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Abstract 

Background: Hepatitis B virus (HBV) X protein (HBX) has been reported to be responsible for the epithelial-mesen-
chymal transition (EMT) in HBV-related hepatocellular carcinoma (HCC). Vimentin is an EMT-related molecular marker. 
However, the importance of vimentin in the pathogenesis of HCC mediated by HBX has not been well determined.

Methods: The expression of vimentin induced by HBX, and the role of LIM and SH3 domain protein 1 (LASP1) in HBX-
induced vimentin expression in hepatoma cells were examined by western blot and immunohistochemistry analysis. 
Both the signal pathways involved in the expression of vimentin, the interaction of HBX with vimentin and LASP1, and 
the stability of vimentin mediated by LASP1 in HBX-positive cells were assessed by western blot, Co-immunoprecip-
itation, and GST-pull down assay. The role of vimentin in EMT, proliferation, and migration of HCC cells mediated by 
HBX and LASP1 were explored with western blot, CCK-8 assay, plate clone formation assay, transwell assay, and wound 
healing assay.

Results: Vimentin expression was increased in both HBX-positive hepatoma cells and HBV-related HCC tissues, and 
the expression of vimentin was correlated with HBX in HBV-related HCC tissues. Functionally, vimentin was contrib-
uted to the EMT, proliferation, and migration of hepatoma cells mediated by HBX. The mechanistic analysis suggested 
that HBX was able to enhance the expression of vimentin through LASP1. On the one hand, PI3-K, ERK, and STAT3 sig-
nal pathways were involved in the upregulation of vimentin mediated by LASP1 in HBX-positive hepatoma cells. On 
the other hand, HBX could directly interact with vimentin and LASP1, and dependent on LASP1, HBX was capable of 
promoting the stability of vimentin via protecting it from ubiquitination mediated protein degradation. Besides these, 
vimentin was involved in the growth and migration of hepatoma cells mediated by LASP1 in HBX-positive hepatoma 
cells.
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Background
Until now, hepatocellular carcinoma (HCC) is still one of 
the most important causes of cancer-related death glob-
ally [1, 2]. Despite several progresses in clinical diagnosis 
and treatment of the tumor that have been achieved, the 
prognosis of HCC remains poor, owing to the high rate 
of recurrence or metastasis. Among all of the etiologies, 
chronic hepatitis B virus (HBV) infection is a major path-
ogenic factor for the development of HCC [3, 4]. HBV 
X protein (HBX), a multifunctional protein encoded by 
the virus, is considered to play significant roles in HBV-
induced hepatocarcinogenesis [5]. Although extensive 
studies have expanded our understanding of the func-
tions of HBX in the pathogenesis of HCC [6], the molec-
ular mechanisms associated with the progression of the 
tumor mediated by the viral protein are still not well 
clarified.

Epithelial-mesenchymal transition (EMT) is a signifi-
cant event in the development of HBV-associated HCC 
[7]. HBX has been reported to induce the EMT pheno-
type in hepatoma cells [8–11], with the decreased lev-
els of epithelial cell–cell adhesion molecule E-cadherin, 
while the increased expressions of cytoskeletal actin 
component β-catenin and vimentin. Moreover, HBX can 
regulate the expression of E-cadherin and β-catenin with 
multiple molecular mechanisms [11]. For example, HBX 
has been demonstrated to repress E-cadherin expres-
sion via histone deacetylation of E-cadherin through 
recruitment of the HDAC1 complex to the E-cadherin 
promoter [12], methylation of the E-cadherin promoter 
via DNMT1 activation [13]. In addition, HBX contrib-
utes to the increase of β-catenin by stabilizing β-catenin 
via GSK3β suppression [14], attenuating the interaction 
with of β-catenin with SIRT1 [15], and activating the 
β-catenin promoter through URG11 [16]. As a mesen-
chymal marker, vimentin plays a very important role in 
EMT [17]. However, whether vimentin participates in the 
dysfunction of hepatoma cells mediated HBX, and the 
molecular mechanisms associated with vimentin expres-
sion mediated by HBX are not clear.

LIM and SH3 domain protein 1 (LASP1) is a cytoskel-
eton protein that has been identified to participate in 
the development of human cancers with several types 
[18, 19], and facilitate the growth and invasion of glioma 
cells and colorectal cancer cells via EMT [20, 21]. The 
upregulation of LASP1 is also observed in HCC tissues, 
and its expression is closely related to HBV infection 

[22]. Moreover, we previously demonstrated that HBX 
could promote LASP1 expression via the activation of 
c-Jun [23, 24]. Except these, LASP1 has been reported 
to be capable of interacting with vimentin in hepatoma 
cells [25]. However, whether LASP1 is associated with 
an increase of vimentin mediated by HBX to facilitate 
EMT-associated hepatocarcinogenesis is unknown. In 
the present study, we explored the impact of LASP1 on 
vimentin expression mediated by HBX. Besides, the bio-
logical functions and potential molecular mechanisms 
associated with vimentin mediated by HBX via LASP1 in 
hepatoma cells was also investigated. Our findings could 
help us better understand the molecular mechanisms 
related to the development of HBV-related HCC regu-
lated by HBX.

Materials and methods
Reagents and plasmids
The antibodies against HBX, LASP1, vimentin, E-cad-
herin, β-catenin, β-actin, AKT, Phosphorylated AKT 
(p-AKT, S473), ERK, Phosphorylated ERK (p-ERK, 
Thr202/Tyr204), STAT3, phosphorylated STAT3 
(p-STAT3, Y705), P65, phosphorylated P65 (p-P65, 
Ser276), GAPDH, and HRP-conjugated secondary anti-
bodies were obtained as mentioned previously [24, 
26, 27]. The antibodies against Flag and HA Tags were 
from Abmart (Shanghai, China). PI3-K pathway inhibi-
tor LY294002, ERK pathway inhibitor U0126, STAT3 
pathway inhibitor NSC74859, NF-κB pathways inhibitor 
BAY11-7082, were purchased from Beyotime (Shanghai, 
China). Trizol reagent, G418, Matrigel solution, LipoMax 
DNA transfection reagent, and Clarity™ ECL western 
blot substrate were collected as previously described 
[24, 26]. Cycloheximide (CHX) and MG132 were from 
MCE (Medchem Express, Shanghai, China). Nuclear 
and Cytoplasmic Protein Extraction Kit was from Beyo-
time (Shanghai, China). HBX plasmids, and the plasmid 
containing short hairpin RNA (shRNA) against LASP1 
were obtained as mentioned previously [23]. A plasmid 
containing shRNA against vimentin (GTA CGT CAG CAA 
TAT GAA A), as well as a control plasmid, were purchased 
from GenePharma (Suzhou, Jiangsu, China).

Cell culture and transfection
The culture for HepG2, Huh7, and HEK293T cells was 
followed as described [26–28]. According to the man-
ual, the cells were transfected with target plasmids with 

Conclusion: Taken together, these findings demonstrate that, dependent on LASP1, vimentin is crucial for HBX-
mediated EMT and hepatocarcinogenesis, and may serve as a potential target for HBV-related HCC treatment.
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LipoMax DNA transfection reagent. In addition, HepG2 
and Huh7 cells stably transfected with target plasmids 
were selected with G418.

Plasmids construction
The genes of LASP1 and vimentin were amplified by 
polymerase chain reaction (PCR) and cloned into a 
pcDNA3.1-Flag vector and pcDNA3.1-HA vector to con-
struct the LASP1 (LASP1-Flag) and vimentin (vimentin-
Flag and vimentin-HA) plasmids. The primer sequences 
for the LASP1 and vimentin genes were as follows: GTA 
GCT AGC GCC AGT TCC CCA GCT CCAG and TCC 
GCA GGT AAA AAT TAT ACT TTT ATT TGC G, GGG 
TAC CGG GAG GCC CAC GTA TGG C and CGG AAT 
TCT AGG AGT TTT TCC AAA GAT TTA TTG AAG CA. 
HBX plasmid was constructed relied on pcDNA3.1-Flag 
and pcDNA3.1-HA plasmid, three HBX mutant plas-
mids were constructed by using pcDNA3.1-HA plasmid, 
the LASP1 mutant plasmids were constructed based on 
pcDNA3.1-Flag plasmid, and the vimentin mutant plas-
mids were constructed dependent on pcDNA3.1-HA 
plasmid. The sequences of primers used for the HBX 
and associated mutants were followed previously [24]. 
The sequences of primers used for the LASP1 mutants 
were: LASP1-1: GGG GTA CCA ACC CCA ACT GCG CCC 
GG and GCT CTA GAG CCA CCA CCT GGG GCG CT; 
LASP1-2: GGG GTA CCC AAG CAG TCC TTCAC CAT 
GGT GGC and GCT CTA GAG CCA CCA CCT GGG GCG 
CTG; LASP1-3: GGG GTA CCC AAG CAG TCC TTC ACC 
ATG GTG  and GCT CTA  GAT CAG ATG GCC TCC ACG 
TAG TTG . The sequences of primers used for the vimen-
tin mutants were: vimentin-1: GGG GTA CCT CCA CCA 
GGT CCG TGT CC and GCT CTA GAC TCC TCG CCT 
TCC AGC AG; vimentin-2: GGG GTA CCC AAG AAC 
ACC CGC ACC AACG and GCT CTA GAC TCC TCG CCT 
TCC AGC AGCTT; vimentin-3: GGG GTA CCC AAG 
AAC ACC CGC ACC AA and GCT CTA GAT TAT TCA 
AGG T CAT CGT GATGC. These expression vectors were 
verified by sequencing. The conditions for amplification 
were as follows: 2 min at 94 °C followed by 30 s at 94 °C, 
45 s at 60 °C or 62 °C, and 45 s at 72 °C for 45 cycles.

Clinical samples
The adjacent tissues (n = 60), as well as HCC tissues 
with HBV infection (n = 100) were collected from the 
Department of Pathology, Affiliated hospital of Xuzhou 
Medical University, or Outdo Biotech Co., Ltd (Shanghai, 
China). The study was followed by the principles of the 
Declaration of Helsinki. Approval was obtained from the 
ethics committee of Xuzhou Medical University. In addi-
tion, written informed consent was obtained from the 
patients.

Western blot analysis
Western blot was performed as previously described [26]. 
Briefly, the total proteins were subjected to sodium dode-
cyl sulfate–polyacrylamide gel electrophoresis. Next, the 
target proteins were transferred onto polyvinylidene dif-
luoride (PVDF) membranes. After blocking for 2 h with 
5% milk in Tris-buffered saline, the PVDF membranes 
were incubated with target primary antibodies at 4  °C 
overnight and incubated with HRP-conjugated secondary 
antibodies for 2  h at the room temperature in the next 
day. The bands were detected by Clarity™ ECL western 
blot substrate.

Immunohistochemistry (IHC) analysis
The IHC was performed, and the results were observed, 
as followed as described by Kong et al. [26]. Briefly, the 
fixed tissues with 4% formaldehyde, were embedded in 
paraffin. Next, the tissue sections were deparaffinized, 
rehydrated, and incubated with 0.01  M sodium citrate. 
After treated with 3%  H2O2, and blocked with 5% goat 
serum, the tissue sections were incubated with LASP1, 
vimentin, or HBX antibodies overnight, and incubated 
with HRP-conjugated antibodies were for 2 h. Then, the 
tissue sections were stained by 3,3′-diaminobenzidine, 
terminated with double-distilled water, and further coun-
terstained with hematoxylin. The expressions of LASP1, 
vimentin, and HBX in target tissues were calculated as 
described previously [26]. Briefly, to evaluate the expres-
sion levels of target proteins, the intensity of staining of 
hepatoma cells was scored as below: 0, no staining; 1, 
weak staining; 2: moderate staining; and 3, strong stain-
ing. The intensity score was < 2 was treated as low expres-
sion, and the intensity score was ≥ 2 was regarded as high 
expression.

Immunofluorescence analysis
The locations of LASP1, vimentin, E-cadherin, β-catenin, 
and HBX proteins were measured with immunofluo-
rescence assays as described [24]. Briefly, the target 
hepatoma cells were seeded on coverslips in 12-well 
plates. Then, the coverslips were fixed with ice-cold ace-
tone, blocked with 5% bovine serum albumin in phos-
phate-buffered saline for 30  min, and incubated with 
different primary antibodies for 2  h. After washed with 
phosphate-buffered saline, the coverslips were incubated 
with Alexa Fluor 488, Alexa Fluor 647, and AMCA-con-
jugated secondary antibodies for 2 h. Finally, the results 
were observed by an Olympus microscope.

Animal transplantation
The animal experiments were approved by the Animal 
Care and Use Committee of Xuzhou Medical University. 
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Female BALB/c nude mice were purchased from Shang-
hai Laboratory Animal Co., Ltd., and fed under specific-
pathogen-free, temperature-controlled conditions. After 
HepG2-HBX cells transfected with vimentin shRNA or 
control plasmids for 48  h, the target cells were resus-
pended in phosphate-buffered saline with the concentra-
tion of 1 ×  107/ml. Next, 0.1  ml target cell suspensions 
with 0.1  ml Matrigel solution were injected into the 
shoulder of the null mice. After fed for 2 weeks, the null 
mice were killed and tumors were excised. The length 
and width of each tumor were measured as previously 
described [27].

The assays associated with cellular proliferation 
and migration
CCK-8 assay, plate clone formation assay, transwell assay, 
and wound healing assay were conducted as previously 
described [27].

Co‑immunoprecipitation (Co‑IP) assay
The Co-IP assay was performed as previously described 
[24]. Briefly, After the protein extracts from the target 
cells were collected, it was incubated with different pri-
mary antibodies, and Protein G Sepharose beads for 12 h 
at 4  °C. Immunoglobulin G (IgG) as a negative control. 
After the immunoprecipitates were washed 4 times, the 
target proteins were analyzed by western blot.

GST‑pull down assay
GST-HBX or GST-LASP1 was expressed in E. coli strain 
DH5α and bound to glutathione-Sepharose beads to 
purify. His-vimentin or His-LASP1 was also expressed 
in E. coli strain DH5α and purified by His-beads. His-
vimentin or His-LASP1 was incubated with GST alone, 
GST-HBX, or GST-LASP1 bound to glutathione-Sepha-
rose beads at 4 °C. The beads were precipitated, washed 
3 times with binding buffer, and subjected to SDS-PAGE, 
and further analyzed by western blot.

Ubiquitination assay
The target cells were lysed after treated with a protea-
some inhibitor MG132 for 6 h, and the protein extracts 

were then mixed with ubiquitin antibodies. Then the 
Sepharose beads of protein A/G were added to the pro-
tein extracts and rotated gently for overnight at 4 °C. The 
beads were next collected and washed. The SDS-loading 
buffer was used to elute the immunoprecipitated proteins 
at 95 °C for 5 min, and western blot was applied for the 
analysis of the ubiquitination of target proteins.

Statistical analysis
The data were presented as the means ± standard devia-
tion (SD). The statistical analysis was performed with a 
t test or one-way ANOVA. The chi-square test was used 
to analyze the relative expression of LASP1, vimentin, 
and HBX proteins measured by IHC analysis, and deter-
mine the significance of correlations between different 
proteins. The semiquantitative western blot analysis were 
determined with ImageJ software (NIH, Bethesda, MD, 
USA). A p value < 0.05 was statistically significant.

Results
HBX upregulates vimentin protein expression to facilitate 
EMT of hepatoma cells
To explore the effect of HBX on EMT, we constructed 
the hepatoma cells stably transfected with HBX (Fig. 1a). 
EMT is a well-known critical event in the progression of 
HCC [7, 10], and we detected the expressions of EMT 
markers, including vimentin, E-cadherin, and β-catenin 
proteins in HBX-positive hepatoma cells and control 
cells. The results showed that HBX could promote EMT 
by increasing the expressions of vimentin and β-catenin 
and declining E-cadherin expression (Fig.  1b). During 
EMT, β-catenin is released from the cellular membrane 
to enter the cytoplasmic pool, and further translocated 
into the nucleus [11]. In the present study, the expression 
of β-catenin in cytoplasm and nucleus mediated by HBX 
was explored by western blot. The results showed that 
the expression of β-catenin in cytoplasm and nucleus was 
upregulated in HBX-positive hepatoma cells (Fig. 1b). We 
also measured the expression of vimentin, E-cadherin, 
and β-catenin proteins in hepatoma cells by immunofluo-
rescence assay. Compared to control cells, the increased 
expression of vimentin and β-catenin, and decreased 

Fig. 1 HBX promotes EMT via vimentin. a The stable expression of HBX in hepatoma cells was detected by western blot. b The effect of HBX on 
expressions of EMT markers, including vimentin, E-cadherin, and β-catenin in hepatoma cells measured by western blot. c The effect of HBX on 
expressions of EMT markers, including vimentin, E-cadherin, and β-catenin in hepatoma cells were detected by immunofluorescence assay (× 400). 
d The role of over-expressed vimentin on E-cadherin and β-catenin in hepatoma cells. e The effect of shRNA on the expression of vimentin protein. 
f The inhibition of vimentin on the E-cadherin and β-catenin expressions in HBX-positive hepatoma cells. g The expressions of vimentin, E-cadherin, 
and β-catenin in HBV-related HCC tissues (n = 100) and associated adjacent tissues (n = 60) (× 400). h The correlation between HBX and vimentin 
protein expression in HBV-related HCC tissues. Mock: cells transfected with control plasmid. HBX: cells transfected with HBX plasmid. HA-Mock: cells 
transfected with control expression plasmid with HA tags. HA-VIM: cells transfected with vimentin expression plasmid with HA tags. HBX-shCON: 
HBX-positive cells transfected with shRNA control plasmid. HBX-shVIM: HBX-positive cells transfected with shRNA plasmid targeting vimentin. 
*P < 0.05

(See figure on next page.)
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E-cadherin were observed in HBX-positive hepatoma 
cells. The increased expression of β-catenin in cytoplasm 
and nucleus was also found in HBX-positive hepatoma 
cells by immunofluorescence assay (Fig.  1c). As a mes-
enchymal marker, vimentin had a vital role in the EMT 
process [17]. We were interested in investigating whether 
HBX could promote EMT via vimentin, and the effect of 
vimentin on the expressions of EMT markers, including 
E-cadherin and β-catenin, in hepatoma cells. As shown 
in Fig.  1d, we found that the expression of E-cadherin 
was declined, but β-catenin was enhanced in vimentin-
overexpressed hepatoma cells. Furthermore, vimentin-
specific shRNA was used to knock down the expression 
of vimentin protein in HBX-positive hepatoma cells 
(Fig. 1e). We found that, when the suppression of vimen-
tin, the E-cadherin expression was increased, while 
β-catenin expression was reduced in HBX-positive 
hepatoma cells (Fig. 1f ).

We also explored the expressions of vimentin, E-cad-
herin, and β-catenin in HBV-related HCC tissues and 
associated adjacent tissues by IHC analysis. The results 
showed that, compared to adjacent tissues, increased 
vimentin, β-catenin, and decreased E-cadherin expres-
sions were found in HBV-associated HCC tissues 
(Fig.  1g). Moreover, we found that the expression of 
vimentin protein was associated with HBX in HBV-
related tumor tissues (Fig.  1h). Taken together, these 
results indicated that HBX could enhance vimentin 
expression to facilitate EMT in hepatoma cells.

Vimentin induced by HBX promotes the proliferation 
and migration of hepatoma cells
Our published studies showed that HBX promotes the 
proliferation and migration of hepatoma cells [27], we 
next measured whether HBX could facilitate cellular pro-
liferation and migration via vimentin. The results of cell 
viability and plate clonal formation assays showed that, 
compared to control cells, HBX-positive hepatoma cells 
exhibited higher proliferation efficiency (Fig. 2a, b). After 
HBX-positive hepatoma cells were treated with vimentin 
shRNA, the cellular proliferation mediated by HBX was 
reduced.

We also investigated the role of HBX and vimentin 
on the development of HCC in vivo. After HepG2-HBX 
cells (HepG2 cells with stable expression of HBX) were 
treated with vimentin shRNA, the cells were subcutane-
ously injected into nude mice. As the results presented in 
Fig.  2c, both the volume and the weight of the HepG2-
HBX tumors were greater than those of control tumors. 
After HepG2-HBX cells transfected with shRNA against 
vimentin, the ability of HepG2-HBX cells to form tumors 
was significantly lower than that of cells treated with con-
trol shRNA in nude mice.

Next, transwell and wound healing assays were used to 
assess the effect of vimentin on cellular migration medi-
ated by HBX. Our results indicated that HBX has capa-
ble of promoting the migration of hepatoma cells. When 
HBX-positive cells were treated with vimentin shRNA, 
the migration efficiency of hepatoma cells mediated by 
HBX was suppressed (Fig. 2d, e). Together, these findings 
suggested that vimentin was involved in the proliferation 
and migration mediated by HBX in hepatoma cells.

LASP1 contributes to the expression of vimentin protein 
mediated by HBX in hepatoma cells
Our previous studies indicated that HBX could promote 
the expression of LASP1 in hepatoma cells [23, 24]. In 
addition, LASP1 was found to facilitate EMT in glioma 
and colorectal cancer cells [20], and interact with vimen-
tin in HCC [25]. We examined whether LASP1 contrib-
utes to the vimentin expression mediated by HBX in 
hepatoma cells. At first, we investigated whether LASP1 
could enhance EMT in hepatoma cells. As shown in 
Fig.  3a, we found that the expressions of vimentin and 
β-catenin were increased, but the expression of E-cad-
herin was declined in LASP1-overexpressed hepatoma 
cells. These results suggested that LASP1 was capable of 
promoting EMT in hepatoma cells. Furthermore, con-
sistent with our previous researches, the expression of 
LASP1 was increased in HBX-positive cells (Fig. 3b). The 
suppression of vimentin has no significant role in LASP1 
expression in HBX-positive hepatoma cells (Fig.  3c). 
However, after treated the HBX-positive cells with LASP1 
shRNA (Fig. 3d, e), the expression of vimentin was inhib-
ited. Meanwhile, the increased expression of E-cadherin 
and reduced expression of β-catenin were also found 
in HBX-positive and LASP1-inhibited hepatoma cells. 
These results suggested that LASP1 facilitated vimentin 
expression to promote EMT in HBX-positive hepatoma 
cells. We also explored the correlation of LASP1 and 
vimentin expression in HBV-related HCC tissues. Con-
sistent with our published reports, compared with adja-
cent tissues, the expression of LASP1 was increased 
in HBV-related HCC tissues (Fig.  3f ). Moreover, a sig-
nificant correlation of LASP1 and vimentin expression 
was found in HBV-related HCC tissues (Fig.  3g). Taken 
together, these results indicated that HBX could promote 
the expression of vimentin through LASP1 in hepatoma 
cells.

Multiple signal pathways are involved in the increase 
of vimentin induced by LASP1 in HBX‑positive hepatoma 
cells
Next, we explored the mechanisms associated with the 
increase of vimentin mediated by LASP1 in HBX-positive 
hepatoma cells. Current reports showed that vimentin 
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expression is mainly mediated by PI3-K [29], ERK [30], 
STAT3 [31], and NF-κB pathways in different cells [32]. 
We first examined whether HBX was able to promote 
vimentin expression via these pathways. The results 
showed that HBX could activate PI3-K, ERK, STAT3, and 
NF-κB pathways in hepatoma cells. When the cells were 
treated with the inhibitors of PI3-K, ERK, STAT3 path-
ways, the activities of AKT (a molecule in the PI3-K path-
way), ERK, and STAT3 induced by HBX were abolished 

(Fig.  4a). Meanwhile, the vimentin expression was also 
suppressed. However, the expression of vimentin was 
unchanged in the cells treated with NF-κB pathway 
inhibitors. These results suggested that PI3-K, ERK, and 
STAT3 pathways contributed to the expression of vimen-
tin in HBX-positive hepatoma cells.

Current studies showed that LASP1 could activate 
multiple pathway signals including PI3-K [20], ERK, 
and Smad2 pathways [21]. We investigated whether 

Fig. 2 HBX promotes the growth and migration of hepatoma cells through vimentin. a The effect of inhibition of vimentin expression using shRNA 
on the proliferation of HBX-positive hepatoma cells detected with CCK-8 assays. b The effect of inhibition of vimentin expression via shRNA on the 
proliferation of HBX-positive hepatoma cells assessed with plate clone formation assays. c The role of vimentin in the proliferation of hepatoma 
cells mediated by HBX in nude mice. d The effect of inhibition of vimentin expression via shRNA on the migration of HBX-positive hepatoma 
cells detected with transwell assays. e The effect of inhibition of vimentin expression using shRNA on the migration of HBX-positive hepatoma 
cells examined with wound healing assays. Mock: cells transfected with control plasmid. HBX: cells transfected with HBX plasmid. HBX-shCON: 
HBX-positive cells transfected with shRNA control plasmid. HBX-shVIM: HBX-positive cells transfected with shRNA plasmid targeting vimentin. In a, 
*P < 0.05, the Mock group compared with the HBX group; #P < 0.05, the HBX-shCON group compared with the HBX-shVIM group
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Fig. 3 The effect of LASP1 on vimentin expression mediated by HBX in hepatoma cells. a The role of over-expressed LASP1 on the expressions of 
EMT markers, including vimentin, E-cadherin, and β-catenin in hepatoma cells. b The effect of HBX on the expression of LASP1 in hepatoma cells. 
c The inhibition of vimentin on the expression of LASP1 in HBX-positive hepatoma cells. d The inhibition of LASP1 mediated by specific shRNA in 
HBX-positive hepatoma cells. e The inhibition of LASP1 on the expression of vimentin, E-cadherin, and β-catenin in HBX-positive hepatoma cells. 
f The expression of LASP1 in HBV-related HCC tissues and associated adjacent tissues (× 400). g The correlation of LASP1 and vimentin protein 
expression in HBV-related HCC tissues (× 400). Flag-Mock: cells transfected with control expression plasmid with Flag tags. Flag-LASP1: cells 
transfected with LASP1 expression plasmid with Flag tags. Mock: cells transfected with control plasmid. HBX: cells transfected with HBX plasmid. 
shCON: cells transfected with shRNA control plasmid. shVIM: cells transfected with shRNA plasmid targeting vimentin. HBX-shCON: HBX-positive 
cells transfected with shRNA control plasmid. HBX-shLASP1: HBX-positive cells transfected with shRNA plasmid targeting LASP1. *P < 0.05
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LASP1 could enhance vimentin expression via the 
signal pathways as mentioned above, and the results 
showed that over-expressed LASP1 could promote the 

activation of PI3-K, ERK, STAT3 pathways in hepatoma 
cells (Fig.  4b). Furthermore, after HBX-positive cells 
treated with LASP1 shRNA, the activation of PI3-K, 

Fig. 4 The signal pathways involved in the regulation of vimentin expression mediated by LASP1 in HBX-positive hepatoma cells. a The inhibition of 
PI3-K, ERK, STAT3, and NF-kB pathways on vimentin expression in HBX-positive hepatoma cells. b The effect of over-expressed LASP1 on activation 
of PI3-K, ERK, and STAT3 pathways in HBX-positive hepatoma cells. c The inhibition of LASP1 on activation of PI3-K, ERK, and STAT3 pathways and 
the expression of vimentin in HBX-positive hepatoma cells. Mock: cells transfected with control plasmid. HBX: cells transfected with HBX plasmid. 
Flag-Mock: cells transfected with control expression plasmid with Flag tags. Flag-LASP1: cells transfected with LASP1 expression plasmid with Flag 
tags. HBX-shCON: HBX-positive cells transfected with shRNA control plasmid. HBX-shLASP1: HBX-positive cells transfected with shRNA plasmid 
targeting LASP1
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ERK, STAT3 were suppressed. Meanwhile, vimentin 
expression was also decreased (Fig.  4c). Overall, these 
findings indicated that the activation of PI3-K, ERK, 
and STAT3 pathways mediated by LASP1 was respon-
sible for vimentin protein expression in HBX-positive 
hepatoma cells.

HBX is capable of interacting with LASP1 and vimentin 
in hepatoma cells
Several studies have shown that HBX could mediate the 
dysfunction of hepatoma cells by interacting with dif-
ferent target proteins [33, 34]. We investigated whether 
HBX could interact with LASP1 and vimentin. As pre-
dicted, based on the Co-IP assay, we found that HBX 
could directly interact with LASP1 and vimentin (Fig. 5a). 
The prokaryotic expression plasmids of HBX, LASP1, 
and vimentin with different Tags were also constructed 
(Fig. 5b). Using GST-pull down assay, the interaction of 
HBX with LASP1 and vimentin in  vitro was measured, 
and the results showed that HBX could directly interact 
with LASP1 and vimentin in vitro (Fig. 5c). In addition, 
consistent with the report from Salvi et al. [25], the inter-
action of LASP1 and vimentin was also found. Besides 
these, the co-location of HBX, LASP1, and vimentin was 
also found in hepatoma cells based on immunofluores-
cence assay (Fig. 5d).

To further characterize the region of HBX that is 
involved in the interaction with the regions of LASP1 
and vimentin, three deletion mutants of the HBX, namely 
HBX-1 (1–120 aa, a C-terminal deletion mutant of HBX), 
HBX-2 (51–120 aa, a double-terminal deletion mutant 
of HBX), and HBX-3 (51–154 aa, an N terminal dele-
tion mutant of HBX) was constructed based on domain 
distribution as mentioned previously [24] and Fig. 5e, f. 
Furthermore, based on the domain or region distribution 
in LASP1 and vimentin protein as described in UniProt 
database [35] and Fig. 5e, three deletion mutants of the 
LASP1, namely LASP1-1 (1–202 aa, a C-terminal dele-
tion mutant of LASP1), LASP1-2 (57–202 aa, a dou-
ble-terminal deletion mutant of LASP1), and LASP1-3 
(57–261 aa, an N terminal deletion mutant of LASP1), 
and three deletion mutants of the vimentin, namely 
vimentin-1 (1–407 aa, a C-terminal deletion mutant of 

vimentin), vimentin-2 (96–407 aa, a double-terminal 
deletion mutant of vimentin), and vimentin-3 (96–466 
aa, an N terminal deletion mutant of vimentin), were 
also constructed (Fig. 5e, f ). The plasmids with different 
HBX, LASP1, and vimentin mutants were co-transfected 
into HEK293T cells, and the Co-IP results showed that 
the HBX-1 mutant could interact with LASP1, and the 
result suggested that the N-terminal of HBX, which had 
the OD domain, was responsible for the interacting with 
LASP1. HBX-1, HBX-2, and HBX-3 mutants could bind 
to vimentin, indicating the middle region of HBX pro-
tein, which had the MT domain, could bind with vimen-
tin. Only the LASP1-3 mutant was capable of interacting 
with HBX, suggesting the C-terminal of LASP1 protein 
with the SH3 domain could interact with HBX. In addi-
tion, vimentin-1, vimentin-2, and vimentin-3 could bind 
to HBX, and these results indicated that the middle 
region of vimentin protein with multiple different regions 
could bind with HBX (Fig. 5g).

LASP1 contributes to the stability of vimentin protein 
mediated by HBX in hepatoma cells
The ubiquitin–proteasome system (UPS) has been veri-
fied to play an essential role in regulating the stability of 
target proteins [36]. Since current studies have shown 
that HBX could significantly influence the stability of tar-
get proteins, which could bind to the viral protein, by reg-
ulating the UPS [37], we speculated that the degradation 
of vimentin by the UPS may be influenced by HBX. The 
stability of vimentin was determined after the hepatoma 
cells were treated with a protein synthesis inhibitor CHX. 
We found that HBX significantly increased the half-life of 
vimentin (Fig. 6a). In addition, the expression of vimen-
tin was examined in hepatoma cells after treatment with 
a proteasome inhibitor MG132. The results showed that 
HBX has the capability of increasing the stability level 
of vimentin (Fig.  6a). Furthermore, HBX could reduce 
the ubiquitination level of vimentin in hepatoma cells 
(Fig.  6b). Because HBX also interacted with LASP1, we 
also investigated the effect of HBX on LASP1 stability in 
hepatoma cells in the present study. We found that HBX 
also could promote the stability of LASP1 and reduce 
the ubiquitination of LASP1 (Fig.  6c, d). As mentioned 

Fig. 5 The interaction of HBX with LASP1 and vimentin and HBX promotes vimentin stability through LASP1 in hepatoma cells. a The interaction of 
HBX with LASP1 and vimentin measured by Co-IP assays in hepatoma cells. b The prokaryotic expressions of HBX with GST Tag, LASP1 with GST Tag, 
vimentin with His Tag, LASP1 with His Tag detected by western blot. c The interaction of HBX with LASP1 and vimentin measured by GST-pull down 
assays. d The colocalizations of HBX, LASP1, and vimentin in hepatoma cells were detected immunofluorescence assay (× 400). e The schematic 
diagram of three HBX mutants, LASP1 mutants, and vimentin mutants. The domain and region distribution in LASP1 and vimentin protein were as 
the description in the UniProt database. f The protein expressions of HBX and associated mutants with HA Tag, LASP1 and associated mutants with 
Flag Tag, vimentin and associated mutants with HA Tag, in HEK293T cells detected by western blot. g The interaction of HBX and associated mutants 
with LASP1, vimentin and associated with mutant in 293 T cells detected by Co-IP assay. VIM vimentin

(See figure on next page.)
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above, HBX could promote the expression of vimentin 
via LASP1, we next examined whether HBX could facili-
tate the stability of vimentin and inhibit the ubiquitina-
tion of vimentin through LASP1. As expected, the results 

showed that the stability level of vimentin was decreased, 
and the ubiquitination level of vimentin was enhanced, 
when HBX-positive hepatoma cells were incubated with 
LASP1 shRNA (Fig. 6e, f ). Taken together, these results 
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suggested that HBX could interact with vimentin and 
LASP1, and protect vimentin from ubiquitination and 
degradation via LASP1 in hepatoma cells.

Vimentin is associated with the increased proliferation 
and migration induced by LASP1 in HBX‑positive 
hepatoma cells
We previously demonstrated that HBX could pro-
mote the proliferation and migration of hepatoma cells 

Fig. 6 HBX enhances the stability of vimentin via LASP1. a HBX promoted vimentin stability in hepatoma cells. b HBX inhibited vimentin 
ubiquitination in hepatoma cells. c HBX promoted LASP1 stability in hepatoma cells. d HBX inhibited LASP1 ubiquitination in hepatoma cells. e HBX 
promoted vimentin stability through LASP1 in hepatoma cells. f HBX inhibited vimentin ubiquitination through LASP1 in hepatoma cells. Mock: 
cells transfected with control plasmid. HBX: cells transfected with HBX plasmid. HBX-shCON: HBX-positive cells transfected with shRNA control 
plasmid. HBX-shLASP1: HBX-positive cells transfected with shRNA plasmid targeting LASP1. *P < 0.05, HepG2-Mock compared to HepG2-HBX, 
or HepG2-HBX-shCON compared to HepG2-HBX-shLASP1; #P < 0.05, Huh7-Mock compared to Huh7-HBX, or Huh7-HBX-shCON compared to 
Huh7-HBX-shLASP1
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via LASP1 [23]. In this study, we were interested in 
measuring whether vimentin was involved in the cel-
lular proliferation and migration mediated by LASP1 
in HBX-positive cells. Consistent with our published 
researches, the results of cell viability and plate clonal 
formation assays showed that, after inhibition of LASP1 
by shRNA, the HBX-positive cells exhibited lower 
proliferation efficiency than control cells (Fig.  7a, b). 
However, when the HBX-positive cells with decreased 
LASP1 were treated with vimentin expression vectors, 
the cellular proliferation ratio was increased.

Transwell and wound healing assays were next uti-
lized to investigate the effect of vimentin in cell migra-
tion mediated by LASP1 in HBX-positive hepatoma 
cells. We found that LASP1 inhibition could reduce 
the migration ability of HBX-positive hepatoma cells. 
When HBX-positive cells with decreased LASP1 were 
treated with vimentin expression vectors, the migra-
tion capability of hepatoma cells was enhanced (Fig. 7c, 
d). Together, these results indicate that vimentin was 
involved in the proliferation and migration mediated by 
LASP1in HBX-positive hepatoma cells.

Fig. 7 LASP1 enhances proliferation and migration of HBX-positive hepatoma cells via vimentin. a The effect of vimentin on the proliferation of 
HBX-positive hepatoma cells mediated by LASP1 was detected with CCK-8 assays. b The effect of vimentin on the proliferation of HBX-positive 
hepatoma cells mediated by LASP1 was assessed with plate clone formation assays. c The effect of vimentin on the migration of HBX-positive 
hepatoma cells mediated by LASP1 was detected with transwell assays. d The effect of vimentin on the migration of HBX-positive hepatoma cells 
mediated by LASP1 was assessed with wound healing assays. Mock: cells transfected with control plasmid. HBX: cells transfected with HBX plasmid. 
HBX-shCON: HBX-positive cells transfected with shRNA control plasmid. HBX-shLASP1: HBX-positive cells transfected with shRNA plasmid targeting 
LASP1. HBX-shLASP1 + NC: HBX-positive with shRNA plasmid targeting LASP1 cells transfected with control expression plasmids of vimentin. 
HBX-shLASP1 + NC: HBX-positive with shRNA plasmids targeting LASP1 cells transfected with vimentin expression plasmids. *P < 0.05, the Mock 
group compared with the HBX group; #P < 0.05, the HBX-shCON group compared with the HBX-shLASP1 group. &P < 0.05, the HBX-shCON + NC 
group compared with the HBX-shLASP1 + VIM group
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Discussion
Current studies have shown that EMT is involved in the 
hepatocarcinogenesis mediated by HBX [8–10]. As a 
mesenchymal marker, vimentin is essential for EMT [17]. 
However, the role and molecular mechanisms related to 
vimentin mediated by HBX are still unclear. In the pre-
sent study, we demonstrated that HBX could facilitate 
vimentin expression via LASP1 to promote EMT, prolif-
eration, and migration of hepatoma cells. Furthermore, 
different molecular mechanisms were involved in the 
expression of vimentin mediated by LASP1 in HBX-pos-
itive hepatoma cells (Fig. 8), and these findings may help 
us better understand the molecular mechanism of tumo-
rigenesis mediated by HBX during HBV infection.

As a cancer cofactor, HBX has been verified to exhibit 
a vital effect on EMT in HCC [10], and the early reports 

indicated that the viral protein could regulate the expres-
sions of two EMT markers, E-cadherin and β-catenin 
with different molecular mechanisms [11]. Vimentin 
also was involved in the EMT process mediated by HBX, 
while the associated molecular function and mecha-
nisms have not been well clarified. In the present study, 
we found that vimentin could mediate the expressions 
of E-cadherin and β-catenin in HBX-positive hepatoma 
cells, and facilitate the growth and migration of hepatoma 
cells, indicating that vimentin plays a very important role 
in EMT and hepatocarcinogenesis mediated by HBX.

LASP1 overexpression has been reported in HBV-
related HCC [22], and our previous works have indicated 
that HBX was responsible for the increase of this protein 
in liver cancer [23, 24]. However, the molecular mecha-
nism associated with the development of HCC mediated 
by LASP1 in HBV-related HCC is still not well illustrated. 

Fig. 8 A schematic diagram showing the mechanisms associated with the increase of vimentin induced by HBX to facilitate hepatocarcinogenesis. 
HBX promotes vimentin expression in hepatoma cells to facilitate epithelial-mesenchymal transition, proliferation and migration, which is 
responsible for hepatocarcinogenesis. In addition, HBX could enhance vimentin expression through LASP1. On the one hand, multiple signal 
pathways, including PI3-K, EKR, and STAT3 are involved in the upregulation of vimentin mediated by LASP1 in HBX-positive hepatoma cells. On the 
other hand, HBX directly interacts with vimentin and LASP1, and dependent on LASP1, HBX could promote vimentin stability via protecting it from 
ubiquitination mediated protein degradation
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Because current studies indicated that LASP1 had the 
capability of promoting EMT in glioma cells and colo-
rectal cancer cells [20, 21], and the interaction of LASP1 
and vimentin was also reported [25], in the present study, 
we were interested in examining whether LASP1 could 
induce EMT via vimentin in HCC mediated by HBX. Our 
results demonstrated that LASP1 was a pivotal modula-
tor of the molecular characteristics of EMT by regulating 
vimentin in HBX-positive hepatoma cells. Furthermore, 
we found that vimentin also participates in cellular pro-
liferation and migration mediated by LASP1 in HBX-
associated hepatoma cells. These results suggested that 
HBX could promote the development of HCC via LASP1 
to induce EMT that dependent on vimentin in hepatoma 
cells.

We also explored the molecular mechanisms associated 
with the upregulation of vimentin mediated by LASP1 in 
HBX-positive hepatoma cells. Previous researches show 
that multiple signal pathways, including PI3-K [29], ERK 
[30], and STAT3 [31], contribute to the expression of 
vimentin in different cells. However, whether these signal 
pathways are associated with the expressions of vimen-
tin mediated by LASP1 in HBX-positive hepatoma cells 
is unknown. Consistent with our reported works [27], 
we found that HBX could induce the activation of these 
signal pathways. Furthermore, our results showed that 
PI3-K, ERK, and STAT3 pathways were responsible for 
vimentin expression mediated by LASP1 in HBX-positive 
hepatoma cells.

Besides these, current studies indicated that HBX 
could interact with different target proteins to protect 
them from ubiquitination and degradation [33, 34]. In 
the present study, we identified that HBX could directly 
interact with LASP1 and vimentin. To determine which 
region of HBX is capable of interacting with LASP1 and 
vimentin, three different HBX mutants were constructed, 
and we discovered that the N terminal of HBX with the 
OD domain could interact with LASP1, and the middle 
region of HBX with MT domain can bind to vimentin. 
In addition, our results were consistent with the find-
ings from a previous study [25], which had shown the 
interaction of LASP1 and vimentin. Furthermore, our 
findings indicated that HBX could increase the levels of 
vimentin proteins by protecting it from ubiquitination 
mediated protein degradation. Besides, the effect of HBX 
on vimentin stability was dependent on the presence of 
LASP1 protein in hepatoma cells. Thus, these new find-
ings revealed that multiple molecular mechanisms are 
involved in the increase of vimentin mediated by HBX via 
LASP1.

Conclusion
In summary, the present study characterized the expres-
sion and associated molecular functions of vimentin 
mediated by HBX in HCC and identified LASP1 as a 
regular of vimentin protein expression in HBX-positive 
hepatoma cells. Mechanistically, LASP1 not only could 
promote multiple signal pathways to enhance vimentin 
expression but also bind to vimentin to increase its pro-
tein stability to facilitate the cellular proliferation and 
migration mediated by HBX. Therefore, our study pro-
vides a novel understanding of the role of vimentin and 
associated molecular mechanisms with LASP1 in HBX-
mediated hepatocarcinogenesis and may provide new 
therapeutic targets for HBV-related HCC treatment.
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