. Cell 2000, 100, 57-70. [CrossRef]

Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646-674. [CrossRef]

Guo, G.H.; Tan, D.M.; Zhu, P.A; Liu, F. Hepatitis b virus x protein promotes proliferation and upregulates tgf-betal and ctgf in
human hepatic stellate cell line, 1x-2. Hepatobiliary Pancreat. Dis. Int. HBPD INT 2009, 8, 59-64.

Shukla, 5.K.; Kumar, V. Hepatitis b virus x protein and c-myc cooperate in the upregulation of ribosome biogenesis and in cellular
transformation. FEBS J. 2012, 279, 3859-3871. [CrossRef] [PubMed]

Terradillos, O.; Billet, O.; Renard, C.A.; Levy, R.; Molina, T.; Briand, P.; Buendia, M. A. The hepatitis b virus x gene potentiates
c-myc-induced liver oncogenesis in transgenic mice. Oncogene 1997, 14, 395-404. [CrossRef] [PubMed]

Yang, L.; He, J.; Chen, L.; Wang, G. Hepatitis b virus x protein upregulates expression of smyd3 and c-myc in hepg?2 cells. Med.
Oncol. 2009, 26, 445-451. [CrossRef] [PubMed]

Feng, S.L.; Guo, Y.; Factor, V.M.; Thorgeirsson, S.S.; Bell, D.W,; Testa, ].R.; Peifley, K.A.; Winkles, J.A. The fn14 immediate-early
response gene is induced during liver regeneration and highly expressed in both human and murine hepatocellular carcinomas.
Am. |. Pathol. 2000, 156, 1253-1261. [CrossRef]

Qiao, L.; Leach, K.; McKinstry, R.; Gilfor, D.; Yacoub, A.; Park, ].S.; Grant, S.; Hylemon, P.B.; Fisher, P.B.; Dent, P. Hepatitis b virus
x protein increases expression of p21(cip-1/wafl/mda6) and p27(kip-1) in primary mouse hepatocytes, leading to reduced cell
cycle progression. Hepatology 2001, 34, 906-917. [CrossRef]

Xu, J; Liu, H.; Chen, L.; Wang, S.; Zhou, L.; Yun, X.; Sun, L.; Wen, Y.; Gu, J. Hepatitis b virus x protein confers resistance
of hepatoma cells to anoikis by up-regulating and activating p21-activated kinase 1. Gastroenterology 2012, 143, 199-212.e4.
[CrossRef]

Wang, Q.; Zhang, W.; Liu, Q.; Zhang, X.; Lv, N.; Ye, L.; Zhang, X. A mutant of hepatitis b virus x protein (hbxdeltal27) promotes
cell growth through a positive feedback loop involving 5-lipoxygenase and fatty acid synthase. Neoplasia 2010, 12, 103-115.
[CrossRef]

Shan, C.; Xu, E; Zhang, S.; You, J.; You, X,; Qiu, L.; Zheng, J.; Ye, L.; Zhang, X. Hepatitis b virus x protein promotes liver
cell proliferation via a positive cascade loop involving arachidonic acid metabolism and p-erk1/2. Cell Res. 2010, 20, 563-575.
[CrossRef]

Lee, Y.I; Kang-Park, S.; Do, S.I; Lee, Y.I. The hepatitis b virus-x protein activates a phosphatidylinositol 3-kinase-dependent
survival signaling cascade. J. Biol. Chem. 2001, 276, 16969-16977. [CrossRef]


http://doi.org/10.1128/MMBR.64.1.51-68.2000
http://www.ncbi.nlm.nih.gov/pubmed/10704474
http://doi.org/10.1016/j.canlet.2006.11.010
http://www.ncbi.nlm.nih.gov/pubmed/17188425
http://doi.org/10.1111/j.1749-6632.2009.03704.x
http://www.ncbi.nlm.nih.gov/pubmed/19250206
http://doi.org/10.3748/wjg.v20.i30.10238
http://doi.org/10.1073/pnas.83.8.2531
http://doi.org/10.1002/rmv.699
http://doi.org/10.1099/0022-1317-82-4-871
http://doi.org/10.1128/JVI.78.23.12725-12734.2004
http://www.ncbi.nlm.nih.gov/pubmed/15542625
http://www.ncbi.nlm.nih.gov/pubmed/2359621
http://doi.org/10.1007/s005350170027
http://www.ncbi.nlm.nih.gov/pubmed/11686474
http://doi.org/10.3390/v4112945
http://doi.org/10.1146/annurev.med.45.1.297
http://doi.org/10.1016/0168-8278(91)90026-8
http://doi.org/10.1016/S0092-8674(00)81683-9
http://doi.org/10.1016/j.cell.2011.02.013
http://doi.org/10.1111/j.1742-4658.2012.08745.x
http://www.ncbi.nlm.nih.gov/pubmed/22889122
http://doi.org/10.1038/sj.onc.1200850
http://www.ncbi.nlm.nih.gov/pubmed/9053836
http://doi.org/10.1007/s12032-008-9144-1
http://www.ncbi.nlm.nih.gov/pubmed/19082926
http://doi.org/10.1016/S0002-9440(10)64996-6
http://doi.org/10.1053/jhep.2001.28886
http://doi.org/10.1053/j.gastro.2012.03.053
http://doi.org/10.1593/neo.91298
http://doi.org/10.1038/cr.2010.49
http://doi.org/10.1074/jbc.M011263200

Cells 2022, 11, 741 18 of 23

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Noh, EJ.; Jung, H].; Jeong, G.; Choi, K.S.; Park, H.].; Lee, C.H.; Lee, ].S. Subcellular localization and transcriptional repressor
activity of hbx on p21(wafl/cipl) promoter is regulated by erk-mediated phosphorylation. Biochem. Biophys. Res. Commun. 2004,
319, 738-745. [CrossRef]

Yang, B.; Bouchard, M.]. The hepatitis b virus x protein elevates cytosolic calcium signals by modulating mitochondrial calcium
uptake. J. Virol. 2012, 86, 313-327. [CrossRef] [PubMed]

Tang, R.; Kong, F; Hu, L.; You, H.; Zhang, P.; Du, W.; Zheng, K. Role of hepatitis b virus x protein in regulating lim and sh3
protein 1 (lasp-1) expression to mediate proliferation and migration of hepatoma cells. Virol. J. 2012, 9, 163. [CrossRef] [PubMed]
Elmore, L.W.; Hancock, A.R.; Chang, S.F; Wang, X.W.; Chang, S.; Callahan, C.P; Geller, D.A.; Will, H.; Harris, C.C. Hepatitis
b virus x protein and p53 tumor suppressor interactions in the modulation of apoptosis. Proc. Natl. Acad. Sci. USA 1997, 94,
14707-14712. [CrossRef]

Truant, R.; Antunovic, ].; Greenblatt, J.; Prives, C.; Cromlish, J.A. Direct interaction of the hepatitis b virus hbx protein with p53
leads to inhibition by hbx of p53 response element-directed transactivation. J. Virol. 1995, 69, 1851-1859. [CrossRef]

Choi, B.H.; Choi, M.; Jeon, H.Y.; Rho, H.M. Hepatitis b viral x protein overcomes inhibition of e2f1 activity by prb on the human
rb gene promoter. DNA Cell Biol. 2001, 20, 75-80. [CrossRef] [PubMed]

Pandey, V.; Kumar, V. Hbx protein of hepatitis b virus promotes reinitiation of DNA replication by regulating expression and
intracellular stability of replication licensing factor cdcé. J. Biol. Chem. 2012, 287, 20545-20554. [CrossRef] [PubMed]

Zhang, T.; Zhang, ].; Cui, M,; Liu, E; You, X.; Du, Y;; Gao, Y.; Zhang, S.; Lu, Z.; Ye, L.; et al. Hepatitis b virus x protein inhibits
tumor suppressor mir-205 through inducing hypermethylation of mir-205 promoter to enhance carcinogenesis. Neoplasia 2013, 15,
1282-1291. [CrossRef]

Zhang, W.; Lu, Z,; Kong, G.; Gao, Y.; Wang, T.; Wang, Q.; Cai, N.; Wang, H.; Liu, F; Ye, L.; et al. Hepatitis b virus x protein
accelerates hepatocarcinogenesis with partner survivin through modulating mir-520b and hbxip. Mol. Cancer 2014, 13, 128.
[CrossRef]

Zhao, Z.; Hu, Y; Shen, X; Lao, Y.; Zhang, L.; Qiu, X.; Hu, J.; Gong, P; Cui, H.; Lu, S.; et al. Hbx represses rizl expression by DNA
methyltransferase 1 involvement in decreased mir-152 in hepatocellular carcinoma. Oncol. Rep. 2017, 37, 2811-2818. [CrossRef]
Lee, ].O.; Kwun, HJ.; Jung, ] K.; Choi, K.H.; Min, D.S.; Jang, K.L. Hepatitis b virus x protein represses e-cadherin expression via
activation of DNA methyltransferase 1. Oncogene 2005, 24, 6617—-6625. [CrossRef]

Zhu, Y.Z.; Zhu, R;; Fan, J.; Pan, Q.; Li, H.; Chen, Q.; Zhu, H.G. Hepatitis b virus x protein induces hypermethylation of p16(ink4a)
promoter via DNA methyltransferases in the early stage of hbv-associated hepatocarcinogenesis. . Viral Hepat. 2010, 17, 98-107.
[CrossRef] [PubMed]

Jung, J.K,; Park, S.H.; Jang, K.L. Hepatitis b virus x protein overcomes the growth-inhibitory potential of retinoic acid by
downregulating retinoic acid receptor-beta2 expression via DNA methylation. J. Gen. Virol. 2010, 91, 493-500. [CrossRef]
[PubMed]

Kong, E; You, H.; Zhao, |J.; Liu, W,; Hu, L.; Luo, W.; Hu, W,; Tang, R.; Zheng, K. The enhanced expression of death receptor 5 (dr5)
mediated by hbv x protein through nf-kappab pathway is associated with cell apoptosis induced by (tnf-« related apoptosis
inducing ligand) trail in hepatoma cells. Virol. J. 2015, 12, 192. [CrossRef] [PubMed]

Zhang, H.; Huang, C.; Wang, Y.; Lu, Z.; Zhuang, N.; Zhao, D.; He, ].; Shi, L. Hepatitis b virus x protein sensitizes trail-induced
hepatocyte apoptosis by inhibiting the e3 ubiquitin ligase a20. PLoS ONE 2015, 10, e0127329. [CrossRef]

Shen, L.; Zhang, X.; Hu, D.; Feng, T.; Li, H.; Lu, Y.; Huang, J. Hepatitis b virus x (hbx) play an anti-apoptosis role in hepatic
progenitor cells by activating wnt/ 3-catenin pathway. Mol. Cell. Biochem. 2013, 383, 213-222. [CrossRef]

Liu, H,; Yuan, Y.; Guo, H.; Mitchelson, K.; Zhang, K.; Xie, L.; Qin, W.; Lu, Y.; Wang, J.; Guo, Y.; et al. Hepatitis b virus encoded x
protein suppresses apoptosis by inhibition of the caspase-independent pathway. J. Proteome Res. 2012, 11, 4803-4813. [CrossRef]
Liu, B,; Fang, M.; Hu, Y.; Huang, B,; Li, N.; Chang, C.; Huang, R.; Xu, X.; Yang, Z.; Chen, Z; et al. Hepatitis b virus x protein
inhibits autophagic degradation by impairing lysosomal maturation. Autophagy 2014, 10, 416-430. [CrossRef]

Son, J.; Kim, M.].; Lee, ].S.; Kim, J.Y.; Chun, E.; Lee, K.Y. Hepatitis b virus x protein promotes liver cancer progression through
autophagy induction in response to tlr4 stimulation. Immune Netw. 2021, 21, e37. [CrossRef]

Wang, P.; Guo, Q.S.; Wang, Z.W.; Qian, H.X. Hbx induces hepg-2 cells autophagy through pi3k/akt-mtor pathway. Mol. Cell.
Biochem. 2013, 372, 161-168. [CrossRef]

Qu, Z.L.; Zou, S.Q.; Cui, N.Q.; Wu, X.Z; Qin, M.F,; Kong, D.; Zhou, Z.L. Upregulation of human telomerase reverse transcriptase
mrna expression by in vitro transfection of hepatitis b virus x gene into human hepatocarcinoma and cholangiocarcinoma cells.
World . Gastroenterol. 2005, 11, 5627-5632. [CrossRef]

Zhang, X.; Dong, N.; Zhang, H.; You, J.; Wang, H.; Ye, L. Effects of hepatitis b virus x protein on human telomerase reverse
transcriptase expression and activity in hepatoma cells. J. Lab. Clin. Med. 2005, 145, 98-104. [CrossRef] [PubMed]

Su, J.-M,; Lai, X.-M,; Lan, K.-H.; Li, C.-P,; Chao, Y.; Yen, S.-H.; Chang, E-Y.; Lee, S.-D.; Lee, W.-P. X protein of hepatitis b virus
functions as a transcriptional corepressor on the human telomerase promoter. Hepatology 2007, 46, 402—413. [CrossRef] [PubMed]
Lee, SW.; Lee, YM,; Bae, S.K.; Murakami, S.; Yun, Y.; Kim, K'W. Human hepatitis b virus x protein is a possible mediator of
hypoxia-induced angiogenesis in hepatocarcinogenesis. Biochem. Biophys. Res. Commun. 2000, 268, 456—461. [CrossRef] [PubMed]
Yun, C.; Lee, ].H.; Wang, ].H.; Seong, ].K.; Oh, S.H.; Yu, D.Y.; Cho, H. Expression of hepatitis b virus x (hbx) gene is up-regulated
by adriamycin at the post-transcriptional level. Biochem. Biophys. Res. Commun. 2002, 296, 1157-1163. [CrossRef]


http://doi.org/10.1016/j.bbrc.2004.05.047
http://doi.org/10.1128/JVI.06442-11
http://www.ncbi.nlm.nih.gov/pubmed/22031934
http://doi.org/10.1186/1743-422X-9-163
http://www.ncbi.nlm.nih.gov/pubmed/22897902
http://doi.org/10.1073/pnas.94.26.14707
http://doi.org/10.1128/jvi.69.3.1851-1859.1995
http://doi.org/10.1089/104454901750070274
http://www.ncbi.nlm.nih.gov/pubmed/11244564
http://doi.org/10.1074/jbc.M112.359760
http://www.ncbi.nlm.nih.gov/pubmed/22523071
http://doi.org/10.1593/neo.131362
http://doi.org/10.1186/1476-4598-13-128
http://doi.org/10.3892/or.2017.5518
http://doi.org/10.1038/sj.onc.1208827
http://doi.org/10.1111/j.1365-2893.2009.01156.x
http://www.ncbi.nlm.nih.gov/pubmed/19732323
http://doi.org/10.1099/vir.0.015149-0
http://www.ncbi.nlm.nih.gov/pubmed/19828754
http://doi.org/10.1186/s12985-015-0416-z
http://www.ncbi.nlm.nih.gov/pubmed/26577955
http://doi.org/10.1371/journal.pone.0127329
http://doi.org/10.1007/s11010-013-1769-5
http://doi.org/10.1021/pr2012297
http://doi.org/10.4161/auto.27286
http://doi.org/10.4110/in.2021.21.e37
http://doi.org/10.1007/s11010-012-1457-x
http://doi.org/10.3748/wjg.v11.i36.5627
http://doi.org/10.1016/j.lab.2004.11.018
http://www.ncbi.nlm.nih.gov/pubmed/15746653
http://doi.org/10.1002/hep.21675
http://www.ncbi.nlm.nih.gov/pubmed/17559154
http://doi.org/10.1006/bbrc.2000.2093
http://www.ncbi.nlm.nih.gov/pubmed/10679226
http://doi.org/10.1016/S0006-291X(02)02058-2

Cells 2022, 11, 741 19 of 23

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Moon, E.J.; Jeong, C.H.; Jeong, ] W.; Kim, K.R.; Yu, D.Y,; Murakami, S.; Kim, C.W.; Kim, K.W. Hepatitis b virus x protein induces
angiogenesis by stabilizing hypoxia-inducible factor-lalpha. FASEB |. 2004, 18, 382-384. [CrossRef]

Yoo, Y.G.; Oh, S.H,; Park, E.S.; Cho, H.; Lee, N.; Park, H.; Kim, D.K.; Yu, D.Y.; Seong, ].K.; Lee, M.O. Hepatitis b virus x protein
enhances transcriptional activity of hypoxia-inducible factor-lalpha through activation of mitogen-activated protein kinase
pathway. J. Biol. Chem. 2003, 278, 39076-39084. [CrossRef]

Yoo, Y.G.; Na, T.Y,; Seo, HW.,; Seong, ].K.; Park, C.K,; Shin, Y.K.; Lee, M.O. Hepatitis b virus x protein induces the expression of
mtal and hdacl, which enhances hypoxia signaling in hepatocellular carcinoma cells. Oncogene 2008, 27, 3405-3413. [CrossRef]
Lara-Pezzi, E.; Gémez-Gaviro, M.V.; Gélvez, B.G.; Mira, E.; Iniguez, M.A_; Fresno, M.; Martinez-A, C.; Arroyo, A.G.; Lépez-
Cabrera, M. The hepatitis b virus x protein promotes tumor cell invasion by inducing membrane-type matrix metalloproteinase-1
and cyclooxygenase-2 expression. J. Clin. Investig. 2002, 110, 1831-1838. [CrossRef]

Yu, EL.; Liu, HJ.; Lee, ].W.; Liao, M.H.; Shih, W.L. Hepatitis b virus x protein promotes cell migration by inducing matrix
metalloproteinase-3. |. Hepatol. 2005, 42, 520-527. [CrossRef]

Liu, L.P; Liang, H.E; Chen, X.P.; Zhang, W.G.; Yang, S.L.; Xu, T.; Ren, L. The role of nf-kappab in hepatitis b virus x protein-
mediated upregulation of vegf and mmps. Cancer Investig. 2010, 28, 443—451. [CrossRef]

Cheng, A.S.L.; Chan, H.L.Y,; Leung, WK; To, K.E; Go, M.Y.Y.; Chan, J.Y.H.; Liew, C.T.; Sung, J.].Y. Expression of hbx and cox-2 in
chronic hepatitis b, cirrhosis and hepatocellular carcinoma: Implication of hbx in upregulation of cox-2. Mod. Pathol. 2004, 17,
1169-1179. [CrossRef] [PubMed]

Kongkavitoon, P.; Tangkijvanich, P.; Hirankarn, N.; Palaga, T. Hepatitis b virus hbx activates notch signaling via delta-like
4/notchl in hepatocellular carcinoma. PLoS ONE 2016, 11, e0146696. [CrossRef] [PubMed]

Sanz-Cameno, P.; Martin-Vilchez, S.; Lara-Pezzi, E.; Borque, M.].; Salmerén, J.; Mufioz de Rueda, P.; Solis, ].A.; Lépez-Cabrera, M.;
Moreno-Otero, R. Hepatitis b virus promotes angiopoietin-2 expression in liver tissue: Role of hbv x protein. Am. J. Pathol. 2006,
169, 1215-1222. [CrossRef] [PubMed]

Majano, PL.; Garcia-Monzén, C.; Lopez-Cabrera, M.; Lara-Pezzi, E.; Fernandez-Ruiz, E.; Garcia-Iglesias, C.; Borque, M.].; Moreno-
Otero, R. Inducible nitric oxide synthase expression in chronic viral hepatitis. Evidence for a virus-induced gene upregulation. J.
Clin. Investig. 1998, 101, 1343-1352. [CrossRef]

Giannelli, G.; Bergamini, C.; Marinosci, F.; Fransvea, E.; Quaranta, M.; Lupo, L.; Schiraldi, O.; Antonaci, S. Clinical role of
mmp-2/timp-2 imbalance in hepatocellular carcinoma. Int. ]. Cancer 2002, 97, 425-431. [CrossRef]

Lara-Pezzi, E.; Majano, P.L.; Yanez-Mo6, M.; Gomez-Gonzalo, M.; Carretero, M.; Moreno-Otero, R.; Sanchez-Madrid, E.; Lopez-
Cabrera, M. Effect of the hepatitis b virus hbx protein on integrin-mediated adhesion to and migration on extracellular matrix. J.
Hepatol. 2001, 34, 409-415. [CrossRef]

Zhang, F.; Wang, Q.; Ye, L.; Feng, Y.; Zhang, X. Hepatitis b virus x protein upregulates expression of calpain small subunit 1 via
nuclear facter-kb/p65 in hepatoma cells. J. Med. Virol. 2010, 82, 920-928. [CrossRef]

Lin, X.; Zuo, S.; Luo, R;; Li, Y;; Yu, G.; Zou, Y.; Zhou, Y,; Liu, Z; Liu, Y.; Hu, Y,; et al. Hbx-induced mir-5188 impairs foxol
to stimulate 3-catenin nuclear translocation and promotes tumor stemness in hepatocellular carcinoma. Theranostics 2019, 9,
7583-7598. [CrossRef]

Zhang, X,; Liu, S.; Hu, T; Liu, S.; He, Y.; Sun, S. Up-regulated microrna-143 transcribed by nuclear factor kappa b enhances
hepatocarcinoma metastasis by repressing fibronectin expression. Hepatology 2009, 50, 490-499. [CrossRef]

Lara-Pezzi, E.; Serrador, ] M.; Montoya, M.C.; Zamora, D.; Yafiez-M6, M.; Carretero, M.; Furthmayr, H.; Sdnchez-Madrid, E;
Lépez-Cabrera, M. The hepatitis b virus x protein (hbx) induces a migratory phenotype in a cd44-dependent manner: Possible
role of hbx in invasion and metastasis. Hepatology 2001, 33, 1270-1281. [CrossRef]

Zhang, X.; Ye, L.-h.; Zhang, X.-d. A mutant of hepatitis b virus x protein (hbx127) enhances hepatoma cell migration via
osteopontin involving 5-lipoxygenase. Acta Pharmacol. Sin. 2010, 31, 593-600. [CrossRef] [PubMed]

Lee, TK.; Man, K.; Poon, R.T,; Lo, CM.; Yuen, A.P; Ng, 1.O.; Ng, K.T.; Leonard, W.; Fan, S.T. Signal transducers and activators
of transcription 5b activation enhances hepatocellular carcinoma aggressiveness through induction of epithelial-mesenchymal
transition. Cancer Res. 2006, 66, 9948-9956. [CrossRef] [PubMed]

Yang, S.Z.; Zhang, L.D.; Zhang, Y.; Xiong, Y.; Zhang, Y.J.; Li, H.L.; Li, X.W.; Dong, ].H. Hbx protein induces emt through c-src
activation in smmec-7721 hepatoma cell line. Biochem. Biophys. Res. Commun. 2009, 382, 555-560. [CrossRef] [PubMed]

Liu, H,; Xu, L.; He, H.; Zhu, Y;; Liu, ].; Wang, S.; Chen, L.; Wu, Q.; Xu, J.; Gu, J. Hepatitis b virus x protein promotes hepatoma cell
invasion and metastasis by stabilizing snail protein. Cancer Sci. 2012, 103, 2072-2081. [CrossRef]

You, H.; Yuan, D.; Bi, Y.; Zhang, N.; Li, Q.; Tu, T.; Wei, X; Lian, Q.; Yu, T.; Kong, D.; et al. Hepatitis b virus x protein promotes
vimentin expression via lim and sh3 domain protein 1 to facilitate epithelial-mesenchymal transition and hepatocarcinogenesis.
Cell Commun. Signal. 2021, 19, 33. [CrossRef]

Arzumanyan, A.; Friedman, T.; Kotei, E.; Ng, .O.L.; Lian, Z.; Feitelson, M.A. Epigenetic repression of e-cadherin expression by
hepatitis b virus x antigen in liver cancer. Oncogene 2012, 31, 563-572. [CrossRef]

Lee, M.J.; Jin, Y.H.; Kim, K.; Choi, Y,; Kim, H.C.; Park, S. Expression of hepatitis b virus x protein in hepatocytes suppresses cd8 t
cell activity. Immune Netw. 2010, 10, 126-134. [CrossRef]

Kumar, M,; Jung, S.Y;; Hodgson, A.J.; Madden, C.R.; Qin, J.; Slagle, B.L. Hepatitis b virus regulatory hbx protein binds to adaptor
protein ips-1 and inhibits the activation of beta interferon. J. Virol. 2011, 85, 987-995. [CrossRef]


http://doi.org/10.1096/fj.03-0153fje
http://doi.org/10.1074/jbc.M305101200
http://doi.org/10.1038/sj.onc.1211000
http://doi.org/10.1172/JCI200215887
http://doi.org/10.1016/j.jhep.2004.11.031
http://doi.org/10.3109/07357900903405959
http://doi.org/10.1038/modpathol.3800196
http://www.ncbi.nlm.nih.gov/pubmed/15218507
http://doi.org/10.1371/journal.pone.0146696
http://www.ncbi.nlm.nih.gov/pubmed/26766040
http://doi.org/10.2353/ajpath.2006.051246
http://www.ncbi.nlm.nih.gov/pubmed/17003480
http://doi.org/10.1172/JCI774
http://doi.org/10.1002/ijc.1635
http://doi.org/10.1016/S0168-8278(00)00090-8
http://doi.org/10.1002/jmv.21753
http://doi.org/10.7150/thno.37717
http://doi.org/10.1002/hep.23008
http://doi.org/10.1053/jhep.2001.1270
http://doi.org/10.1038/aps.2010.36
http://www.ncbi.nlm.nih.gov/pubmed/20364155
http://doi.org/10.1158/0008-5472.CAN-06-1092
http://www.ncbi.nlm.nih.gov/pubmed/17047057
http://doi.org/10.1016/j.bbrc.2009.03.079
http://www.ncbi.nlm.nih.gov/pubmed/19302982
http://doi.org/10.1111/cas.12017
http://doi.org/10.1186/s12964-021-00714-1
http://doi.org/10.1038/onc.2011.255
http://doi.org/10.4110/in.2010.10.4.126
http://doi.org/10.1128/JVI.01825-10

Cells 2022, 11, 741 20 of 23

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.
105.

106.
107.

108.

109.

Wang, X; Li, Y.; Mao, A.; Li, C; Li, Y,; Tien, P. Hepatitis b virus x protein suppresses virus-triggered irf3 activation and ifn-beta
induction by disrupting the visa-associated complex. Cell. Mol. Immunol. 2010, 7, 341-348. [CrossRef]

Wei, C.; Ni, C,; Song, T.; Liu, Y.; Yang, X.; Zheng, Z.; Jia, Y.; Yuan, Y.; Guan, K.; Xu, Y.; et al. The hepatitis b virus x protein disrupts
innate immunity by downregulating mitochondrial antiviral signaling protein. J. Immunol. 2010, 185, 1158-1168. [CrossRef]
Wang, L.; Sun, Y.; Song, X.; Wang, Z.; Zhang, Y.; Zhao, Y.; Peng, X.; Zhang, X.; Li, C.; Gao, C.; et al. Hepatitis b virus evades
immune recognition via rna adenosine deaminase adarl-mediated viral rna editing in hepatocytes. Cell. Mol. Immunol. 2021, 18,
1871-1882. [CrossRef] [PubMed]

Xie, L.; Huang, Y. Antagonism of rip1 using necrostatin-1 (nec-1) ameliorated damage and inflammation of hbv x protein (hbx) in
human normal hepatocytes. Artif. Cells Nanomed. Biotechnol. 2019, 47, 1194-1199. [CrossRef] [PubMed]

Duan, L.; Wu, R.; Zhang, X.; Wang, D.; You, Y.; Zhang, Y.; Zhou, L.; Chen, W. Hbx-induced s100a9 in nf-kb dependent manner
promotes growth and metastasis of hepatocellular carcinoma cells. Cell Death Dis. 2018, 9, 629. [CrossRef]

Xiang, W.-Q.; Feng, W.-F,; Ke, W.; Sun, Z.; Chen, Z.; Liu, W. Hepatitis b virus x protein stimulates il-6 expression in hepatocytes
via a myd88-dependent pathway. J. Hepatol. 2011, 54, 26-33. [CrossRef] [PubMed]

Xia, L.; Tian, D.; Huang, W.; Zhu, H.; Wang, J.; Zhang, Y.; Hu, H.; Nie, Y.; Fan, D.; Wu, K. Upregulation of il-23 expression in
patients with chronic hepatitis b is mediated by the hbx/erk/nf-kb pathway. J. Immunol. 2012, 188, 753-764. [CrossRef] [PubMed]
Yen, C.-J,; Yang, S.-T.; Chen, R.-Y.; Huang, W.; Chayama, K.; Lee, M.-H.; Yang, S.-J.; Lai, H.-S.; Yen, H.-Y.; Hsiao, Y.-W,; et al.
Hepeatitis b virus x protein (hbx) enhances centrosomal p4.1-associated protein (cpap) expression to promote hepatocarcinogenesis.
J. Biomed. Sci. 2019, 26, 44. [CrossRef]

Fujii, R.; Zhu, C.; Wen, Y.; Marusawa, H.; Bailly-Maitre, B.; Matsuzawa, S.; Zhang, H.; Kim, Y.; Bennett, C.E; Jiang, W.; et al.
Hbxip, cellular target of hepatitis b virus oncoprotein, is a regulator of centrosome dynamics and cytokinesis. Cancer Res. 2006,
66,9099-9107. [CrossRef]

Forgues, M.; Marrogi, A.].; Spillare, E.A.; Wu, C.-G.; Yang, Q.; Yoshida, M.; Wang, X.W. Interaction of the hepatitis b virus x
protein with the crm1-dependent nuclear export pathway. . Biol. Chem. 2001, 276, 22797-22803. [CrossRef]

Becker Sherry, A.; Lee, T.-H.; Butel Janet, S.; Slagle Betty, L. Hepatitis b virus x protein interferes with cellular DNA repair. J. Virol.
1998, 72, 266-272. [CrossRef]

Oishi, N.; Shilagardi, K.; Nakamoto, Y.; Honda, M.; Kaneko, S.; Murakami, S. Hepatitis b virus x protein overcomes oncogenic
ras-induced senescence in human immortalized cells. Cancer Sci. 2007, 98, 1540-1548. [CrossRef]

Qadri, I.; Conaway, J.W.; Conaway, R.C.; Schaack, J.; Siddiqui, A. Hepatitis b virus transactivator protein, hbx, associates with the
components of tfith and stimulates the DNA helicase activity of tfiih. Proc. Natl. Acad. Sci. USA 1996, 93, 10578-10583. [CrossRef]
[PubMed]

Murphy, C.M.; Xu, Y.; Li, F; Nio, K.; Reszka-Blanco, N.; Li, X.; Wu, Y,; Yu, Y,; Xiong, Y.; Su, L. Hepatitis b virus x protein promotes
degradation of smc5/6 to enhance hbv replication. Cell Rep. 2016, 16, 2846-2854. [CrossRef] [PubMed]

Zhang, Y.; Yan, Q.; Gong, L.; Xu, H.; Liu, B.; Fang, X.; Yu, D.; Li, L.; Wei, T.; Wang, Y.; et al. C-terminal truncated hbx initiates
hepatocarcinogenesis by downregulating txnip and reprogramming glucose metabolism. Oncogene 2021, 40, 1147-1161. [CrossRef]
[PubMed]

Zhou, J.; Li, Y,; Li, D.; Liu, Z.; Zhang, ]. Oncoprotein lamtor5 activates glutl via upregulating nf-«b in liver cancer. Open Med.
2019, 14, 264-270. [CrossRef] [PubMed]

Shin, H.-J.; Park, Y.-H.; Kim, 5.-U.; Moon, H.-B.; Park, D.S.; Han, Y.-H.; Lee, C.-H.; Lee, D.-S.; Song, L.-S.; Lee, D.H.; et al. Hepatitis
b virus x protein regulates hepatic glucose homeostasis via activation of inducible nitric oxide synthase. J. Biol. Chem. 2011, 286,
29872-29881. [CrossRef]

Jung, S.-Y.; Kim, Y.-J. C-terminal region of hbx is crucial for mitochondrial DNA damage. Cancer Lett. 2013, 331, 76-83. [CrossRef]
Klein, N.P; Bouchard, M.].; Wang, L.H.; Kobarg, C.; Schneider, R.J. Src kinases involved in hepatitis b virus replication. EMBO ].
1999, 18, 5019-5027. [CrossRef]

Benn, J.; Schneider, R.J. Hepatitis b virus hbx protein deregulates cell cycle checkpoint controls. Proc. Natl. Acad. Sci. USA 1995,
92,11215-11219. [CrossRef]

Feitelson, M.A.; Bonamassa, B.; Arzumanyan, A. The roles of hepatitis b virus-encoded x protein in virus replication and the
pathogenesis of chronic liver disease. Expert Opin. Ther. Targets 2014, 18, 293-306. [CrossRef]

Wang, L.H.; Wu, C.E; Rajasekaran, N.; Shin, Y.K. Loss of tumor suppressor gene function in human cancer: An overview. Cell.
Physiol. Biochem. 2018, 51, 2647-2693. [CrossRef]

Kim, M.P;; Lozano, G. Mutant p53 partners in crime. Cell Death Differ. 2018, 25, 161-168. [CrossRef] [PubMed]

Chen, X.; Ko, L.J.; Jayaraman, L.; Prives, C. P53 levels, functional domains, and DNA damage determine the extent of the
apoptotic response of tumor cells. Genes Dev. 1996, 10, 2438-2451. [CrossRef] [PubMed]

Mendell, J.T.; Olson, E.N. Micrornas in stress signaling and human disease. Cell 2012, 148, 1172-1187. [CrossRef] [PubMed]
Zhang, W.; Kong, G.; Zhang, ].; Wang, T.; Ye, L.; Zhang, X. Microrna-520b inhibits growth of hepatoma cells by targeting mekk2
and cyclin d1. PLoS ONE 2012, 7, e31450.

Yokota, T.; Suda, T.; Igarashi, M.; Kuroiwa, T.; Waguri, N.; Kawai, H.; Mita, Y.; Aoyagi, Y. Telomere length variation and
maintenance in hepatocarcinogenesis. Cancer 2003, 98, 110-118. [CrossRef]

Riedl, S.J.; Shi, Y. Molecular mechanisms of caspase regulation during apoptosis. Nat. Rev. Mol. Cell Biol. 2004, 5, 897-907.
[CrossRef]


http://doi.org/10.1038/cmi.2010.36
http://doi.org/10.4049/jimmunol.0903874
http://doi.org/10.1038/s41423-021-00729-1
http://www.ncbi.nlm.nih.gov/pubmed/34253859
http://doi.org/10.1080/21691401.2019.1575231
http://www.ncbi.nlm.nih.gov/pubmed/30963789
http://doi.org/10.1038/s41419-018-0512-2
http://doi.org/10.1016/j.jhep.2010.08.006
http://www.ncbi.nlm.nih.gov/pubmed/20937539
http://doi.org/10.4049/jimmunol.1101652
http://www.ncbi.nlm.nih.gov/pubmed/22174449
http://doi.org/10.1186/s12929-019-0534-9
http://doi.org/10.1158/0008-5472.CAN-06-1886
http://doi.org/10.1074/jbc.M101259200
http://doi.org/10.1128/JVI.72.1.266-272.1998
http://doi.org/10.1111/j.1349-7006.2007.00579.x
http://doi.org/10.1073/pnas.93.20.10578
http://www.ncbi.nlm.nih.gov/pubmed/8855220
http://doi.org/10.1016/j.celrep.2016.08.026
http://www.ncbi.nlm.nih.gov/pubmed/27626656
http://doi.org/10.1038/s41388-020-01593-5
http://www.ncbi.nlm.nih.gov/pubmed/33323975
http://doi.org/10.1515/med-2019-0022
http://www.ncbi.nlm.nih.gov/pubmed/30847404
http://doi.org/10.1074/jbc.M111.259978
http://doi.org/10.1016/j.canlet.2012.12.004
http://doi.org/10.1093/emboj/18.18.5019
http://doi.org/10.1073/pnas.92.24.11215
http://doi.org/10.1517/14728222.2014.867947
http://doi.org/10.1159/000495956
http://doi.org/10.1038/cdd.2017.185
http://www.ncbi.nlm.nih.gov/pubmed/29099488
http://doi.org/10.1101/gad.10.19.2438
http://www.ncbi.nlm.nih.gov/pubmed/8843196
http://doi.org/10.1016/j.cell.2012.02.005
http://www.ncbi.nlm.nih.gov/pubmed/22424228
http://doi.org/10.1002/cncr.11428
http://doi.org/10.1038/nrm1496

Cells 2022, 11, 741 21 0f 23

110.

111.

112.

113.

114.

115.
116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Niller, H.H.; Ay, E.; Banati, F.; Demcsak, A.; Takacs, M.; Minarovits, J]. Wild type hbx and truncated hbx: Pleiotropic regulators
driving sequential genetic and epigenetic steps of hepatocarcinogenesis and progression of hbv-associated neoplasms. Rev. Med.
Virol. 2016, 26, 57-73. [CrossRef]

An, P; Xu, J.; Yu, Y.; Winkler, C.A. Host and viral genetic variation in hbv-related hepatocellular carcinoma. Front. Genet. 2018,
9, 261. [CrossRef]

Sirma, H.; Giannini, C.; Poussin, K.; Paterlini, P.; Kremsdorf, D.; Bréchot, C. Hepatitis b virus x mutants, present in hepatocellular
carcinoma tissue abrogate both the antiproliferative and transactivation effects of hbx. Oncogene 1999, 18, 4848-4859. [CrossRef]
Bock, C.T.; Toan, N.L.; Koeberlein, B.; Song, L.H.; Chin, R.; Zentgraf, H.; Kandolf, R.; Torresi, J. Subcellular mislocalization of
mutant hepatitis b x proteins contributes to modulation of stat/socs signaling in hepatocellular carcinoma. Intervirology 2008, 51,
432-443. [CrossRef]

Hoare, J.; Henkler, F.; Dowling, J.J.; Errington, W.; Goldin, R.D.; Fish, D.; McGarvey, M.]. Subcellular localisation of the x protein
in hbv infected hepatocytes. |. Med. Virol. 2001, 64, 419—426. [CrossRef] [PubMed]

Glick, D.; Barth, S.; Macleod, K.E. Autophagy: Cellular and molecular mechanisms. J. Pathol. 2010, 221, 3-12. [CrossRef] [PubMed]
White, E.; DiPaola, R.S. The double-edged sword of autophagy modulation in cancer. Clin. Cancer Res. 2009, 15, 5308-5316.
[CrossRef] [PubMed]

Salimi-Jeda, A.; Badrzadeh, F; Esghaei, M.; Abdoli, A. The role of telomerase and viruses interaction in cancer development, and
telomerase-dependent therapeutic approaches. Cancer Treat. Res. Commun. 2021, 27, 100323. [CrossRef] [PubMed]

Zou, 5.Q.; Qu, Z.L.; Li, Z.F; Wang, X. Hepatitis b virus x gene induces human telomerase reverse transcriptase mrna expression
in cultured normal human cholangiocytes. World ]. Gastroenterol. 2004, 10, 2259-2262. [CrossRef] [PubMed]

Kojima, H.; Kaita, K.D.; Xu, Z.; Ou, J.H.; Gong, Y.; Zhang, M.; Minuk, G.Y. The absence of up-regulation of telomerase activity
during regeneration after partial hepatectomy in hepatitis b virus x gene transgenic mice. J. Hepatol. 2003, 39, 262-268. [CrossRef]
Nishida, N.; Yano, H.; Nishida, T.; Kamura, T.; Kojiro, M. Angiogenesis in cancer. Vasc. Health Risk Manag. 2006, 2, 213-219.
[CrossRef]

Hanahan, D.; Folkman, J. Patterns and emerging mechanisms of the angiogenic switch during tumorigenesis. Cell 1996, 86,
353-364. [CrossRef]

Vrancken, K.; Paeshuyse, J.; Liekens, S. Angiogenic activity of hepatitis b and c viruses. Antivir. Chem. Chemother. 2012, 22,
159-170. [CrossRef]

Park, Y.N.; Kim, Y.B.; Yang, K.M.; Park, C. Increased expression of vascular endothelial growth factor and angiogenesis in the
early stage of multistep hepatocarcinogenesis. Arch. Pathol. Lab. Med. 2000, 124, 1061-1065. [CrossRef]

Dai, C.X.; Gao, Q.; Qiu, S.J.; Ju, M.J,; Cai, M.Y.; Xu, Y.F; Zhou, ].; Zhang, B.H.; Fan, J. Hypoxia-inducible factor-1 alpha, in
association with inflammation, angiogenesis and myc, is a critical prognostic factor in patients with hcc after surgery. BMC Cancer
2009, 9, 418. [CrossRef]

Meirson, T.; Gil-Henn, H.; Samson, A.O. Invasion and metastasis: The elusive hallmark of cancer. Oncogene 2020, 39, 2024-2026.
[CrossRef] [PubMed]

Elkington, P.T.G.; O’Kane, C.M.; Friedland, ]J.S. The paradox of matrix metalloproteinases in infectious disease. Clin. Exp. Immunol.
2005, 142, 12-20. [CrossRef] [PubMed]

Bai, D.-S.; Dai, Z.; Zhou, J.; Liu, Y.-K,; Qiu, S.-].; Tan, C.-].; Shi, Y.-H.; Huang, C.; Wang, Z.; He, Y.-F,; et al. Capn4 overexpression
underlies tumor invasion and metastasis after liver transplantation for hepatocellular carcinoma. Hepatology 2009, 49, 460-470.
[CrossRef] [PubMed]

Ma, N.-F;; Lau, S.H.; Hu, L.; Xie, D.; Wu, J.; Yang, J.; Wang, Y.; Wu, M.-C.; Fung, ].; Bai, X,; et al. Cooh-terminal truncated hbv x
protein plays key role in hepatocarcinogenesis. Clin. Cancer Res. 2008, 14, 5061-5068. [CrossRef] [PubMed]

van Zijl, E; Zulehner, G.; Petz, M.; Schneller, D.; Kornauth, C.; Hau, M.; Machat, G.; Grubinger, M.; Huber, H.; Mikulits, W.
Epithelial-mesenchymal transition in hepatocellular carcinoma. Future Oncol. 2009, 5, 1169-1179. [CrossRef] [PubMed]

Di Paolo, N.C. Recognition of human oncogenic viruses by host pattern-recognition receptors. Front. Immunol. 2014, 5, 353.
[CrossRef] [PubMed]

Thimme, R.; Wieland, S.; Steiger, C.; Ghrayeb, J.; Reimann, K.A.; Purcell, R.H.; Chisari, FE.V. Cd8(+) t cells mediate viral clearance
and disease pathogenesis during acute hepatitis b virus infection. J. Virol. 2003, 77, 68-76. [CrossRef]

Masson, J.J.R,; Billings, HW.W.; Palmer, C.S. Metabolic reprogramming during hepatitis b disease progression offers novel
diagnostic and therapeutic opportunities. Antivir. Chem. Chemother. 2017, 25, 53-57. [CrossRef]

Sartorius, K.; An, P.; Winkler, C.; Chuturgoon, A.; Li, X.; Makarova, J.; Kramvis, A. The epigenetic modulation of cancer and
immune pathways in hepatitis b virus-associated hepatocellular carcinoma: The influence of hbx and mirna dysregulation. Front.
Immunol. 2021, 12, 661204. [CrossRef]

Wei, X;; Tang, C.; Lu, X,; Liu, R.; Zhou, M.; He, D.; Zheng, D.; Sun, C.; Wu, Z. Mir-101 targets dusp1 to regulate the tgf-f3 secretion
in sorafenib inhibits macrophage-induced growth of hepatocarcinoma. Oncotarget 2015, 6, 18389-18405. [CrossRef] [PubMed]
Yu, L.-X,; Ling, Y.; Wang, H.-Y. Role of nonresolving inflammation in hepatocellular carcinoma development and progression.
NPJ Precis. Oncol. 2018, 2, 6. [CrossRef] [PubMed]

Wu, R;; Duan, L.; Cuj, E; Cao, J.; Xiang, Y.; Tang, Y.; Zhou, L. 5100a9 promotes human hepatocellular carcinoma cell growth and
invasion through rage-mediated erkl/2 and p38 mapk pathways. Exp. Cell Res. 2015, 334, 228-238. [CrossRef] [PubMed]


http://doi.org/10.1002/rmv.1864
http://doi.org/10.3389/fgene.2018.00261
http://doi.org/10.1038/sj.onc.1202867
http://doi.org/10.1159/000209672
http://doi.org/10.1002/jmv.1067
http://www.ncbi.nlm.nih.gov/pubmed/11468725
http://doi.org/10.1002/path.2697
http://www.ncbi.nlm.nih.gov/pubmed/20225336
http://doi.org/10.1158/1078-0432.CCR-07-5023
http://www.ncbi.nlm.nih.gov/pubmed/19706824
http://doi.org/10.1016/j.ctarc.2021.100323
http://www.ncbi.nlm.nih.gov/pubmed/33530025
http://doi.org/10.3748/wjg.v10.i15.2259
http://www.ncbi.nlm.nih.gov/pubmed/15259077
http://doi.org/10.1016/S0168-8278(03)00215-0
http://doi.org/10.2147/vhrm.2006.2.3.213
http://doi.org/10.1016/S0092-8674(00)80108-7
http://doi.org/10.3851/IMP1987
http://doi.org/10.5858/2000-124-1061-IEOVEG
http://doi.org/10.1186/1471-2407-9-418
http://doi.org/10.1038/s41388-019-1110-1
http://www.ncbi.nlm.nih.gov/pubmed/31745295
http://doi.org/10.1111/j.1365-2249.2005.02840.x
http://www.ncbi.nlm.nih.gov/pubmed/16178851
http://doi.org/10.1002/hep.22638
http://www.ncbi.nlm.nih.gov/pubmed/19053044
http://doi.org/10.1158/1078-0432.CCR-07-5082
http://www.ncbi.nlm.nih.gov/pubmed/18698024
http://doi.org/10.2217/fon.09.91
http://www.ncbi.nlm.nih.gov/pubmed/19852728
http://doi.org/10.3389/fimmu.2014.00353
http://www.ncbi.nlm.nih.gov/pubmed/25101093
http://doi.org/10.1128/JVI.77.1.68-76.2003
http://doi.org/10.1177/2040206617701372
http://doi.org/10.3389/fimmu.2021.661204
http://doi.org/10.18632/oncotarget.4089
http://www.ncbi.nlm.nih.gov/pubmed/26158762
http://doi.org/10.1038/s41698-018-0048-z
http://www.ncbi.nlm.nih.gov/pubmed/29872724
http://doi.org/10.1016/j.yexcr.2015.04.008
http://www.ncbi.nlm.nih.gov/pubmed/25907296

Cells 2022, 11, 741 22 0f 23

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Gabrilovich, D.I.; Nagaraj, S. Myeloid-derived suppressor cells as regulators of the immune system. Nat. Rev. Immunol. 2009, 9,
162-174. [CrossRef] [PubMed]

Zhou, D.X,; Taraboulos, A.; Ou, ].H.; Yen, T.S. Activation of class i major histocompatibility complex gene expression by hepatitis
b virus. J. Virol. 1990, 64, 4025-4028. [CrossRef] [PubMed]

Kim, S.Y.; Kim, ].K,; Kim, H.J.; Ahn, J.K. Hepatitis b virus x protein sensitizes uv-induced apoptosis by transcriptional transactiva-
tion of fas ligand gene expression. IUBMB Life 2005, 57, 651-658. [CrossRef]

Fu, S.; Zhou, R.-R;; Li, N.; Huang, Y.; Fan, X.-G. Hepatitis b virus x protein in liver tumor microenvironment. Tumour Biol. 2016,
37,15371-15381. [CrossRef]

Wang, D.Y.; Zou, L.P; Liu, X.J.; Zhu, H.G.; Zhu, R. Chemokine expression profiles of human hepatoma cell lines mediated by
hepatitis b virus x protein. Pathol. Oncol. Res. POR 2016, 22, 393-399. [CrossRef]

Gomez-Moreno, A.; Garaigorta, U. Hepatitis b virus and DNA damage response: Interactions and consequences for the infection.
Viruses 2017, 9, 304. [CrossRef]

Forgues, M.; Difilippantonio, M.J.; Linke, S.P.; Ried, T.; Nagashima, K.; Feden, J.; Valerie, K.; Fukasawa, K.; Wang, X.W.
Involvement of crm1 in hepatitis b virus x protein-induced aberrant centriole replication and abnormal mitotic spindles. Mol.
Cell. Biol. 2003, 23, 5282-5292. [CrossRef]

Ahodantin, J.; Bou-Nader, M.; Cordier, C.; Mégret, ].; Soussan, P.; Desdouets, C.; Kremsdorf, D. Hepatitis b virus x protein
promotes DNA damage propagation through disruption of liver polyploidization and enhances hepatocellular carcinoma
initiation. Oncogene 2019, 38, 2645-2657. [CrossRef] [PubMed]

Groisman, L].; Koshy, R.; Henkler, E; Groopman, J.D.; Alaoui-Jamali, M.A. Downregulation of DNA excision repair by the
hepatitis b virus-x protein occurs in p53-proficient and p53-deficient cells. Carcinogenesis 1999, 20, 479-483. [CrossRef] [PubMed]
Koniger, C.; Wingert, I.; Marsmann, M.; Rosler, C.; Beck, J.; Nassal, M. Involvement of the host DNA-repair enzyme tdp2 in
formation of the covalently closed circular DNA persistence reservoir of hepatitis b viruses. Proc. Natl. Acad. Sci. USA 2014, 111,
E4244-E4253. [CrossRef] [PubMed]

Decorsiere, A.; Mueller, H.; van Breugel, P.C.; Abdul, E; Gerossier, L.; Beran, R.K.; Livingston, C.M.; Niu, C.; Fletcher, S.P.; Hantz,
O.; et al. Hepatitis b virus x protein identifies the smc5/6 complex as a host restriction factor. Nature 2016, 531, 386-389. [CrossRef]
Chen, Y,; Ning, J.; Cao, W.; Wang, S.; Du, T,; Jiang, J.; Feng, X.; Zhang, B. Research progress of txnip as a tumor suppressor gene
participating in the metabolic reprogramming and oxidative stress of cancer cells in various cancers. Front. Oncol. 2020, 10, 1861.
[CrossRef] [PubMed]

Lee, YI; Hwang, ] M.; Im, ].H.; Lee, Y.I; Kim, N.S.; Kim, D.G.; Yu, D.Y.; Moon, H.B.; Park, S.K. Human hepatitis b virus-x protein
alters mitochondrial function and physiology in human liver cells. J. Biol. Chem. 2004, 279, 15460-15471. [CrossRef]

Xie, N.; Chen, X.; Zhang, T.; Liu, B.; Huang, C. Using proteomics to identify the hbx interactome in hepatitis b virus: How can this
inform the clinic? Expert Rev. Proteom. 2014, 11, 59-74. [CrossRef]

Lee, S.-H.; Cha, E.-J.; Lim, J.-E.; Kwon, S.-H.; Kim, D.-H.; Cho, H.; Han, K.-H. Structural characterization of an intrinsically
unfolded mini-hbx protein from hepatitis b virus. Mol. Cells 2012, 34, 165-169. [CrossRef]

Slagle, B.L.; Andrisani, O.M.; Bouchard, M.].; Lee, C.G.; Ou, ].H.; Siddiqui, A. Technical standards for hepatitis b virus x protein
(hbx) research. Hepatology 2015, 61, 1416-1424. [CrossRef]

Horng, J.-H.; Lin, W.-H.; Wu, C.-R; Lin, Y.-Y;; Wu, L.-L.; Chen, D.-S.; Chen, P-J. Hbv x protein-based therapeutic vaccine
accelerates viral antigen clearance by mobilizing monocyte infiltration into the liver in hbv carrier mice. J. Biomed. Sci. 2020,
27,70. [CrossRef]

Shin, D.; Kim, S.I; Kim, M.; Park, M. Efficient inhibition of hepatitis b virus replication by small interfering rnas targeted to the
viral x gene in mice. Virus Res. 2006, 119, 146-153. [CrossRef] [PubMed]

Chan, D.W,; Ng, 1.O. Knock-down of hepatitis b virus x protein reduces the tumorigenicity of hepatocellular carcinoma cells. J.
Pathol. 2006, 208, 372-380. [CrossRef] [PubMed]

Zhang, J.E; Xiong, H.L.; Cao, J.L.; Wang, S.J.; Guo, X.R.; Lin, B.Y.; Zhang, Y.; Zhao, ].H.; Wang, Y.B.; Zhang, T.Y,; et al. A
cell-penetrating whole molecule antibody targeting intracellular hbx suppresses hepatitis b virus via trim21-dependent pathway.
Theranostics 2018, 8, 549-562. [CrossRef] [PubMed]

Cheng, S.T.; Hu, J.L.; Ren, ].H.; Yu, H.B.; Zhong, S.; Wai Wong, V.K.; Kwan Law, B.Y.; Chen, W.X.; Xu, HM.; Zhang, Z.Z.; et al.
Dicoumarol, an nqol inhibitor, blocks cccdna transcription by promoting degradation of hbx. J. Hepatol. 2021, 74, 522-534.
[CrossRef]

Sekiba, K.; Otsuka, M.; Ohno, M.; Yamagami, M.; Kishikawa, T.; Suzuki, T.; Ishibashi, R.; Seimiya, T.; Tanaka, E.; Koike, K.
Inhibition of hbv transcription from cccdna with nitazoxanide by targeting the hbx-ddb1 interaction. Cell. Mol. Gastroenterol.
Hepatol. 2019, 7, 297-312. [CrossRef]

van de Klundert, M.A.A.; Zaaijer, H.L.; Kootstra, N.A. Identification of fda-approved drugs that target hepatitis b virus
transcription. J. Viral Hepat. 2016, 23, 191-201. [CrossRef]

Lok, A.S,; Pan, C.Q.; Han, S.H.; Trinh, H.N.; Fessel, W.J.; Rodell, T.; Massetto, B.; Lin, L.; Gaggar, A.; Subramanian, G.M.; et al.
Randomized phase ii study of gs-4774 as a therapeutic vaccine in virally suppressed patients with chronic hepatitis b. J. Hepatol.
2016, 65, 509-516. [CrossRef]


http://doi.org/10.1038/nri2506
http://www.ncbi.nlm.nih.gov/pubmed/19197294
http://doi.org/10.1128/jvi.64.8.4025-4028.1990
http://www.ncbi.nlm.nih.gov/pubmed/2164611
http://doi.org/10.1080/15216540500239697
http://doi.org/10.1007/s13277-016-5406-2
http://doi.org/10.1007/s12253-015-0014-9
http://doi.org/10.3390/v9100304
http://doi.org/10.1128/MCB.23.15.5282-5292.2003
http://doi.org/10.1038/s41388-018-0607-3
http://www.ncbi.nlm.nih.gov/pubmed/30538294
http://doi.org/10.1093/carcin/20.3.479
http://www.ncbi.nlm.nih.gov/pubmed/10190565
http://doi.org/10.1073/pnas.1409986111
http://www.ncbi.nlm.nih.gov/pubmed/25201958
http://doi.org/10.1038/nature17170
http://doi.org/10.3389/fonc.2020.568574
http://www.ncbi.nlm.nih.gov/pubmed/33194655
http://doi.org/10.1074/jbc.M309280200
http://doi.org/10.1586/14789450.2014.861745
http://doi.org/10.1007/s10059-012-0060-z
http://doi.org/10.1002/hep.27360
http://doi.org/10.1186/s12929-020-00662-x
http://doi.org/10.1016/j.virusres.2005.12.012
http://www.ncbi.nlm.nih.gov/pubmed/16443303
http://doi.org/10.1002/path.1901
http://www.ncbi.nlm.nih.gov/pubmed/16353167
http://doi.org/10.7150/thno.20047
http://www.ncbi.nlm.nih.gov/pubmed/29290826
http://doi.org/10.1016/j.jhep.2020.09.019
http://doi.org/10.1016/j.jcmgh.2018.10.010
http://doi.org/10.1111/jvh.12479
http://doi.org/10.1016/j.jhep.2016.05.016

Cells 2022, 11, 741 23 0f 23

161.

162.

163.

164.

165.

166.

167.

168.

169.

Boni, C.; Janssen, H.L.A.; Rossi, M.; Yoon, S.K.; Vecchi, A.; Barili, V.; Yoshida, E.M.; Trinh, H.; Rodell, T.C.; Laccabue, D.;
et al. Combined gs-4774 and tenofovir therapy can improve hbv-specific t-cell responses in patients with chronic hepatitis.
Gastroenterology 2019, 157, 227-241.e227. [CrossRef]

Bartoli, A.; Gabrielli, F;; Tassi, A.; Cursaro, C.; Pinelli, A.; Andreone, P. Treatments for hbv: A glimpse into the future. Viruses 2021,
13,1767. [CrossRef]

Miri, S.M.; Alavian, S.M. Risk factors of hepatitis b infection: Health policy makers should be aware of their importance in each
community. Hepat. Mon. 2011, 11, 238-239.

Sivasudhan, E.; Blake, N.; Lu, Z.-L.; Meng, J.; Rong, R. Dynamics of mé6a rna methylome on the hallmarks of hepatocellular
carcinoma. Front. Cell Dev. Biol. 2021, 9, 642443. [CrossRef] [PubMed]

Chen, M.; Wong, C.-M. The emerging roles of n6-methyladenosine (m6a) deregulation in liver carcinogenesis. Mol. Cancer 2020,
19, 44. [CrossRef] [PubMed]

Qu, N.; Bo, X,; Li, B.; Ma, L.; Wang, F.; Zheng, Q.; Xiao, X.; Huang, F; Shi, Y.; Zhang, X. Role of n6-methyladenosine (m6a)
methylation regulators in hepatocellular carcinoma. Front. Oncol. 2021, 11, 4134. [CrossRef]

Kim, G.-W,; Siddiqui, A. The role of n6-methyladenosine modification in the life cycle and disease pathogenesis of hepatitis b and
c viruses. Exp. Mol. Med. 2021, 53, 339-345. [CrossRef] [PubMed]

Kim, G.-W.; Siddiqui, A. Hepatitis b virus x protein recruits methyltransferases to affect cotranscriptional n6-methyladenosine
modification of viral/host rnas. Proc. Natl. Acad. Sci. USA 2021, 118, €2019455118. [CrossRef]

Kim, G.W,; Siddiqui, A. Hepatitis b virus x (hbx) protein expression is tightly regulated by n6-methyladenosine modification of
its mrna. J. Virol. 2021, Jvi0165521. [CrossRef]


http://doi.org/10.1053/j.gastro.2019.03.044
http://doi.org/10.3390/v13091767
http://doi.org/10.3389/fcell.2021.642443
http://www.ncbi.nlm.nih.gov/pubmed/33869193
http://doi.org/10.1186/s12943-020-01172-y
http://www.ncbi.nlm.nih.gov/pubmed/32111216
http://doi.org/10.3389/fonc.2021.755206
http://doi.org/10.1038/s12276-021-00581-3
http://www.ncbi.nlm.nih.gov/pubmed/33742132
http://doi.org/10.1073/pnas.2019455118
http://doi.org/10.1128/JVI.01655-21

	Introduction 
	Sustaining Proliferative Signalling 
	Evading Growth Suppressors 
	Resisting Cell Death 
	Enabling Replicative Immortality 
	Prompting Angiogenesis 
	Triggering Invasion and Metastasis 
	Evading Immune Destruction 
	Tumour-Promoting Inflammation 
	Genome Instability and Mutation 
	Deregulating Cellular Energetics 
	Therapeutic Potential of HBx 
	Conclusions and Future Prospects 
	References

