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Abstract: Hepatocellular carcinoma (HCC) is a common malignancy that is driven by multiple genes and pathways. The

aim of this study was to investigate the role and specific mechanism of the actin-interacting protein zyxin (ZYX) in HCC.

We found that the expression of ZYX was significantly higher in HCC tissues compared to that in normal liver tissues. In

addition, overexpression of ZYX in hepatoma cell lines (PLC/PRF/5, HCCLM3) enhanced their proliferation, migration

and invasion, whereas ZYX knockdown had the opposite effects (SK HEP-1, Huh-7). Furthermore, the change in the

expression levels of ZYX also altered that of proteins related to cell cycle, migration and invasion. Similar results were

obtained with xenograft models. The AKT/mTOR signaling pathway is one of the key mediators of cancer

development. While ZYX overexpression upregulated the levels of phosphorylated AKT/mTOR proteins, its

knockdown had the opposite effect. In addition, the AKT inhibitor MK2206 neutralized the pro-oncogenic effects of

ZYX on the HCC cells, whereas the AKT activator SC79 restored the proliferation, migration and invasion of HCC

cells with ZYX knockdown. Taken together, ZYX promotes the malignant progression of HCC by activating AKT/

mTOR signaling pathway, and is a potential therapeutic target in HCC.

Introduction

Liver cancer is one of the most common malignancies
worldwide, and ranks sixth in terms of incidence and third
in terms of mortality rate [1]. Hepatocellular carcinoma
(HCC) is the most common type of liver cancer. Despite
advances in radical surgery, targeted drugs, and
interventional therapy, the mortality rate of HCC remains
high due to frequent recurrence and metastasis. In addition,
the clinical symptoms of HCC are insidious in initial stages
and the disease progresses rapidly, which precludes early
diagnosis and treatment, resulting in poor prognosis [2,3].

The occurrence and development of HCC is a complex
biological process involving multiple mutations and
dysregulation of various genes. Nevertheless, the exact
molecular mechanisms underlying HCC progression remain
unclear [4]. Recent studies have shown that the actin-
interacting protein zyxin (ZYX), an LIM domain protein
that translocates between the cytoplasm and nucleus, is a
key oncogenic factor in glioblastoma and colorectal cancer
[5,6]. ZYX is a component of focal adhesions (FA) between
cells and the extracellular matrix, and is also involved in the
organization and regeneration of the cytoskeleton [7]. There
are no reports of its role in HCC so far. Therefore, our aim
was to analyze the expression and biological functions of
ZYX in HCC. We found that ZYX was significantly
upregulated in the HCC tissues compared to the normal
liver tissues, and enhanced the malignant potential of
hepatoma cells by activating the oncogenic AKT/mTOR
signaling pathway. Thus, ZYX is aberrantly expressed in
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HCC and promotes cancer progression via the AKT/mTOR
pathway.

Materials and Methods

Bioinformatics analysis
The microarray dataset GSE14520 consisting of 22 HCC and
21 normal liver tissues specimens was downloaded from the
Gene Expression Omnibus (GEO) database (http://www.
ncbi.nlm.nih.gov/geo/) on the National Center for
Biotechnology Information (NCBI) website. Expression
matrix was formed with the raw counts of each RNA of
each sample. The differentially expressed genes (DEGs)
between HCC and normal liver tissues were screened using
|log2FC| > 1 as the threshold. The expression level of the
DEGs was log2(*+1)-transformed for further analysis, and
the genes were visualized using heat maps and volcano
plots. StarBase V3.0 and GEPIA were used to analyze the
expression of zyx in HCC and normal liver tissues. The data
of Human Protein Atlas was used to compare the overall
survival of HCC patients demarcated on the basis of ZYX
expression.

Patients and specimens
Paired tumor and normal adjacent tissues were obtained from
17 HCC patients who underwent surgery at the Department of
Hepatobiliary Surgery, Affiliated Hospital of Southwest
Medical University. None of the patients had received
adjuvant therapy. The fresh tissues were cut into 1-mm 3
pieces and immediately rinsed with cold saline. One portion
of the tissues were snap-frozen in liquid nitrogen and stored
at −80°C for molecular analyses, and the remaining were
formalin-fixed and paraffin-embedded for in situ staining.
Final diagnosis was confirmed by two experts based on the
biopsy specimens. The patients provided written informed
consent to participate in this study. The experiments
involving human participants were reviewed and approved
by the Clinical Trial Ethics Committee of Affiliated Hospital
of Southwest Medical University (approval number:
KY2019053).

Cell culture
Human HCC cells, including BEL-7402, SK HEP-1, Huh7,
MHCC97H, HCCLM3 and PLC/PRF/5, and the normal
human liver cell line QSG-7701, were purchased from the
cell bank of the Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, China). The cell lines were
cultured in high-glucose DMEM (Catalog No. 12430054,
Gibco, Shanghai, China) supplemented with 10% fetal
bovine serum (FBS, Catalog No. ZQ500-A, Zhong Qiao Xin
Zhou Biotechnology, Shanghai, China) and 1% penicillin
and streptomycin (Catalog No. C0222, Beyotime, Shanghai
Bio, Shanghai, China). All cells were grown in a humidified
environment at 37°C under 5% CO2 and 95% air.

Lentiviral transduction
Short hairpin RNA (shRNA) targeting human ZYX (shZYX)
was purchased from Sangon Biotech (Shanghai, China) and
the sequences were as follows: shZYX-1:

5′-CTGGGTCACAACCAAATCAAA-3′ and shZYX-2: 5′-
CTTCCACATGAAGTGTTACAA-3′. A scrambled sequence
(shNC) was included as the negative control. To generate
lentiviruses, 293T cells were co-transfected with the shRNA
plasmids and packaging plasmids (pLP1, pLP2 and pLP/
VSVG). Cell supernatants were harvested 48 h later and
used to infect hepatoma cells. After 48 h of infection, the
medium was discarded and fresh medium supplemented
with puromycin (4 μg/ml) was added. The cells were
cultured for 48 h to screen for stable cell lines.

To construct the expression plasmid, the full sequence of
ZYX was amplified by PCR using the following primers:
forward 5′-acctccatagaagattctagaATG GCG GCC CCC CGC
CCG-3′ and reverse 5′-ttcgaattcgctagctctagaTCA GGT CTG
GGC TCT AGC AGT G-3′. The amplified ZYX sequence
was then cloned into the pCDH vector (PCDH-ZYX), which
was co-transfected into 293T cells along with the lentivirus
packaging plasmids. HCC cells were infected with the
lentivirus and stable clones were screened as described above.

Cell viability assay
Cells were seeded in 96-well plates at the density of 2000 cells
per well in 100 µL culture medium. After culturing the cells for
24, 48, 72 and 96 h, respectively, 10 µL Cell Counting Kit-8
reagent (CCK-8; Catalog No. C0038, Beyotime, Shanghai
Bio, Shanghai, China) was added to each well. The cells
were incubated for 2 h at 37°C, and the absorbance was
measured at 450 nm using a microplate reader. In another
experiment, the cells were respectively treated with
2.5 µg/mL MK2206 (Catalog No. SF2712-10 mM, Beyotime,
Shanghai Bio, Shanghai, China) or 5 µg/mL SC79 (Catalog
No. SF2730-10 mM, Beyotime, Shanghai Bio, Shanghai,
China), and the viability was calculated as above.

EdU staining
Cell proliferation was evaluated using the ClickTM EdU-555
Cell Proliferation Kit (Catalog No. C0075S, Beyotime,
Shanghai Bio, Shanghai, China). Briefly, the cells were seeded
in 6-well plates and cultured till 70% confluence. After
discarding the medium, 2 mL complete medium containing
10 μM EdU was added, and the cells were incubated for 2 h.
The cells were washed thrice with PBS, fixed with 4%
formaldehyde for 15 min at room temperature, washed again
as described, and permeabilized with 0.3% Triton X-100 for
15 min. After three more washes with PBS, the cells were
incubated with Click Additive Solution for 30 min, and the
nuclei were counterstained with Hoechst-33342.

Cell cycle and apoptosis assay
The suitably treated PLC/PRF/5 and SK HEP-1 cells were
harvested, washed with PBS, and the cell count was adjusted
to 1 × 105. After fixing overnight in 70% ethanol at 4°C, the
samples were incubated with 10 mg/mL RNase and
1 mg/mL propidium iodide (Catalog No. C1052, Beyotime,
Shanghai Bio, Shanghai, China) at 37°C for 30 min in the
dark. The cell cycle distribution was determined on the basis
of DNA content through flow cytometry (BD Biosciences).
Apoptosis was evaluated using the Annexin V-FITC/PI
Apoptosis Detection Kit (Catalog No. 40302ES20, YEASEN,
Shanghai, China). Briefly, the PLC/PRF/5 and SK HEP-1
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cells were digested with EDTA-free trypsin and collected in
1.5 mL EP tubes, washed with cold PBS, and centrifuged at
300 g for 5 min at 4°C. The cells were resuspended in

100 μL Binding Buffer for 5 min, and then stained with 5
μL Annexin V-FITC and 10 μL PI Staining Solution at
room temperature for 10 min in the dark. The stained cells

FIGURE 1. ZYX is overexpressed in HCC tissue. (A) Volcano plot visualizing the all differentially expressed genes in GSE14520. (B) Heatmap
was used to show the unsupervised clustering of the top 300 up-regulated genes. (C) The result of analysis from GEPIA indicated that the
overexpression of ZYX in HCC samples (*p < 0.01). (D) The result of analysis on StarBase V3.0 revealed that the higher expression of
ZYX in HCC patients compared with that in normal (p = 2.70e-14). (E) The Human Protein Atlas suggests that HCC patients with low
ZYX have better the overall survival rate than the HCC patients with high ZYX. (F) ZYX is more expressed in cancer tissues of HCC
patients than in normal tissues. **p < 0.01 (N = 17). (G) H&E staining in cancer tissue and control tissues from HCC patients. (H)
Immunohistochemistry analysis of ZYX in cancer tissue and control tissues from HCC patients.
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were resuspended in 400 μL Binding Buffer and analyzed by
flow cytometry (BD Biosciences).

Colony formation assay
The cells were seeded in 6-well plates at the density of 1000
cells per well, and cultured at 37°C for 10 days. The
medium was discarded, and the colonies were washed with
PBS, fixed with 4% paraformaldehyde and stained with
crystal violet. The colonies were then photographed and
counted.

Scratch test
The cells were seeded in 6-well plates and cultured till 90%
confluence. The monolayer was evenly scratched with a

200 µL pipette tip, and rinsed with PBS to remove the
dislodged cells. Serum-free medium was added, and the
scratched area was photographed under a microscope at 0,
24 and 48 h to monitor cell migration.

Transwell assay
The migration of the suitably treated cells was tracked using
transwell inserts in 24-well plates (Corning, Shanghai,
China). The cells were resuspended in serum-free medium
and seeded in the upper chambers of the inserts at the
density of 5 × 104 cells/well, and the lower chamber were
filled with complete medium containing 10% FBS. After
24 h incubation, the unmigrated cells remaining in the
upper chamber were wiped off with a cotton swab, and

FIGURE 2. Construction of human hepatoma cell lines with stable overexpression or knockdown of ZYX. (A) ZYX protein levels in different
human HCC cell lines (N = 3). (B) mRNA levels of zyx in different human HCC cell lines (N = 3). (C) PLC/PRF/5 and HCCLM3 cells was
transfected with PCDH-ZYX plasmid, and Vector was used as a control. ZYX was detected using western blot (N = 3). (D) The zyx
was detected using qRT-PCR (N = 3). (E) SK HEP-1 and Huh7 cells were transfected with shZYX-1 or shZYX-2 sequences, and shNC
was used as a control. ZYX was detected using western blot (N = 3). (F) The zyx was detected using qRT-PCR. Data are the mean of three
experiments (mean ± SD) (N = 3). NS p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.
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migrated cells on the underside of the filter were fixed with 4%
paraformaldehyde and stained with crystal violet. The number
of migrated cells were then counted under a microscope. For
the invasion assay, membranes were coated with Matrigel (BD
Biosciences, Shanghai, China) and the other steps were the
same as in the migration assay.

Tumor xenografts
Ten 4-weeks-old male BALB/c nude mice were purchased from
Chongqing Tengxin Biotechnology Company (Chongqing,
China) and housed in a temperature and humidity-controlled
laboratory animal room. The mice were randomly divided
into the control and ZYX-knockdown groups, and
respectively injected subcutaneously with 5 × 105 SK HEP-1-
shNC or SK HEP-1-shZYX-2 cells in 0.1 mL serum-free into
the right axilla. The mice were euthanized after 24 days, and
the tumors were removed and weighed. The length and
width of the tumors were measured, and the volume was
calculated as length × (width) 2/2. Part of the tumor tissues
from each group were fixed in 4% paraformaldehyde for
staining, and the remaining were used for protein extraction.
Animal experiments were reviewed and approved by the
Southwest Medical University Laboratory Animal Ethics
Committee (approval number: 20211119-062).

Quantitative real-time PCR (qRT-PCR)
Total RNA was extracted from hepatoma cells using RNA-easy
Isolation Reagent (Catalog No. R701-01, Vazyme, Nanjing,
Jiangsu, China) according to the manufacturer’s instructions,
and reverse transcribed using Master Mix (Cat. Q712-02,
Vazyme, Nanjing, Jiangsu, China). The reaction mix for
qRT-PCR included 2 µL sample cDNA, 0.4 µL each forward
and reverse primers, 7.2 µL enzyme-free water and 10 µL
Taq Pro Universal SYBR qPCR Master Mix in a total
volume of 20 µl. The expression of each gene was
normalized to β-actin expression. The primer sequences were
as follows: zyx forward 5′-TCTCCCGCGATCTCCGTTT-3′
and reverse 5′-CCGGAAGGGATTCACTTTGGG-3′; β-actin
forward 5′-ATCGTGCGTGACATTAAGGAGAAG-3′ and
reverse 5′-AGGAAGGAAGGCTGGAAGAGTG-3′.

Western blotting
The tissues and cells were homogenized using RIPA lysis
buffer (Catalog No. P0013B, Beyotime, Shanghai, China)
supplemented with protease inhibitors (Catalog No. P1005,
Beyotime, Shanghai, China) and phosphoprotease inhibitors
(Catalog No. P1081, Beyotime, Shanghai, China). The
samples were placed on ice for 1 h with intermittent mixing.
The lysates were centrifuged at 13000 rpm for 10 min at

FIGURE 3. ZYX affects HCC cell proliferation and colony forming in vitro. (A) Effects of ZYX overexpression or knockdown on proliferation
rate by HCC cells (N = 3). (B) Edu staining showed the effect of ZYX overexpression or knockdown on proliferation by HCC cells. (C) Effects
of ZYX overexpression in PLC/PRF/5 and HCCLM3 on colony formation by HCC cells (N = 3). (D) Effects of ZYX knockdown in SK HEP-1
on colony formation by HCC cells (N = 3). Data are the mean of three experiments (mean ± SD). **p < 0.01, ***p < 0.001.
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4°C, and the protein content in the supernatants was
measured using a BCA protein assay kit (Catalog No.
P0012, Beyotime, Shanghai, China). Equal amounts of
protein per sample were separated by 10% SDS-PAGE and
transferred to polyvinylidene fluoride (PVDF) membranes.
After blocking with 5% non-fat milk in Tris-buffered saline
containing Tween 20 (TBST) for 1 h, the membranes were
washed thrice with TBST and incubated overnight with
primary antibodies at 4°C. The following day, the
membranes were washed thrice with TBST for 10 min each
time, incubated with the secondary antibody for 1 h at room
temperature, and washed thrice with TBST again. The
positive bands were developed using an enhanced
chemiluminescence detection system (Catalog No. P0018FS,
Beyotime, Shanghai, China).

Hematoxylin–eosin (HE) and immunohistochemistry (IHC)
staining
The paraffin-embedded tissues were cut into 5 µm-thick slices,
dewaxed in xylene, and rehydrated with graded alcohol
(100%, 100%, 95%, 80% and 70%). HE staining was
performed using a commercial kit (Catalog No. C0105,
Beyotime, Shanghai, China).

For IHC, the cleared and rehydrated sections were heated
in 0.01M citrate buffer (pH 6) for 20 min in the microwave for

antigen retrieval, and then treated with 3% hydrogen peroxide
for 10 min to quench peroxidase activity. The sections were
incubated overnight with primary antibodies specific for
ZYX (1:100), MMP-2 (1:200), and Ki-67 (1:2000) at 4°C.
The secondary antibody was added the following day, and
the slides were incubated at room temperature for 1 h. After
washing with PBS, the sections were stained with
diaminobenzidine and then counterstained with
hematoxylin. The stained sections were dehydrated and
sealed, and observed under a microscope (Olympus,
Chengdu, Sichuan, China).

Statistical analysis
Data were expressed as mean ± standard deviation of three
independent experiments. Inter-group differences were
assessed for significance using the two-tailed Student’s t test,
and p < 0.05 was considered statistically significant.

Results

ZYX is overexpressed in HCC tissue
Analysis of the GSE14520 dataset revealed that 710 genes were
significantly up-regulated and 896 genes were down-regulated
in HCC tissues compared to normal liver tissues (Fig. 1A).

FIGURE 4. ZYX affects the expression of proliferation and cell cycle related proteins in hepatoma cells and HCC cell colony formation in vitro.
(A) Cell cycle analysis of using flow cytometry after ZYX overexpression or knockdown in HCC cells (N = 3). (B) Cell apoptosis analysis of
using flow cytometry after ZYX overexpression or knockdown in HCC cells (N = 3). (C) ZYX overexpression up-regulated PCNA, Cyclin D1,
CDK2, CDK4, Bcl-2 and BAX (N = 3). (D) ZYX knockdown down-regulated PCNA, Cyclin D1, CDK2, CDK4, Bcl-2 and BAX (N = 3). Data
are the mean of three experiments (mean ± SD). NS p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.
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Furthermore, ZYX was one of the most significantly up-
regulated genes in HCC (Fig. 1B), which was also confirmed
by StarBase V3.0 and GEPIA (Figs. 1C and 1D). According
to the overall survival data from the Human Protein Atlas,
HCC patients with low ZYX expression had better prognosis
compared to those with high ZYX expression (Fig. 1E). To
confirm these findings, we analyzed paired tumor and
adjacent normal tissue samples from 17 patients with
pathologically diagnosed HCC. As shown in Fig. 1F, ZYX
protein level was markedly higher in the HCC tissues
compared to the normal liver tissues. In situ staining of the
tissues clearly differentiated the pathological features of
HCC from normal liver parenchyma (Fig. 1G), and also
confirmed the higher expression of ZYX in the former
(Fig. 1H).

Construction of human hepatoma cell lines with stable
overexpression or knockdown of ZYX
Compared to normal human hepatocytes, ZYX protein was
upregulated in hepatoma cell lines including BEL-7402, SK
HEP-1, and MHCC97H, but was expressed at lower levels
in the HCCLM3 and PLC/PRF/5 cells (Fig. 2A). Similar
results were obtained with qRT-PCR (Fig. 2B). Therefore,
we constructed stable PLC/PRF/5 and HCCLM3 lines
overexpressing ZYX (Figs. 2C and 2D), and SK HEP-1 and

Huh7 cell lines with ZYX knockdown (Figs. 2E and 2F).
The overexpression and knockdown of ZYX in the
respective cell lines were confirmed by qRT-PCR and
western blotting.

ZYX promoted HCC cell proliferation and cell cycle transition
in vitro
ZYX overexpression significantly increased the viability of
HCC cells compared to that of the control group, whereas
knocking down ZYX had the opposite effect (Fig. 3A). In
addition, EdU incorporation assay showed that HCC cells
overexpressing ZYX had higher proliferation rates compared
to the control, whereas ZYX knockdown slowed
proliferation (Fig. 3B). Likewise, high ZYX expression
significantly increased the colony forming capacity of HCC
cells, while inhibition of ZYX decreased the number and
size of colonies (Figs. 3C and 3D). Consistent with this, the
proportion of HCC cells entering the S phase increased with
ZYX overexpression, whereas silencing ZYX significantly
decreased the proportion of proliferative cells in the S phase
(Fig. 4A). This indicated that ZYX promotes the
proliferation of HCC cells by accelerating progression
through the cell cycle. Interestingly, overexpression of ZYX
did not seem to have a significant effect on the apoptosis
rates of HCC cells, although the proportion of both

FIGURE 5. ZYX accelerated migration and invasion of HCC cells in vitro. (A) Scratch test to detect the cell movement of PLC/PRF/5 and
HCCLM3 when ZYX was overexpressed (N = 3). (B) Scratch test to detect the cell movement of SK HEP-1 and Huh-7 cells when ZYX was
inhibited (N = 3). (C) Transwell experiment to detect the migration and invasion of PLC/PRF/5 cells and HCCLM3 cells under the high ZYX
(N = 3). (D) Transwell experiment to detects the migration and invasion of SK HEP-1 cells and Huh-7 cells under the low ZYX. Data are the
mean of three experiments (mean ± SD) (N = 3). Data are the mean of three experiments (mean ± SD). NS p > 0.05, *p < 0.05, **p < 0.01, ***p <
0.001.
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apoptotic and necrotic cells increased significantly after ZYX
knockdown (Fig. 4B). At the molecular level ZYX increased,
the expression of proteins related to cell proliferation and
cell cycle such as Proliferating Cell Nuclear Antigen
(PCNA), cyclin D1, cyclin-dependent kinase 2 (CDK2) and
CDK4, but did not alter the expression of the anti-apoptosis
protein Bcl-2 and pro-apoptosis protein BAX significantly
(Fig. 4C). On the other hand, knockdown of ZYX inhibited
the cyclin proteins downregulated Bcl-2 and upregulated
BAX (Fig. 4D).

ZYX accelerated migration and invasion of HCC cells in vitro
The effect of ZYX on the migratory and invasive abilities of
HCC cells were evaluated by the wound healing and

transwell assays. In the scratch test, HCC cells
overexpressing ZYX resulted in faster healing of the wound
area (Fig. 5A), indicating enhanced cell migration. On the
other hand, ZYX knockdown significantly slowed the wound
healing rate (Fig. 5B). In the transwell experiments, ZYX-
overexpressing HCC cells showed stronger migratory and
invasive abilities (Fig. 5C), while knocking down ZYX
significantly attenuated both migration and invasion rates
compared to that of control cells (Fig. 5D). Furthermore,
high levels of ZYX significantly increased the expression of
mesenchymal proteins such as Vimentin, MMP-9, MMP-2
and Snail, and decreased that of the epithelial marker E-
cadherin. ZYX silencing led to opposite trends in the
expression levels of the above proteins (Fig. 6). Based on

FIGURE 6. ZYX affects the expression of migration and invasion related proteins in hepatoma cells. (A, B) ZYX overexpression up-regulated
the expressions of E-cadherin, Vimentin, Snail, MMP-9 andMMP-2 (N = 3). (C, D) ZYX expression inhibition down-regulated the expressions
of E-cadherin, Vimentin, Snail, MMP-9 and MMP-2 (N = 3). Data are the mean of three experiments (mean ± SD). *p < 0.05, **p < 0.01, ***p <
0.001.
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these findings, we concluded that ZYX promotes the
migration and invasion of HCC cells by promoting the
epithelial-mesenchymal transition (EMT).

ZYX regulated the AKT/mTOR signaling pathway in hepatoma
cells
The AKT/mTOR signaling axis is an important regulatory
pathway in the initiation and development of HCC. As
expected, ZYX overexpression significantly upregulated the
levels of phosphorylated AKT and mTOR in HCC cells,
whereas ZYX silencing had the opposite effect. However, the
levels of total AKT and mTOR did not change significantly
(Fig. 7A). To determine whether the oncogenic effects of
ZYX are mediated by the AKT/mTOR pathway, we treated
the ZYX-overexpressing and ZYX-knockdown cells with the
AKT inhibitor MK2206 and the AKT activator SC79
respectively. While MK2206 significantly decreased the
proliferation rates of HCC cells overexpressing ZYX, SC79
enhanced the proliferative capacity of HCC cells with ZYX
knockdown (Fig. 7B). Furthermore, MK2206 also reduced
the migration and invasion rates of ZYX-overexpressing
HCC cells, whereas SC79 restored these properties in the

ZYX-silenced HCC cells (Fig. 7C). Finally, MK2206 and
SC79 respectively decreased and increased p-AKT/mTOR
levels, and similarly altered the expression of E-cadherin
and CDK2 proteins (Fig. 7D).

ZYX promoted the growth of HCC xenograft in vivo
The in vitro findings were further validated by establishing
HCC xenografts in mouse models. The HCC cells with ZYX
knockdown formed significantly smaller tumors with lower
growth rate compared to the tumors derived from control
cells (Fig. 8A). In contrast, overexpression of ZYX
accelerated tumor growth in vivo (Fig. 8B). Furthermore,
immunostaining of the tumor tissues showed lower
expression of Ki-67 and MMP-2 in the shZYX group
compared to that in the control group, as opposed to
increased expression in the PCDH-ZYX group (Fig. 8C).
Likewise, compared to the control group, cyclin D1, CDK2,
MMP-2, p-AKT and p-mTOR protein levels were
significantly decreased in the shZYX tumors, and showed an
increase in ZYX-overexpressing tumors (Fig. 8D). Taken
together, ZYX promoted the growth of HCC xenograft in
vivo by enhancing proliferation of the tumor cells.

FIGURE 7. ZYX regulated the AKT/mTOR signaling pathway in hepatoma cells. (A) Overexpression of ZYX up-regulated the
phosphorylation levels of AKT and mTOR, but the contents of AKT and mTOR did not change significantly. Decreased ZYX inhibits the
phosphorylation of AKT and mTOR, and the content of AKT and mTOR has no significant change (N = 3). (B) AKT inhibitor MK2206
counteracted the promotion of PLC/PRF/5 proliferation caused by high ZYX, and AKT activator SC79 promoted Huh-7 cell proliferation
when ZYX decreased (N = 3). (C) AKT inhibitor MK2206 counteracted the promotion of PLC/PRF/5 migration and invasion caused by
high ZYX, and the AKT activator SC79 counteracted the inhibitory effect of Huh-7 migration and invasion caused by low ZYX. (D)
Effects of AKT inhibitor MK2206 and AKT activator SC79 on invasion, cyclin and the expressions of AKT/mTOR pathway-related
protein, respectively (N = 3). Data are the mean of three experiments (mean ± SD). NS p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.
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Discussion

HCC is a common malignancy characterized by high
morbidity and mortality rates, and poor prognosis. It is
often the sequel to hepatitis and liver cirrhosis, and is driven
by a complex network of genes [8,9]. Therefore, it is
imperative to explore the molecular mechanisms underlying
the progression of HCC in order to identify novel diagnostic
biomarkers and therapeutic targets. We found that ZYX
functions as an oncogene in HCC, and is up-regulated in
HCC tissues and correlates with poor prognosis.
Furthermore, forced expression of ZYX in HCC cells
enhanced their malignant potential, whereas its knockdown
had the opposite effects.

Cyclin [10–12] and CDKs [13–15] drive the cell cycle,
and are frequently dysregulated during cancer progression.

The transition from the G1 checkpoint to the S phase is
mediated by the CDK4-cyclin D and CDK2-cyclin E/A
complexes. The overexpression of ZYX significantly
increased the levels of PCNA, cyclin D1, CDK2 and CDK4
in the HCC cells, indicating that ZYX promotes the
proliferation of HCC cells by accelerating G1/S progression
[16–19]. This hypothesis was consistent with the higher
rates of EdU incorporation and colony formation seen in
the ZYX-overexpressing cells. In contrast, ZYX knockdown
had an inhibitory effect on the proliferative capacity of HCC
cells. Interestingly, high ZYX expression did not significantly
affect the apoptosis rates of HCC cells. On the other hand,
ZYX knockdown increased apoptosis and necrosis rates, and
reduced the Bcl-2/BAX ratio. We surmised that HCC cells
cannot sustain the rapid proliferation rates in the absence of
ZYX, resulting in apoptosis and necrosis. Thus, ZYX is an

FIGURE 8. ZYX affects the proliferation of HCC cells in vivo. (A) Decreased ZYX leads to slower tumor growth and lower tumorigenesis rate
in vivo (N = 5). (B) ZYX overexpression promotes tumor growth in vivo (N = 4). Data are the mean of multiple experiments (mean ± SD). *p <
0.05. (C) IHC analysis of Ki-67 andMMP-2 in tissue samples of xenograft model with ZYX interference. (D) IHC analysis of Ki-67 andMMP-2
in tissue samples of ZYX overexpressed xenograft model. (E) The expression of cycle-associated proteins and AKT/mTOR pathway-related
protein was changed with the abnormal expression of ZYX in vivo.
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effective therapeutic target in HCC, and its inhibition can
trigger apoptotic cell death. However, the mechanisms
underlying apoptosis and necrosis are highly complex, and
the same gene may not only promote but also inhibit
apoptosis [20]. Therefore, the exact role of ZYX in the
apoptosis of HCC cells requires further experimental
verification.

High ZYX expression also increased the migration and
invasion of HCC cells by regulating the EMT-related
proteins including E-cadherin, Vimentin and Snail [21–23],
as well as the extracellular proteins MMP-2 and MMP-9
[24–26]. Previous studies have established the key role of
EMT and the MMP family of proteins in cancer cell
migration, invasion and metastasis [27,28]. Consistent with
the in vitro results, ZYX overexpression enhanced the
tumorigenicity of HCC cells in vivo, thereby increasing the
growth rate and size of the xenografts. On the other hand,
inhibition of ZYX reduced the tumorigenicity and growth
rate of HCC cells. Based on these findings, we surmised that
ZYX is an oncogene and a promising therapeutic target in
HCC.

Several studies have shown that ZYX is upregulated in
various cancers, including glioblastoma multiforme [29],
colorectal cancer [30], oral squamous cell carcinoma [31]
and melanoma [32]. ZYX promotes the development of
stable FA from early focal complexes (FX) that consist of
integrin and focal adhesion kinase (FAK) [33]. The
formation of FA mediates cell adhesion to the extracellular
matrix, and modulates integrin-mediated signaling pathways
related to cell motility, migration, invasion, survival,
immunosuppression and apoptosis [34]. Furthermore, ZYX
may regulate key cancer-related signaling pathways [35],
such as the Hippo [36,37] and the Jun signaling pathways
[30]. The AKT/mTOR pathway regulates cellular glucose
metabolism, growth and reproduction [38], and is a
recognized oncogenic driver [39] which mediates metabolic
imbalance and cell cycle progression to enhance the survival
and growth of cancer cells [40,41]. In addition, activation of
AKT/mTOR signaling pathway inhibits apoptosis of
cardiomyocytes [42]. We found that ZYX overexpression
activated the AKT/mTOR pathway, whereas its knockdown
inhibited the same. Furthermore, the AKT inhibitor
MK2206 and activator SC79 respectively counteracted the
effects of ZYX overexpression and ZYX knockdown on the
proliferation, migration, and invasiveness of HCC cells.

Taken together, our findings indicate that ZYX promotes
HCC progression by activating the AKT/mTOR signaling
pathway. In fact, this is the first study to show a relationship
between ZYX and the AKT/mTOR signaling pathway in
HCC. However, although we detected changes in the levels
of phosphorylated AKT and mTOR, we did not analyze
whether ZYX directly phosphorylates AKT/mTOR, or
activates the pathway through other mechanisms. Our study
provides new ideas and possibilities for the treatment of
HCC. However, our research is still far from clinical
application, and more and deeper mechanism research and
clinical application research are needed. In conclusion, our
findings provide new insights into the molecular
mechanisms driving HCC progression, and establish ZYX as
a novel prognostic biomarker and therapeutic target for HCC.

Conclusion

In this study, we aimed to investigate the carcinogenic effect of
ZYX on human HCC. We found that ZYX is highly expressed
in human HCC tissues, which mainly promotes the
phosphorylation and activation of AKT/mTOR signaling
pathway, regulates the expression of downstream related
proteins, and thus plays a role in promoting the proliferation,
migration and invasion of human HCC cells, mediating the
growth of HCC tumors and disease progression. It may be a
new effective therapeutic target for HCC.

Acknowledgement: The authors acknowledge the technical
assistance of Dr. Cuiyuan Jing and Dr. Lanyang Gao.

Funding Statement: This work was supported by the
National Natural Science Foundation of China (No.
82170587), the National Natural Science Foundation of
China (No. 82100647), Luzhou Municipal People’s
Government-Southwest Medical University Science and
Technology Strategic Cooperation Project (No.
2021LZXNYD-Z01), Sichuan Province International Science
and Technology Innovation Cooperation Project (No.
2023YFH0078), Sichuan Science and Technology Program
(2022YFS0625), the Talent Development Project of the
Affiliated Hospital of Southwest Medical University.

Author Contributions: The authors confirm contribution to
the paper as follows: All authors contributed to the study
conception and design. Conceptualization, methodology and
funding acquisition: Wenguang Fu and Yichao Du; data
curation, investigation and draft manuscript preparation:
Tianying Cai; data collection, analysis and interpretation of
results: Junjie Bai, Chen liu; visualization: Peng Tan;
reviewed and edited the manuscript: Yonglang Cheng and
Tongxi Li; data curation and validation: Yifan Chen; study
conception and supervision: Jian Ruan and Lin Gao. All
authors read and approved the final manuscript.

Availability of Data and Materials: The datasets used and/or
analyzed during this study are available from the
corresponding author upon reasonable request.

Ethics Approval: This study was performed in line with the
principles of the Declaration of Helsinki. The study included
human subjects, which were approved by the Clinical Trial
Ethics Committee of Affiliated Hospital of Southwest
Medical University (approval number: KY2019053). Animal
studies were reviewed and approved by the Southwest
Medical University Laboratory Animal Ethics Committee
(approval number: 20211119-062).

Conflicts of Interest: The authors declare that they have no
conflicts of interest to report regarding the present study.

References

1. Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram,
I. et al. (2021). Global cancer statistics 2020: GLOBOCAN
estimates of incidence and mortality worldwide for 36 cancers
in 185 countries. CA: A Cancer Journal for Clinicians, 71(3),
209–249. https://doi.org/10.3322/caac.21660

ZYXIN PROMOTES HEPATOCELLULAR CARCINOMA PROGRESSION 815

https://doi.org/10.3322/caac.21660


2. Siegel, R. L., Miller, K. D., Jemal, A. (2018). Cancer statistics,
2018. CA: A Cancer Journal for Clinicians, 68(1), 7–30. https://
doi.org/10.3322/caac.21442

3. Stacy, S., Hyder, O., Cosgrove, D., Herman, J. M., Kamel, I. et al.
(2013). Patterns of consultation and treatment of patients with
hepatocellular carcinoma presenting to a large academic
medical center in the US. Journal of Gastrointestinal Surgery,
17(9), 1600–1608. https://doi.org/10.1007/s11605-013-2253-y

4. Balogh, J. III, Asham, D. V., Gordon, E. H., Burroughs, S.,
Boktour, M. et al. (2016). Hepatocellular carcinoma: A review.
Journal of Hepatocellular Carcinoma, 3, 41–53. https://doi.org/
10.2147/JHC.S61146

5. Partynska, A., Gomulkiewicz, A., Dziegiel, P., Podhorska-
Okolow, M. (2020). The role of zyxin in carcinogenesis.
Anticancer Research, 40(11), 5981–5988. https://doi.org/10.
21873/anticanres.14618

6. Siddiqui, M. Q., Badmalia, M. D., Patel, T. R. (2021).
Bioinformatic analysis of structure and function of LIM
domains of human zyxin family proteins. International Journal
of Molecular Sciences, 22(5), 2647. https://doi.org/10.3390/
ijms22052647

7. Smith, M., Hoffman, L., Beckerle, M. (2014). LIM proteins in
actin cytoskeleton mechanoresponse. Trends in Cell Biology,
24(10), 575–583. https://doi.org/10.1016/j.tcb.2014.04.009

8. Chen, Z., Li, S., Shen, M., Lu, X., Bao, C. et al. (2020). The
mutational and transcriptional landscapes of
hepatocarcinogenesis in a rat model. iScience, 23(11), 101690.
https://doi.org/10.1016/j.isci.2020.101690

9. Castelli, G., Pelosi, E., Testa, U. (2017). Liver cancer: Molecular
characterization, clonal evolution and cancer stem cells.
Cancers, 9(9), 127. https://doi.org/10.3390/cancers9090127

10. Kolapalli, S. P., Sahu, R., Chauhan, N. R., Jena, K. K., Mehto, S.
et al. (2021). RNA-binding RING E3-ligase DZIP3/hRUL138
stabilizes cyclin D1 to drive cell-cycle and cancer progression.
Cancer Research, 81(2), 315–331. https://doi.org/10.1158/
0008-5472.CAN-20-1871

11. Liu, Y., Chen, H., Li, X., Zhang, F., Kong, L. et al. (2021). PSMC2
regulates cell cycle progression through the p21/cyclin D1
pathway and predicts a poor prognosis in human
hepatocellular carcinoma. Frontiers in Oncology, 11, 607021.
https://doi.org/10.3389/fonc.2021.607021

12. Montalto, F. I., Amicis, F. D. (2020). Cyclin D1 in cancer: A
molecular connection for cell cycle control, adhesion and
invasion in tumor and stroma. Cells, 9(12), 2648. https://doi.
org/10.3390/cells9122648

13. Marak, B. N., Dowarah, J., Khiangte, L., Singh, V. P. (2020). A
comprehensive insight on the recent development of cyclic
dependent kinase inhibitors as anticancer agents. European
Journal of Medicinal Chemistry, 203, 112571. https://doi.org/10.
1016/j.ejmech.2020.112571

14. Shen, S., Dean, D. C., Yu, Z., Duan, Z. (2019). Role of cyclin-
dependent kinases (CDKs) in hepatocellular carcinoma:
Therapeutic potential of targeting the CDK signaling pathway.
Hepatology Research, 49(10), 1097–1108. https://doi.org/10.
1111/hepr.13353

15. Zhang, J. N., Wei, F., Lei, L. H., Yang, Y., Yang, Y. et al. (2021).
Cyclin-dependent kinase 4 is expected to be a therapeutic target
for hepatocellular carcinoma metastasis using integrated
bioinformatic analysis. Bioengineered, 12(2), 11728–11739.
https://doi.org/10.1080/21655979.2021.2006942

16. Janke, R., King, G. A., Kupiec, M., Rine, J. (2018). Pivotal roles of
PCNA loading and unloading in heterochromatin function.

Proceedings of the National Academy of Sciences of the United
States of America, 115(9), E2030-E9. https://doi.org/10.1073/
pnas.1721573115

17. Choe, K. N., Moldovan, G. L. (2017). Forging ahead through
darkness: PCNA, still the principal conductor at the replication
fork. Molecular Cell, 65(3), 380–392. https://doi.org/10.1016/j.
molcel.2016.12.020

18. Bonelli, M., La Monica, S., Fumarola, C., Alfieri, R. (2019).
Multiple effects of CDK4/6 inhibition in cancer: From cell
cycle arrest to immunomodulation. Biochemical Pharmacology,
170(7658), 113676. https://doi.org/10.1016/j.bcp.2019.113676

19. Peyressatre, M., Prevel, C., Pellerano, M., Morris, M. C. (2015).
Targeting cyclin-dependent kinases in human cancers: From
small molecules to peptide inhibitors. Cancers, 7(1), 179–237.
https://doi.org/10.3390/cancers7010179

20. Zang, X. L., Song, J. X., Li, Y. F., Han, Y. T. (2022). Targeting
necroptosis as an alternative strategy in tumor treatment: From
drugs to nanoparticles. Journal of Controlled Release, 349(1),
213–226. https://doi.org/10.1016/j.jconrel.2022.06.060

21. Fan, X., Zhou, J., Bi, X., Liang, J., Lu, S. et al. (2021). L-theanine
suppresses the metastasis of prostate cancer by downregulating
MMP9 and Snail. The Journal of Nutritional Biochemistry, 89,
108556. https://doi.org/10.1016/j.jnutbio.2020.108556

22. Lee, Y. H., Kim, S. J., Fang, X., Song, N. Y., Kim, D. H. et al.
(2022). JNK-mediated Ser27 phosphorylation and stabilization
of SIRT1 promote growth and progression of colon cancer
through deacetylation-dependent activation of Snail. Molecular
Oncology, 16(7), 1555–1571. https://doi.org/10.1002/1878-0261.
13143

23. Zhang, M., Dong, X., Zhang, D., Chen, X., Zhu, X. (2017). High
expression of Snail and NF-κB predicts poor survival in Chinese
hepatocellular carcinoma patients. Oncotarget, 8(3), 4543–4548.
https://doi.org/10.18632/oncotarget.13891

24. Liu, D., Kang, H., Gao, M., Jin, L., Zhang, F. et al. (2020).
Exosome-transmitted circ_MMP2 promotes hepatocellular
carcinoma metastasis by upregulating MMP2. Molecular
Oncology, 14(6), 1365–1380. https://doi.org/10.1002/1878-0261.
12637

25. Ghosh, A., Dasgupta, D., Ghosh, A., Roychoudhury, S., Kumar,
D. et al. (2017). MiRNA199a-3p suppresses tumor growth,
migration, invasion and angiogenesis in hepatocellular
carcinoma by targeting VEGFA, VEGFR1, VEGFR2, HGF and
MMP2. Cell Death & Disease, 8(3), e2706. https://doi.org/10.
1038/cddis.2017.123

26. Wen, Y., Cai, X., Chen, S., Fu, W., Chai, D. et al. (2020). 7-
Methoxy-1-tetralone induces apoptosis, suppresses cell
proliferation and migration in hepatocellular carcinoma via
regulating c-Met, p-AKT, NF-κB, MMP2, and MMP9
expression. Frontiers in Oncology, 10. https://doi.org/10.3389/
fonc.2020.00058

27. Vandooren J., Steen P. E. V. D., Opdenakker G. (2013).
Biochemistry and molecular biology of gelatinase B or matrix
metalloproteinase-9 (MMP-9): The next decade. Critical
Reviews in Biochemistry and Molecular Biology, 48(3), 222–272.
https://doi.org/10.3109/10409238.2013.770819

28. Siddhartha, R., Garg, M. (2021). Molecular and clinical insights
of matrix metalloproteinases into cancer spread and potential
therapeutic interventions. Toxicology and Applied
Pharmacology, 426(4), 115593. https://doi.org/10.1016/j.taap.
2021.115593

29. Wen, X. M., Luo, T., Jiang, Y., Wang, L. H., Luo, Y. et al. (2020).
Zyxin (ZYX) promotes invasion and acts as a biomarker for
aggressive phenotypes of human glioblastoma multiforme.

816 TIANYING CAI et al.

https://doi.org/10.3322/caac.21442
https://doi.org/10.3322/caac.21442
https://doi.org/10.1007/s11605-013-2253-y
https://doi.org/10.2147/JHC.S61146
https://doi.org/10.2147/JHC.S61146
https://doi.org/10.21873/anticanres.14618
https://doi.org/10.21873/anticanres.14618
https://doi.org/10.3390/ijms22052647
https://doi.org/10.3390/ijms22052647
https://doi.org/10.1016/j.tcb.2014.04.009
https://doi.org/10.1016/j.isci.2020.101690
https://doi.org/10.3390/cancers9090127
https://doi.org/10.1158/0008-5472.CAN-20-1871
https://doi.org/10.1158/0008-5472.CAN-20-1871
https://doi.org/10.3389/fonc.2021.607021
https://doi.org/10.3390/cells9122648
https://doi.org/10.3390/cells9122648
https://doi.org/10.1016/j.ejmech.2020.112571
https://doi.org/10.1016/j.ejmech.2020.112571
https://doi.org/10.1111/hepr.13353
https://doi.org/10.1111/hepr.13353
https://doi.org/10.1080/21655979.2021.2006942
https://doi.org/10.1073/pnas.1721573115
https://doi.org/10.1073/pnas.1721573115
https://doi.org/10.1016/j.molcel.2016.12.020
https://doi.org/10.1016/j.molcel.2016.12.020
https://doi.org/10.1016/j.bcp.2019.113676
https://doi.org/10.3390/cancers7010179
https://doi.org/10.1016/j.jconrel.2022.06.060
https://doi.org/10.1016/j.jnutbio.2020.108556
https://doi.org/10.1002/1878-0261.13143
https://doi.org/10.1002/1878-0261.13143
https://doi.org/10.18632/oncotarget.13891
https://doi.org/10.1002/1878-0261.12637
https://doi.org/10.1002/1878-0261.12637
https://doi.org/10.1038/cddis.2017.123
https://doi.org/10.1038/cddis.2017.123
https://doi.org/10.3389/fonc.2020.00058
https://doi.org/10.3389/fonc.2020.00058
https://doi.org/10.3109/10409238.2013.770819
https://doi.org/10.1016/j.taap.2021.115593
https://doi.org/10.1016/j.taap.2021.115593


Laboratory Investigation, 100(6), 812–823. https://doi.org/10.
1038/s41374-019-0368-9

30. Zhong, C., Yu, J., Li, D., Jiang, K., Tang, Y. et al. (2019). Zyxin as
a potential cancer prognostic marker promotes the proliferation
and metastasis of colorectal cancer cells. Journal of Cellular
Physiology, 234(9), 15775–15789. https://doi.org/10.1002/jcp.
28236

31. Yamamura, M., Noguchi, K., Nakano, Y., Segawa, E., Zushi, Y.
et al. (2013). Functional analysis of zyxin in cell migration and
invasive potential of oral squamous cell carcinoma cells.
International Journal of Oncology, 42(3), 873–880. https://doi.
org/10.3892/ijo.2013.1761

32. Gaag, E. J. V. D., Leccia, M. T., Dekker, S. K., Jalbert, N. L.,
Amodeo, D. M. et al. (2002). Role of zyxin in differential cell
spreading and proliferation of melanoma cells and
melanocytes. Journal of Investigative Dermatology, 118(2), 246–
254. https://doi.org/10.1046/j.0022-202x.2001.01657.x

33. Zaidel-Bar, R., Ballestrem, C., Kam, Z., Geiger, B. (2003). Early
molecular events in the assembly of matrix adhesions at the
leading edge of migrating cells. Journal of Cell Science, 116,
4605–4613. https://doi.org/10.1242/jcs.00792

34. Parkin, A., Man, J., Timpson, P., Pajic, M. (2019). Targeting the
complexity of Src signalling in the tumour microenvironment of
pancreatic cancer: From mechanism to therapy. The FEBS
Journal, 286(18), 3510–3539. https://doi.org/10.1111/febs.15011

35. Nguyen, B. T., Pyun, J. C., Lee, S. G., Kang, M. J. (2019).
Identification of new binding proteins of focal adhesion kinase
using immunoprecipitation and mass spectrometry. Scientific
Reports, 9(1), 12908. https://doi.org/10.1038/s41598-019-49145-6

36. Ma, B., Cheng, H., Gao, R., Mu, C., Chen, L. et al. (2016). Zyxin-
Siah2-Lats2 axis mediates cooperation between hippo and TGF-β
signaling pathways. Nature Communications, 7(1), 11123.
https://doi.org/10.1038/ncomms11123

37. Rauskolb, C., Pan, G., Reddy, B. V. V. G., Oh, H., Irvine, K. D.
(2011). Zyxin links fat signaling to the hippo pathway. PLoS
Biology, 9(6), e1000624. https://doi.org/10.1371/journal.pbio.
1000624

38. Zhang, S., Lachance, B. B., Mattson, M. P., Jia, X. (2021). Glucose
metabolic crosstalk and regulation in brain function and diseases.
Progress in Neurobiology, 204, 102089. https://doi.org/10.1016/j.
pneurobio.2021.102089

39. Icard, P., Wu, Z., Fournel, L., Coquerel, A., Lincet, H. et al.
(2020). ATP citrate lyase: A central metabolic enzyme in
cancer. Cancer Letters, 471, 125–134. https://doi.org/10.1016/j.
canlet.2019.12.010

40. Wu, T., Dong, X., Yu, D., Shen, Z., Yu, J. et al. (2018). Natural
product pectolinarigenin inhibits proliferation, induces
apoptosis, and causes G2/M phase arrest of HCC via PI3K/
AKT/mTOR/ERK signaling pathway. OncoTargets and
Therapy, 11, 8633–8642. https://doi.org/10.2147/OTT

41. Du, D., Liu, C., Qin, M., Zhang, X., Xi, T. et al. (2022). Metabolic
dysregulation and emerging therapeutical targets for
hepatocellular carcinoma. Acta Pharmaceutica Sinica B, 12(2),
558–580. https://doi.org/10.1016/j.apsb.2021.09.019

42. Dai, Y., Chen, Y., Wei, G., Zha, L., Li, X. (2021). Ivabradine
protects rats against myocardial infarction through reinforcing
autophagy via inhibiting PI3K/AKT/mTOR/p70S6K pathway.
Bioengineered, 12(1), 1826–1837. https://doi.org/10.1080/
21655979.2021.1925008

ZYXIN PROMOTES HEPATOCELLULAR CARCINOMA PROGRESSION 817

https://doi.org/10.1038/s41374-019-0368-9
https://doi.org/10.1038/s41374-019-0368-9
https://doi.org/10.1002/jcp.28236
https://doi.org/10.1002/jcp.28236
https://doi.org/10.3892/ijo.2013.1761
https://doi.org/10.3892/ijo.2013.1761
https://doi.org/10.1046/j.0022-202x.2001.01657.x
https://doi.org/10.1242/jcs.00792
https://doi.org/10.1111/febs.15011
https://doi.org/10.1038/s41598-019-49145-6
https://doi.org/10.1038/ncomms11123
https://doi.org/10.1371/journal.pbio.1000624
https://doi.org/10.1371/journal.pbio.1000624
https://doi.org/10.1016/j.pneurobio.2021.102089
https://doi.org/10.1016/j.pneurobio.2021.102089
https://doi.org/10.1016/j.canlet.2019.12.010
https://doi.org/10.1016/j.canlet.2019.12.010
https://doi.org/10.2147/OTT
https://doi.org/10.1016/j.apsb.2021.09.019
https://doi.org/10.1080/21655979.2021.1925008
https://doi.org/10.1080/21655979.2021.1925008

	Zyxin promotes hepatocellular carcinoma progression via the activation of AKT/mTOR signaling pathway
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


