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1  |  INTRODUC TION

Hepatocellular carcinoma (HCC) is a common malignant tumour of 
the digestive system, primarily caused by infection with hepatitis 
B virus (HBV), with its encoded envelope protein (S/Pre- S), core 
protein (C/Pre- C), polymerase (P) and X protein (HBx).1 HBx, is a 

multi- functional regulatory protein crucial in HBV- induced hepato-
carcinogenesis, impacting various cellular activities such as cell pro-
liferation, apoptosis, differentiation, drug resistance, transformation 
and DNA repair.2–4 Notably, HBx- induced activation of the onco-
gene c- JUN promotes abnormal proliferation and differentiation of 
liver cells, causing liver cell carcinogenesis.4,5
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Abstract
As an important protein encoded by hepatitis B virus (HBV), HBV X protein (HBx) 
plays an important role in the development of hepatocellular carcinoma (HCC). It has 
been shown that seven in absentia homologue 1 (SIAH1) could regulates the degra-
dation of HBx through the ubiquitin- proteasome pathway. However, as a member of 
SIAH family, the regulatory effects of SIAH2 on HBx remain unclear. In this study, we 
first confirmed that SIAH2 could reduce the protein levels of HBx depending on its 
E3	ligase	activity.	Moreover,	SIAH2	interacted	with	HBx	and	induced	its	K48-	linked	
polyubiquitination and proteasomal degradation. Furthermore, we provided evidence 
that SIAH2 inhibits HBx- associated HCC cells proliferation by regulating HBx. In con-
clusion, our study identified a novel role for SIAH2 in promoting HBx degradation and 
SIAH2 exerts an inhibitory effect in the proliferation of HBx- associated HCC through 
inducing the degradation of HBx. Our study provides a new idea for the targeted deg-
radation of HBx and may have great huge significance into providing novel evidence 
for the targeted therapy of HBV- infected HCC.
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c- JUN, a member of the Jun family, acts as a downstream ef-
fector	molecule	of	the	MAPK	signalling	pathway,	rapidly	responding	
to external stimuli.6,7 It holds essential biological roles in cell pro-
liferation, differentiation and apoptosis.8 Genome- wide expression 
analysis of human clinical HCC has demonstrated that c- JUN plays 
a determinant role in oncogenic signalling pathways of HCC cases 
with poor prognosis.9 In a diethylnitrosamine- induced (DEN) in-
duced mouse HCC model, c- JUN promoted the settlement of HCC 
through inhibition of P53,10 implying its proto- oncogenic role in HCC 
development.

The SIAH (seven in absolute homologue) protein family com-
prises the mammalian homologue of the Drosophila SINA protein, 
and its human homologues include SIAH1, SIAH2 and SIAH3.11,12 
SIAH1 and SIAH2 coordinate ubiquitin- mediated protein hydrolysis 
and regulate protein stability, assembly of protein complexes, and 
their subcellular localization by modifying and targeting multiple 
substrates, controlling cell function, growth, development and che-
motherapy/radiation sensitivity of cancer cells.13,14

Despite	 sharing	 77%	 sequence	 similarity,	 SIAH1	 and	 SIAH2	
exhibit distinct substrates and varying affinities for their shared 
substrates.15 The mRNA and protein levels of SIAH1 exert tumour- 
inhibitory effects and have been reported as downregulated in can-
cer.16,17 In contrast, SIAH2 is widely expressed in different cell types 
and participates in the ubiquitination and degradation of multiple 
substrates,	such	as	PHD3,	HIPK2,	p300,	Tip60	and	PRCAF,	thereby	
regulating cellular processes, including proliferation, invasion, and 
migration.18–20 SIAH2 has been identified as a promoter of vari-
ous human malignant tumours, including prostate cancer,21 lung 
cancer,22 gastric cancer23 and HCC.24 SIAH2 also exhibits tumour- 
inhibitory effects in HCC by the degradation of oncoproteins 
through the proteasome pathway.18 Therefore, investigating the role 
of SIAH2 in the malignant progression of HCC might be determinant 
for the understanding of this pathology and its potential therapy.

In this study, we observed a SIAH2- induced inhibition of c- JUN 
by downregulation of HBx, reversing the proliferative effect of this 
pathway on liver cancer cells. Furthermore, we provide evidence of 
SIAH2 interaction with HBx and functioning as a ubiquitin ligase 
for HBx ubiquitination and degradation, consequently inhibiting its 
promoting effect on the proliferation of HCC cells. These findings 
regarding the SIAH2/HBx/c- JUN axis offer new insights into HCC 
treatment.

2  |  MATERIAL S AND METHODS

2.1  |  Plasmids and antibodies

Short hairpin RNA (shRNA) targeting SIAH2 (shSIAH2), HIS- SIAH2 
(WT	and	H99A/C102A),	HA-	Ub	(WT	and	mutant),	FLAG-	HBx,	and	
HBV-	1.3mer	 WT	 replicon	 plasmid	 were	 purchased	 from	 YouBio	
(Changsha, Hunan, China). Antibodies against SIAH2 (ab230523), 
HBx	(ab157480),	c-	Jun	(ab40766),	HIS	 (66005-	1-	Ig),	FLAG	(66008-	
4-	Ig),	HA	(51064-	2-	AP),	and-	actin	(66009-	1-	Ig)	were	acquired	from	

Abcam	(Cambridge,	UK).	Phospho-	JUN	(Ser73)	Polyclonal	antibody	
(28891-	1-	AP)	 was	 purchased	 from	 Proteintech	 (Wuhan,	 Hubei,	
China).	HBcAg	and	HBsAg	antibodies	(bsm-	2000 M,	bsm-	41,522 M)	
were purchased from Bioss (Beijing, China).

2.2  |  Transient transfection of siRNA and plasmid

SiRNA oligos for c- JUN were purchased from GenePharma (Suzhou, 
China), with the following sequences:

Sense, 5′- GGAAGCUGGAGAGAAUCGCTT- 3′;
Antisense, 5′- GCGAUUCUCUCCAGCUUCCTT- 3′.
Cell transfection was performed using the Hieff Trans™ 

Liposomal	 Transfection	Reagent	 (Yeasen,	 Shanghai,	 China)	 follow-
ing manufacturer's instructions. Briefly, the plasmid and transfec-
tion reagent were mixed with the appropriate amount of serum- free 
medium and then combined and mixed. After incubation at room 
temperature	for	20 min,	the	mixture	was	added	to	the	cells	and	the	
medium	was	replaced	6 h	after	transfection.

2.3  |  Cell culture

HEK293T,	HepG2	(Non	HBx	associated	virus	HCC	cells),	and	Hep3B	
(HBx associated virus in HCC cells) HCC cell lines were purchased 
from the Cell Bank (Chinese Academy of Sciences, Shanghai, China), 
and	 cultured	 in	Minimum	 Essential	 medium	 (MEM)	 or	 Dulbecco's	
modified	Eagle's	medium	 (DMEM)	 (Yuanpei,	 Shanghai,	China)	 sup-
plemented	 with	 10%	 fetal	 bovine	 serum	 (FBS,	 Gibco,	 Shanghai,	
China)	at	37°C	in	an	atmosphere	of	5%	CO2.

2.4  |  Lentivirus Construction

To silence SIAH2, three shRNA duplexes were designed as follows:
shSIAH2#1- F:
gatccCCATGATGTGACTTTCGTA A ATTCA AGAGATTTAC-

GAAAGTCACATCATGGTTTTTTg.
shSIAH2#1- R:
aat tc A A A A A ACC ATG ATG TG AC T T TCG TA A ATC TC T T-

GAATTTACGAAAGTCACATCATGGg.
shSIAH2#2- F:
g atcc G CC TAC AG AC TG G AG T TG A AT T TC A AG AG A AT-

TCAACTCCAGTCTGTAGGCTTTTTTg.
shSIAH2#2- R:
aattcAAAAAAGCCTACAGACTGGAGTTGAATTCTCTTGAAAT-

TCAACTCCAGTCTGTAGGCg.
shSIAH2#3- F:
gatccACACAGCCATAGCACATCTTTTTCAAGAGAAAAGATGT-

GCTATGGCTGTGTTTTTTTg.
shSIAH2#3- R:
aat tc A A A A A A AC AC AGCC ATAGC AC ATC T T T TC TC T T-

GAAAAAGATGTGCTATGGCTGTGTg.
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To generate the lentiviruses, we co- transfected HepG2 and 
Hep3B cells with the corresponding plasmids (Scramble or shSIAH2) 
and	the	helper	plasmids	 (psPAX2	and	pMD2G)	using	Hieff	Trans™	
Liposomal	 Transfection	 Reagent	 (Yeasen).	 For	 stable	 silencing	 of	
SIAH2, HepG2 and Hep3B cells were infected with scrambled or 
shSIAH2 viruses. Forty- eight hours after infection, the cells were 
continuously	 cultured	 in	 a	medium	 containing	 2.5 μg/mL puromy-
cin (Beyotime, Shanghai, China). Surviving cells were cultured in cell 
lines stably expressing scrambled shRNA or shSIAH2.

2.5  |  Western blotting

For western blotting, cells were lysed in radioimmunoprecipitation 
assay (RIPA) buffer supplemented with a protease inhibitor cocktail 
and centrifuged at 12,000×g	 at	 4°C	 for	10 min.	 Equal	 amounts	of	
protein were subjected to SDS- PAGE and transferred onto a 0.45- 
μm	pore	size	PVDF	membrane	(Millipore,	Billerica,	MA,	USA).	After	
blocking	with	 3%	 bovine	 serum	 albumin	 (BSA;	 Yeasen),	 the	mem-
brane	was	incubated	overnight	with	primary	antibodies	at	4°C	and	
then	with	secondary	antibodies	for	1 h	at	room	temperature.	After	
washing the membranes with Tris- buffered saline (TBST), the ECL 
Plus	Western	Blotting	Substrate	(Thermo	Fisher	Scientific,	Waltham,	
MA,	USA)	was	used	to	detect	the	protein	bands,	and	a	chemilumi-
nescence detection system (Tanon, Shanghai, China) was used for 
visualization. Quantification of band intensity was conducted in 
ImageJ	1.8.0	(NIH,	Bethesda,	MD,	USA).

2.6  |  5- Ethynyl- 2′- deoxyuridine (EdU) assay

To examine HCC cell proliferation, EdU incorporation assays were con-
ducted	using	an	EdU	Assay	Kit	 (RiboBio,	Guangzhou,	China).	Briefly,	
cells	were	seeded	 in	96-	well	plates	at	a	density	of	10,000	cells/well	
and	cultured	for	24 h.	Cells	were	then	incubated	with	50 mM	EdU	at	
37°C	for	2 h	and	washed	with	PBS.	Subsequently,	cells	were	fixed	with	
4%	paraformaldehyde	in	PBS	for	30 min,	and	then	permeabilized	with	
0.1%	Triton	X-	100	for	10 min.	The	cells	were	then	washed	twice	with	
PBS	for	5 min	and	treated	with	a	1× Apollo® reaction cocktail at room 
temperature	for	30 min	 in	the	dark.	Finally,	nuclei	were	stained	with	
5 mg/mL	Hoechst	33342	for	30 min	and	imaged	using	a	fluorescence	
microscope	(IX73;	Olympus,	Tokyo,	Japan).

2.7  |  Plate colony formation

A	 cell	 suspension	 consisting	 of	 400	 cells	 in	 5 mL	 of	 medium	 was	
seeded	 into	a	60-	mm	diameter	culture	dish	for	continuous	culture	
until visible clones formed. Cells were then fixed with methanol and 
stained	with	a	0.05%	crystal	violet	solution.	After	two	washes	with	
PBS, the plates were photographed using a digital camera. Positive 
colony formation, defined as colonies containing more than 50 cells, 
was confirmed by manual counting.

2.8  |  Cell counting Kit- 8 assay

Cell	viability	was	assessed	using	the	cell	counting	kit-	8	assay	(CCK-	
8,	Dojindo,	Japan).	Briefly,	cells	were	seeded	in	a	96-	well	plate	at	a	
density	of	5000	cells	per	well	 and	cultured	 for	24 h.	At	 the	desig-
nated	 time	points,	 10 μL	of	CCK-	8	 reagent	was	 added	 to	 the	 cells	
and	incubated	at	37°C	for	4 h,	after	which	a	SynergyMx	MultiMode	
Microplate	reader	 (Tecan,	Switzerland)	was	used	to	detect	the	ab-
sorbance	at	450 nm.	Cell	viability	was	calculated	based	on	the	ab-
sorbance values, following manufacturer's instructions.

2.9  |  Co- immunoprecipitation (Co- IP) assay

HEK293T,	HepG2,	 and	Hep3B	cells	were	 transfected	with	 the	 in-
dicated	plasmids.	After	 24 h	of	 transfection,	MG132	added	 to	 the	
cells	for	an	additional	6 h.	The	cells	were	then	lysed	in	IP	lysis	buffer	
(1%	Triton-	X-	100,	150 mM	NaCl,	20 mM	HEPES,	2 mM	EDTA,	5 mM	
MgCl2,	 pH 7.4).	Next,	 the	extracted	protein	 supernatant	was	 incu-
bated	 overnight	 at	 4°C	 with	 the	 specific	 antibodies	 (HIS,	 1:100;	
FLAG, 1:200;SIAH2, 1:200; HBx, 1:200), followed by co- incubation 
with	 protein	 A/G-	Magnetic	 Beads	 (MCE,	 Shanghai,	 China).	 The	
magnetic	 beads	 were	 washed	 thrice	 with	 PBS-	T	 (1 × PBS + 0.5%	
Triton	X-	100,	pH 7.4)	and	boiled	in	an	SDS	sample	buffer	for	10 min.	
Immunoprecipitation was performed using western blotting with 
the indicated antibodies.

2.10  |  Ubiquitination assay

HA-	Ub,	 FLAG-	HBx,	 HIS-	SIAH2	 and	 corresponding	 plasmids	 (K6R,	
K11R,	 K27R,	 K29R,	 K33R,	 K48R	 and	 K63R)	 were	 separately	 co-	
expressed in HepG2 and Hep3B cells and incubated with a protea-
some	inhibitor	(MG132)	for	6 h	before	collection.	The	collected	cells	
were	 lysed	with	Triton	X-	100-	based	 lysis	buffer	 (1%	Triton	X-	100;	
150 mM	 NaCl;	 20 mM	 4-	(2-	hydroxyethyl)-	1-	piperazineethanesul
fonic	acid	 (HEPES),	pH 7.4;	2 mM	EDTA,	pH 8.0;	5 mM	MgCl2) sup-
plemented with protease inhibitors, followed by centrifugation at 
12,000×g	 at	 4°C.	 A	 1 mg/mL	 protein	 solution	 was	 prepared,	 and	
20 μL	of	magnetic	beads	were	added	and	incubated	at	4°C	for	1 h	to	
remove nonspecific binding. The supernatant was then mixed with 
an appropriate amount of primary antibody (FLAG, HBx.) and incu-
bated	overnight	at	4°C.	After	adding	40 μL of magnetic beads, the 
application	was	continued	for	4 h	at	4°C.	The	magnetic	beads	were	
washed 5 times with pre- chilled 1× TBS, and boiled in an SDS sample 
buffer, which was then analysed using western blotting.

2.11  |  Data analysis

All experiments were repeated a minimum of three times indepen-
dently, and representative results are shown. Results are shown 
as	 the	 mean ± standard	 deviation.	 GraphPad	 Prism	 software	
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(GraphPad software Inc., San Diego, CA, USA) was used for sta-
tistical analysis. Differences between two groups were analysed 
using the Student's t- test. Statistical significance was set at 
p < 0.05.

3  |  RESULTS

3.1  |  HBx promotes HCC cells proliferation 
through regulation of c- JUN

The role of c- JUN in counteracting the cell growth- promoting 
effect induced by hepatitis B virus X protein (HBx) in HCC has 
been highlighted through inhibition of c- JUN N- terminal ki-
nase.25 To investigate the involvement of c- JUN in HBx- induced 
HCC cell proliferation, we overexpressed FLAG- tagged HBx or 
co- transfected it with c- JUN siRNA in HepG2 and Hep3B cells. 
Western	blotting	confirmed	 that	 the	overexpression	of	HBx	sig-
nificantly elevated the protein levels of c- JUN and phosphorylated 
c- JUN (Figure 1A,B). The effect of HBx on the proliferation of HCC 
cells was assessed through EdU incorporation and colony forma-
tion assays. The overexpression of HBx increased the number 
EdU- positive cells, whereas c- JUN silencing inhibited this effect 
(Figure 1C,D). Similarly, colony formation ability was enhanced by 
overexpression of HBx, and this effect was reversed upon c- JUN 
silencing (Figure 1E,F).	Furthermore,	the	CCK-	8	assays	(pertaining	
to cell viability) yielded results consistent with to those of the EdU 
and colony formation assays (Figure 1G,H). These findings suggest 
that HBx promotes the proliferation of HCC cells by positively 
regulating c- Jun expression.

3.2  |  SIAH2 regulates the stability of HBx through 
its E3 activity

Considering that SIAH1 promotes the ubiquitination and degra-
dation of HBx,26 we explored whether SIAH2, as a member of 
the SIAH family with high sequence similarity with SIAH1,27 also 
regulates HBx expression. To address this question, we evaluated 
HBx protein levels in HCC cells following SIAH2 downregulation 
or upregulation. SIAH2 knockdown was achieved using three shR-
NAs targeting SIAH2 (shSIAH2#1, shSIAH2#2 and shSIAH2#3), 
and the most efficient silencing was observed with shSIAH2#3 
(Figure 2A,B). Subsequently, we analysed HBx protein levels 
in HCC cells upon SIAH2 silencing, and the results showed that 
SIAH2 knockdown increased both exogenous or exogenous HBx 
in HepG2 cells and endogenous HBx in Hep3B cells (Figure 2C,D). 
To further investigate the regulatory effect of SIAH2 on HBx, we 
transiently transfected HIS- tagged SIAH2 cDNA in HepG2 and 
Hep3B cells to achieve a gain- of- function. Conversely, overex-
pressing SIAH2 decreased the protein levels of exogenous HBx 
in HepG2 cells and endogenous HBx in Hep3B cells (Figure 2E,F). 

Furthermore, we also explored the effect of HBV replication on 
the	 expression	 level	 of	 SIAH2,	 we	 transfected	HBV-	1.3mer	WT	
replicon	 plasmid,	 and	Western	 blot	 assay	 showed	 no	 significant	
change on the expression of SIAH2 (Figure S1A). On the other 
hand, we transfected Flag- tagged HBx in HepG2 cells, and the re-
sult indicated that HBx had no effect on the expression of SIAH2 
(Figure S1B). The above results showed that SIAH2 could down-
regulate the HBx protein level, and HBx has no effect on SIAH2 
expression.

SIAH2 regulates several downstream substrates via the prote-
asomal pathway and decreases protein stability.28 To understand 
how SIAH2 regulates HBx, we treated SIAH2- overexpressing cells 
with	 the	 proteasome	 inhibitor	MG-	132	 and	 the	 lysosome	 inhib-
itor	 chloroquine	 (CHL).	 MG-	132,	 but	 not	 chloroquine,	 blocked	
the degradation of HBx in cells with overexpression of SIAH2 
(Figure 3A,B).	When	His99 and Cys102 in the RING domain are con-
verted to alanine (H99A/C102A), SIAH2 has no E3 ligase activ-
ity.29 To determine the importance of SIAH2's E3 ligase activity in 
the downregulation of HBx, we generated a SIAH2- RING mutant 
(H99A/C102A) lacking E3 ligase activity. Compared to wild- type 
SIAH2	 (SIAH2-	WT),	 the	SIAH2-	RING	mutant	 largely	 lost	 its	abil-
ity to decrease HBx protein levels (Figure 3C,D). Furthermore, we 
treated the cells with the protein synthesis inhibitor cyclohexim-
ide (CHX) to determine the stability of HBx upon SIAH2 overex-
pression and observed a loss of stability of HBx following SIAH2 
overexpression (Figure 3E,F). Collectively, these results suggest 
that SIAH2 destabilizes HBx via the proteasomal pathway in a 
manner dependent on its E3 activity.

3.3  |  SIAH2 inhibits HBx- associated HCC 
cells proliferation by promoting Lys48- linked 
polyubiquitination of HBx

To explore the regulatory mechanism of SIAH2 on HBx, first, we 
tested the interaction relationship between SIAH2 and HBx. HIS- 
tagged	 SIAH2	 interacted	 with	 FLAG-	tagged	 HBx	 in	 HEK293T	
cells, whereas endogenous SIAH2 interacted with both FLAG- HBx 
and endogenous HBx in HCC cells (Figure 4A–C). In addition, we 
also detected the interaction between SIAH2 and other HBV pro-
teins. The results showed that SIAH2 only interacted with HBx, 
but not HBc and HBs, which is similar to SIAH1 (Figure S1C). To 
investigate the effects of SIAH2 on HBx ubiquitination, we per-
formed ubiquitination assays. Cells transfected with HIS- SIAH2 
exhibited significantly increased HBx ubiquitination, whereas the 
SIAH2- RING mutant reduced the ability of SIAH2 to ubiquitinate 
HBx	in	both	HEK293T	and	HCC	cells	(Figure 4D–F). Ubiquitination 
in the proteasome pathway is mainly mediated by seven lysine 
residues:	K6,	K11,	K27,	K29,	K33,	K48,	and	K63.30 To verify the 
form of SIAH2 mediated ubiquitination of HBx, HCC cells were 
co-	transfected	with	HIS-	SIAH2	and	WT	or	mutant	HA-	Ub	vectors,	
HBx was co- precipitated with anti- FLAG or HBx antibodies, and 
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F I G U R E  1 HBx	promotes	the	proliferation	of	HCC	cells	through	upregulation	of	c-	JUN.	(A,	B)	Western	blot	depicting	protein	levels	of	
c- JUN, p- c- JUN and FLAG- HBx in HepG2 and Hep3B cells. (C, D) EdU staining revealing a significant increase in the proportion of EdU- 
positive	cells	after	HBx	overexpression,	whereas	downregulation	of	c-	JUN	expression	inhibits	this	effect.	Scale	bar:	200 μM.	(E,	F)	Cell	clone	
formation assay demonstrating that overexpression of HBx enhances the proliferation of HCC cells, whereas downregulation of c- JUN 
suppresses	this	effect.	(G,	H)	CCK-	8	indicating	that	overexpression	of	HBx	enhances	the	proliferation	of	HCC	cells,	while	downregulation	of	
c- JUN expression counteracts this effect. **p < 0.01,	***p < 0.001.
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the levels of exogenous and endogenous HBx ubiquitination were 
determined by western blotting with an HA antibody. HBx poly-
ubiquitination was markedly blocked when the lysine at position 
48	of	Ub	was	mutated	 to	alanine	 (K48R),	 indicating	 that	SIAH2-	
mediated	HBx	ubiquitination	was	primarily	initiated	by	K48-	linked	
ubiquitin	 chains,	 which	 are	 recognized	 by	 the	 26S	 proteasome	
(Figure 4G,H).	To	further	confirm	that	SIAH2	mediates	K48-	linked	
polyubiquitination	 of	 HBx,	 we	 used	 a	 Ub	 K48-	only	 plasmid,	 in	
which	 only	 K48	 is	 encoded	 and	 other	 lysine	 are	mutated	 to	 ar-
ginine. Then, the results showed that SIAH2 could promote the 
K48-	linked	polyubiquitination	of	HBx	(Figure 4I,J).

To determine whether SIAH2 affected the promotion of HCC 
proliferation caused by HBx overexpression, we performed rescue 
experiments by overexpressing HIS- SIAH2 in HBx- upregulated 
cells. Overexpression of SIAH2 effectively decreased the pro-
tein levels of c- JUN and p- c- JUN, which were upregulated by HBx 
(Figure 5A,B), and subsequently inhibited cell proliferation induced 
by HBx overexpression (Figure 5C–H). These results demonstrate 
that SIAH2 counteracts the effect of HBx in the promotion of HCC 
cell proliferation.

Based on these findings, we propose a model diagram, as shown 
in Figure 5I, where in liver cancer cells infected with HBV, SIAH2 

F I G U R E  2 SIAH2	negatively	regulates	the	expression	of	HBx	in	liver	cancer	cells.	(A,	B)	Western	blot	validation	of	the	effective	
downregulation effect on SIAH2 by the three specific silencing vectors (shSIAH2#1, shSIAH2#2 and shSIAH2#3) in HepG2 and Hep3B cells. 
shSIAH2#3	showed	the	most	effective	downregulation	effect.	(C,	D)	Western	blot	depicting	that	transfection	of	shSIAH2#3	in	HepG2	and	
Hep3B	cells	increases	HBx	protein	levels.	(E,	F)	Western	blot	validation	indicating	that	overexpression	of	SIAH2	in	HepG2	and	Hep3B	cells	
downregulates HBx protein levels. *p < 0.05,	**p < 0.01,	***p < 0.001.
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F I G U R E  3 SIAH2	reduces	the	protein	stability	of	HBx.	(A,	B)	Western	Blot	demonstrating	the	reversion	of	the	negative	regulatory	effect	
of	SIAH2	on	HBx	in	HepG2	and	Hep3B	cells	by	MG132	treatment.	(C,	D)	Western	blot	indicating	that	the	downregulation	effect	of	HIS-	
SIAH2	(H99A/C102A)	transfection	on	HBx	is	weaker	in	HepG2	cells	and	Hep3B	cells	compared	to	the	HIS-	SIAH2	(WT)	transfection	group.	
(E)	CHX	chase	assay	shows	that	SIAH2	disrupts	the	exogenous	protein	stability	of	HBx	in	HepG2	cells	during	CHX	chase	for	0,	30,	60,	90,	
and	120 min.	(F)	CHX	chase	assay	demonstrates	that	SIAH2	disrupts	the	endogenous	protein	stability	of	HBx	in	Hep3B	cells	during	CHX	
chase	for	0,	30,	60,	90,	and	120 min.	**p < 0.01.
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interacts with HBx and negatively regulates it through the ubiquitin- 
proteasome pathway, leading to reduced stability of HBx. During 
this process, SIAH2 predominantly regulates the proteasomal deg-
radation	of	HBx	by	mediating	its	K48-	linked	ubiquitination.	Overall,	
this indicates that SIAH2 effectively reverses the proliferative effect 
of the HBx/c- JUN axis, highlighting its crucial role in inhibiting HCC 
proliferation.

4  |  DISCUSSION

HCC remains a significant global health concern and is a leading 
cause of cancer- related mortality.31 Despite advancements in di-
agnosis and treatment over the past decade, the prognosis for ad-
vanced HCC remains poor.32 HBV infection a major contributor to 
HCC development.33 As a multi- functional regulatory protein of HBV 
expression, HBx is involved in the pathogenesis and carcinogenesis 
of the virus.34 HBx has limited expression in early stages of infection 
and	 is	 observed	 in	 20%–50%	of	HCC	 cases.35 HBx transactivates 
various transcription factors, including activating transcription fac-
tor 2 (ATF2),36 activating protein 1 (AP- 1)37 and nuclear factor kappa 
B (NF- κB).38 Additionally, as a transcription factor, HBx stimulates 
the expression of proto- oncogenes, controlling proliferation, trans-
formation, apoptosis, and DNA repair in HCC cells.39 Furthermore, 
c- JUN has been extensively studied as an important proto- oncogene 
involved in the occurrence and development of HCC.40,41 Our study 
confirmed that HBx promotes the proliferation of HCC cells by posi-
tively regulating c- Jun, thereby uncovering a novel regulatory mech-
anism for c- JUN.

Ubiquitination is an important post- translational modification 
that promotes intracellular protein degradation via the prote-
asome multiprotease complex.42,43 The stability of HBx is influ-
enced by ubiquitination modifications.44 Several ubiquitin ligases, 
including	TRIM21,45 NEDD446 and SIAH126 have been identified 
as regulators of the ubiquitination and degradation of HBx. Here, 
we explored the involvement of SIAH2, a member of the SIAH 
family with structural and functional similarity to SIAH1,47,48 in the 
regulation of HBx. Our results demonstrated that SIAH2 promotes 
the ubiquitination and subsequent proteasomal degradation of 
HBx, leading to a decrease in HBx protein levels. Importantly, we 
observed that SIAH2 also inhibits HCC cell proliferation induced 

by HBx overexpression, highlighting SIAH2 as a novel ubiquitin li-
gase regulating HBx.

Ubiquitination within the proteasomal pathway is mediated 
by	seven	lysine	residues,	namely	K6,	K11,	K27,	K29,	K33,	K48	and	
K63.49 These multi- ubiquitin chains possess different topological 
structures, generating create complex ubiquitin codes that govern a 
myriad of biological functions.30 This study provides novel insights 
by	defining	K48-	linked	chains	as	the	key	initiators	of	HBx	polyubiq-
uitination mediated by SIAH2. This finding holds potential for ad-
vancing research into canonical protein ubiquitination.

In conclusion, we identified HBx as a novel substrate of SIAH2 
and shed light on the regulatory mechanism involving SIAH2 in HBx 
degradation. The downregulation of HBx expression by SIAH2 leads 
to the inhibition of HCC cell proliferation by modulation of c- JUN. 
These findings offer new perspectives on the molecular mecha-
nisms governing HBx and potential molecular targeted therapies 
for HBx- associated HCC. Although we confirmed that SIAH2 could 
inhibit	 HCC	 cells	 proliferation	 through	 promoting	 the	 K48-	linked	
polyubiquitination and degradation of HBx, however, SIAH2 has 
also been reported to exhibit both promotional and inhibitory roles 
in HCC cells,24,50 which may be influenced by factors such as the 
origin of the different HCC cell lines or the localization of SIAH2 
within the cells. Due to the specificity of HBV infection, there may 
be a more complex mechanism by which SIAH2 regulates HBx in 
HCC. Unfortunately, our study lacks a model of HBV infection to re-
veal	this	regulatory	relationship	more	fully.	We	believe	that	more	in-	
depth studies are needed for uncovering the complex mechanisms 
of HBV- associated HCC.
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