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Does rAj-Tspin, a novel peptide from A. et

japonicus, exert antihepatocellular carcinoma
effects via the ITGB1/ZYX/FAK/AKT signaling
pathway?
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Abstract

rAj-Tspin, a soluble recombinant peptide from Apostichopus japonicus, can inhibit the integrin 31 (ITGB1)/FAK/AKT
signaling pathway in hepatocellular carcinoma (HCC) via cell epithelial-mesenchymal transition (EMT) and apoptosis.
Zyxin (ZYX) is a focal adhesion protein that is considered a novel mediator of EMT and apoptosis. However, the inhibi-
tory mechanisms of rAj-Tspin in HCC and whether it is related to ZYX are unclear. We examined the antitumor effect
of rAj-Tspin on the Huh7 human HCC cell line and on a nude mouse model generated via subcutaneous injection

or orthotopic intrahepatic transplantation of Huh7 cells. Our results revealed that rAj-Tspin strikingly reduced the via-
bility and promoted the apoptosis of Huh7 cells and inhibited HCC tumor growth in nude mice. rAj-Tspin inhibited
ITGB1 and ZYX protein expression in vivo and in vitro in a dose-dependent manner. Mechanistically, the FAK/AKT
signaling pathway and the proliferation and invasion of HCC cells were suppressed upon ITGB1 and ZYX knockdown.
Moreover, the effect of ITGB1 overexpression on the growth of HCC cells was inhibited by rAj-Tspin. In contrast,

the promoting effect of ITGB1 overexpression could be inhibited by ZYX knockdown. ZYX knockdown had no effect
on ITGB1 expression. These findings suggest that ZYX is required for the indispensable role of ITGB1 in rAj-Tspin-allevi-
ated HCC and provide an important therapeutic target for HCC. In summary, the anti-HCC effect of rAj-Tspin poten-
tially involves the regulation of the ITGB1/ZYX/FAK/AKT pathway, which in turn impacts EMT and apoptosis.
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Introduction

Hepatocellular carcinoma (HCC) is the third lead-
ing cause of cancer-related mortality worldwide [1].
The increasing incidence and mortality of HCC pose
considerable challenges to global healthcare. Patients
with HCC have an unfavorable prognosis, and intrahe-
patic and extrahepatic metastases often occur because
of their aggressive features [2]. The current treatment
options for HCC are limited [3]. Recently, combina-
tion strategies involving the integration of systemic and
locoregional therapies, such as transarterial chemoembo-
lization (TACE) in conjunction with systemic therapy [4],

neoadjuvant combination therapy [5], atezolizumab com-
bined with Bevacizumab [6], and the other combination
treatments based on immune checkpoint inhibitor (ICI)
[7], have presented highly promising avenues for further
investigation. Significant progress has been made in the
treatment of HCC with the application of new first- and
second-line agents; however, their efficacy is limited, and
they are only effective for some patients or only prolong
survival by several months [8]. As such, new therapeutic
agents and targets are urgently needed to improve out-
comes in patients with HCC.
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rAj-Tspin is a soluble gene recombinant peptide from
Apostichopus japonicus (A. japonicus). A. japonicus
belongs to the phylum Echinoderm and has a variety of
biological activities [9]. Bioinformatics analysis of A.
japonicus sequences via cDNA libraries revealed a high
abundance of “a disintegrin and metalloproteinase with
thrombospondin motifs” Further analysis of the sequence
via the ExPASy website revealed that it contains 10
thrombin-sensitive protein-1 (TSP-1) domains. The 168-
bp cDNA sequence of the third TSP-1 domain in argi-
nine-glycine-aspartic acid (RGD) mode was synthesized,
cloned and expressed, and the 6975.53-Da recombinant
peptide obtained via expression was named rAj-Tspin
[10]. Growing evidence suggests that animal-derived
RGD motile active peptides, namely, disintegrins, can
competitively bind to integrin receptors, thereby block-
ing integrin-related signaling pathways, preventing the
invasion and adhesion of tumor cells, and even promot-
ing the apoptosis of tumor cells [11, 12]. We previously
showed that rAj-Tspin contributes to ITGB1/FAK/AKT
in BEL-7402 HCC cells. Therefore, rAj-Tspin undoubt-
edly has therapeutic potential in the clinical treatment of
HCC [13].

The importance of EMT and apoptosis in cancer treat-
ment has been highlighted by recent findings regarding
the associations of EMT and apoptosis with tumor pro-
gression and drug response [14]. It has been suggested
that zyxin (ZYX), a focal adhesion protein that regulates
EMT and apoptosis, is involved in multiple cancers,
including colon cancer, breast cancer, prostate cancer,
and lung cancer [15-17]. However, the relevant mecha-
nism and whether it participates in HCC are unclear.
Focal adhesions (FAs) are cell-matrix contacts formed by
a nascent adhesion complex composed of integrins and
numerous other focal adhesion molecules, such as talin,
paxillin, zyxin, VASP, and FAK [18]. In particular, ITGB1
is widely reported in hepatocellular carcinoma and plays
an indispensable role in focal adhesion [19]. However, the
molecular mechanism by which rAj-Tspin affects ZYX
and ITGB1 to alleviate HCC remains unclear.

In the present study, we used the Huh7 human HCC
cell line in vitro and constructed in vivo nude mouse
models via the subcutaneous and orthotopic intrahepatic
transplantation of Huh7 cells to investigate whether the
inhibition of ZYX and ITGB1 by rAj-Tspin can inhibit
EMT and apoptosis-mediated HCC by decreasing the
phosphorylation level of FAK/AKT.

Materials and methods

Cell culture

The human HCC cell line Huh7 and the immortalized
human liver cell line LO2 were maintained in high-
glucose Dulbecco’s modified Eagle’s medium (DMEM,
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Gibco) supplemented with 10% fetal bovine serum (FBS,
Gibco) and 1% penicillin—streptomycin (HyClone). All
cells were donated by the College of Life Sciences at
Liaoning Normal University (Dalian, China) and grown
at 37 °C in a humidified atmosphere containing 5% CO,.

Subcutaneous and orthotopic intrahepatic transplantation
model

For generation of the subcutaneous transplantation
model, 1x 107 Huh7 cells were detached and suspended
in 100 pL of serum-free DMEM/Matrigel (9:1). The cells
were subcutaneously injected into BALB/c-nude mice
(male, 5 weeks old, n=8 per group) [20]. For generation
of the orthotopic intrahepatic transplantation model,
1x10° Huh? cells in 20 uL of serum-free DMEM were
injected into each BALB/c-nude mouse. Through a 1 cm
transverse incision in the upper abdomen under anes-
thesia, the cells were injected into the left hepatic lobe of
each mouse (male, 5 weeks old, n=6 per group) [21]. The
mice were randomly divided into the saline group, rAj-
Tspin (50 pg/kg) group, rAj-Tspin (100 pg/kg) group and
rAj-Tspin (200 pg/kg) group, and the treatments were
administered i.p. twice daily. The body weights of the
nude mice and the larger diameter of the tumor a (mm)
and the smaller diameter b (mm) were measured and
recorded every other day, and the tumor volume was cal-
culated as V=axb?/2. All the mice were sacrificed after
2 weeks, and the tumors and livers were collected, fixed
with neutral formalin and prepared for histological exam-
ination. All the mice were treated and housed accord-
ing to the methods of the Feeding and Management of
Experimental Animals of Dalian Medical University.

Histopathological staining

The liver tissues of the mice were embedded in paraffin
to produce 5-um-thick sections. The tissue slices were
stained with hematoxylin and eosin (H&E) to observe the
tissue structure. An optical microscope (OLYMPUS) was
used to detect pathological changes and target protein
expression in each tissue section.

Cell viability assay

Huh7 cells were seeded on 96-well plates (5x10° cells/
well) for 12—16 h and then treated with rAj-Tspin at vari-
ous concentrations for 24 h, 48 h, or 72 h. The cells were
further incubated with 10% CCK-8 solution (Bioss) at
37 °C for 2 h, after which the absorbance at 450 nm was
measured via a microplate reader (TECAN).

Small interfering RNA and plasmid transfection

Transfection with ZYX/ITGB1 small interfering RNA
(siRNA; GenePharma) and an ITGB1-overexpressing plas-
mid (GenePharma) was performed via Mate (GenePharma)



Che et al. Cancer Cell International (2024) 24:290

according to the standardized protocol. ZYX siRNA:
5 -GUGUUACAAGUGUGAGGACTT-3"; ITGB1 siRNA:
5 -GCGAGTGTGATAATTTCAA-3’. siRNA was used
to suppress ZYX/ITGB1 expression in Huh7 cells, and a
recombinant plasmid construct of the gene was used to
overexpress ITGB1 in Huh7 cells.

Cell migration assay

Huh7 cells were seeded on 6-well plates (2x10° cells/
well) for 24 h, wounded by scratching with sterile plas-
tic 200-pL micropipette tips, and photographed via an
inverted microscope (GROUPCR). After treatment with
rAj-Tspin (0, 0.2, 0.4 or 0.8 uM) for 24 h or transfection,
the culture wells were photographed again.

Cell invasion assay

Transwell chambers (Costar) were precoated with
50 pL of serum-free DMEM/Matrigel (9:1) to facilitate
the assessment of cell migration. Pretreated Huh7 cells
(1x10% in 200 L of serum-free medium were plated in
the upper chamber, and 700 pL of culture medium sup-
plemented with 10% FBS was added to the lower cham-
ber. After a 24-h incubation, the migrated cells were fixed
with 4% paraformaldehyde (Servicebio) and stained with
0.3% crystal violet (Solarbio). Three fields were selected
at random through photography, and their numbers were
documented.

Cell adhesion assay

For this assay, 96-well plates were precoated with 50 pL
of 10 pg/mL fibronectin (EN, Solarbio) and sealed with
1% bovine serum albumin (BSA, Solarbio) at 37 °C for 1 h
to facilitate the assessment of cell adhesion. Pretreated
Huh7 cells (5x10%) in 100 pL were seeded in 96-well
plates. After a 2-h incubation, the cells were fixed and
stained with 0.3% crystal violet. Three fields were selected
at random and photographed. The dye was extracted
with 33% acetic acid, and the absorbance at 600 nm was
detected with a microplate reader.

TUNEL assay

Huh7 cells were seeded on 24-well plates (1x10% cells/
well) for 24 h and then treated with rAj-Tspin (0, 0.2, 0.4
or 0.8 uM) for 24 h or transfected. After fixation with 4%
paraformaldehyde and permeabilization with 0.3% Triton
X-100 (Solarbio), the cells were incubated with TUNEL
solution (Beyotime) for 2 h in the dark. The nuclei were
stained with DAPI (Solarbio), and three fields were
selected at random through photography.

Western blotting
Total protein was extracted from tissues or cells via
RIPA buffer (Beyotime) containing PMSF (Beyotime).
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The lysate was then sonicated and centrifuged at 4 °C
at 12,000 r/min for 10 min. The samples were added to
2xloading buffer, followed by a denaturation step at
100 °C. All proteins were subjected to 8—12% sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE; concentrated gel, 80 V; separator gel, 120 V) and
transferred to PVDF membranes (Millipore). Afterward,
the membrane was blocked with 10% skim milk at room
temperature for 2 h and incubated overnight at 4 °C
with primary antibodies against the following targets:
ITGBI (ab183666, Abcam), FAK (3285 s, CST), p-FAK
(3283 s, CST), AKT (10176-2-AP, Proteintech), p-AKT
(28731-1-AP, Proteintech), ZYX (10330-1-AP, Protein-
tech), N-cadherin (22018-1-AP, Proteintech), E-cadherin
(20874-1-AP, Proteintech), vimentin (10366-1-AP, Pro-
teintech), Bax (60267-1-Ig, Proteintech), Bcl-2 (12789-1-
AP, Proteintech), cleaved caspase-3 (abs132005, Absin),
and GAPDH (10494-1-AP, Proteintech). After several
washes, the membrane was incubated with anti-mouse
IgG or anti-rabbit IgG for 2 h and detected using ECL
reagent (Meilunbio) and an imaging system (Tanon). The
blots were quantified via Image] software.

Coimmunoprecipitation (Co-IP) assay

Total protein was extracted from cells via lysis buffer. The
relevant antibodies and protein A/G beads were added to
the protein lysates. Afterward, the lysates were incubated
at 4 °C overnight. The samples were then subjected to
SDS-PAGE electrophoresis by adding 1xloading buffer
followed by a denaturation step at 100 °C.

Immunofluorescence

Huh7 cells were seeded on 24-well plates (1x10* cells/
well) at a confluence of 60%—-80%. After fixation and
permeabilization, the cells were incubated with primary
antibodies at 4 °C overnight, labeled with secondary
antibodies and counterstained with DAPI. Images were
acquired via reverse fluorescence microscopy.

Bioinformatics analysis

Gene Expression Profiling Interactive Analysis (GEPIA,
URL: http://gepia.cancer-pku.cn) was conducted to ana-
lyze the expression of ZYX in HCC tumor tissue and
normal tissue. The University of Alabama at Birmingham
(UALCAN, URL: http://ualcan.path.uab.edu) conducted
an online analysis of Kaplan—Meier plots related to the
ZYX gene in HCC patients.

Statistical analysis

Data analysis was performed via SPSS 22.0 software. All
the data are expressed as the means + standard deviations
(SDs). The two groups of data were compared via the
independent sample ¢ test, and comparisons of multiple
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variables were performed via one-way analysis of vari-
ance. Statistical analysis was performed via the use of
GraphPad Prism 8.4.3 software to draw column graphs.
Statistical significance was defined as P<0.05.

Results

rAj-Tspin inhibited the growth of subcutaneous tumors
and orthotopic intrahepatic tumors derived from Huh7
cells

To evaluate the effectiveness of rAj-Tspin on HCC growth
in vivo, we subcutaneously and intrahepatically inoculated
Huh?7 cells into nude mice (Fig. 1A). We observed that the
administration of rAj-Tspin resulted in a dose-dependent
reduction in both the volume and weight of xenograft
tumors but had no effect on the body weight of the mice
(Fig. 1B-E). In addition, we performed HE staining on
the xenograft tumors, further demonstrating the antitu-
mor effect of rAj-Tspin in vivo (Fig. 1F). In the orthotopic
intrahepatic transplantation model, we observed a dose-
dependent reduction in the tumor area and in the size
and number of nodules upon administration of rAj-Tspin
(Fig. 1G). This finding was further confirmed by H&E
staining. Furthermore, the rAj-Tspin-treated group pre-
sented significantly decreased serum LDH levels without
affecting mouse body weight (Fig. 1H, I).

rAj-Tspin targeted ITGB1 and inhibited the high expression
of ZYX and ITGB1 in vivo

rAj-Tspin has a strong affinity for the ITGB1 domain, and
the potential binding sites are predicted to be residues
Arg43, Arg48, and Cys55 (Fig. 2A). GEPIA revealed ZYX
overexpression in HCC patient samples compared with
normal samples (Fig. 2B, P <1e—12). We investigated the
association between high ZYX expression and patient
survival by using UALCAN and found a significant cor-
relation with poor prognosis (Fig. 2C, P =0.002). Western
blotting revealed higher ZYX and ITGB1 expression in
liver cancer tissue than in normal tissue (Fig. 2D). Fur-
thermore, rAj-Tspin attenuated the expression of ITGB1
and ZYX as well as the phosphorylation of FAK and AKT
in vivo (Fig. 2E, F) in a dose-dependent manner.

rAj-Tspin repressed the growth of Huh7 cells in vitro

To evaluate the impact of rAj-Tspin on Huh7 cells, we
exposed them to varying concentrations of rAj-Tspin
for 24, 48, and 72 h via the CCK-8 assay. We observed
a reduction in cell viability that was dependent on the
dosage administered (Fig. 3A). The results of the cell
scratch, Transwell and adhesion assays revealed that as
the rAj-Tspin concentration increased, the migration,
invasion and adhesion of Huh7 cells decreased (Fig. 3B).
TUNEL assays indicated that rAj-Tspin promoted apop-
tosis in Huh7 cells in a dose-dependent manner (Fig. 3C).
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Western blot analysis revealed that the expression lev-
els of ZYX and ITGB1 were greater in Huh7 cells than
in LO2 cells (Fig. 3D). Similarly, the administration of
rAj-Tspin resulted in a dose-dependent reduction in the
expression levels of ITGB1 and ZYX as well as the phos-
phorylation levels of FAK and AKT in vitro (Fig. 3E).
To further investigate the effects of rAj-Tspin on HCC
apoptosis and EMT, we conducted Western blot analy-
sis of apoptosis- and EMT-related proteins. The results
revealed that cleaved caspase-3 and Bax levels were
increased, the Bcl-2 level was decreased, the N-cadherin
and vimentin levels were decreased, and the E-cadherin
level was increased in HCC cells treated with rAj-Tspin
(Fig. 3F). Thus, rAj-Tspin induced apoptosis and inhib-
ited EMT in Huh7 cells. Collectively, these findings sug-
gest that rAj-Tspin represses the growth of Huh7 cells
through EMT and apoptosis in vitro.

Knockdown of ITGB1 suppressed Huh7 cell progression

in vitro

To explore the potential biological function of ITGB1, we
transfected Huh7 cells with ITGB1 siRNA. The migra-
tion, invasion and adhesion capacities (Fig. 4A) were
significantly reduced in Huh7 cells transfected with si-
ITGB1. The TUNEL assay results indicated that ITGB1
knockdown promoted apoptosis in Huh7 cells (Fig. 4B).
Western blot assays revealed that silencing ITGB1 sup-
pressed the expression of ZYX and the phosphorylation
of FAK and AKT (Fig. 4C). Moreover, ITGB1 knockdown
influenced the expression of apoptosis- and EMT-related
proteins (Fig. 4D), inhibited EMT and induced apoptosis
in Huh7 cells. These results indicate that ITGB1 plays an
important role in suppressing features related to disease
progression in HCC cells in vitro.

rAj-Tspin suppressed cell growth through ITGB1 inhibition
in HCC cells

To further clarify the mechanism underlying whether
ITGB1 is a potential trigger in rAj-Tspin-mediated sup-
pression of cell growth, we established ITGB1-overex-
pressing cells. The overexpression of ITGB1 increased
the proliferation, migration and adhesion ability of
Huh7 cells, whereas rAj-Tspin intervention attenuated
these effects (Fig. 5A). As expected, Western blot assays
revealed that the overexpression of ITGB1 induced the
accumulation of ZYX, increased the phosphorylation of
FAK and AKT, and was effectively abolished by rAj-Tspin
(Fig. 5B). Moreover, overexpression of ITGB1 suppressed
apoptosis and triggered EMT in Huh7 cells, which was
counteracted by rAj-Tspin treatment (Fig. 5C). In sum-
mary, these results demonstrate that the downregulation
of ITGBI is required for the rAj-Tspin-mediated suppres-
sion of HCC growth.



Che et al. Cancer Cell International (2024) 24:290 Page 6 of 14

A input APWVKGSH':;‘CDAECGEGEQTRQVECQRGWLAPGECSEERPRPSRRC 50
input NNGDCR M} 56
Huh7  Implant 1x107 cells In vivo image
subcutaneously rAj-Tspin Measure tumor
.. ——— volume and weight
Iniraepatic implant 40 7 a1
1x108 cells 7 ' Measure mice weight
Plant Harvest HE
B C
D 15
et
S
Model Re
§ 1.0
Model+rAj-Tspin (50ug/kg) — 05
= 0.
Model+rAj-Tspin (100ug/kg) £ 0
'_ o
Model+rAj-Tspin (200pg/kg) 0 50 100 200
rAj-Tspin (ug/kg)
D E
— - Model - Model Model 50ug/kg rAj-Tspin  100pg/kg rAj-Tspin  200ug/kg rAj-Tspin
Dl - Model+rAj-Tspin (50ug/kg) - Model+rAj-Tspin (50ug/kg) g :
e - Model+rA}-Tspin (100ug/kg) ~+ Model+rAj-Tspin (100g/kg)
£ -+ Model+rAj-Tspin (200ug/kg) ~ = Model+7Aj-Tspin (200ug/kg)
& 2000 D 4 sl
=t o
o o -
3 1500 o
g A O 20
- 1000 ; =
£ 500 510
S - [®]
= o m 04 . . )
0 5 10 15 0 5 10 15
Time(Days) Time(Days)
G
In-situ Model ~ 50pg/kg rAj-Tspin  100pg/kg rAj-Tspin 200ug/kg rAj-Tspin H I

— 6000+ -~ In-situ Model
= - In-situ Model+rAj-Tspin (50ug/kg)
35 + In-situ Model+rAj-Tspin (100ug/kg)
~ — -+ In-situ Model+rAj-Tspin (200pg/kg)
T 40004 > 30
o =
2 <
€ 20001 T & “
=}
= =
» > 10
: g
S Y S
WK (¥ 0 5 10 15
& il :
« Time(Days)

rAj-Tspin

Fig. 1 Effects of rAj-Tspin inhibition on Huh7 subcutaneous grafts and an orthotopic intrahepatic transplantation model in nude mice. A Schematic
diagram of xenografts in BALB/c nude mice generated via the inoculation of Huh7 cells at their underarm and intrahepatically, respectively. Then,
the xenografts were treated with rAj-Tspin starting on the 7th day after injection, and the mice were sacrificed on the 21st day after injection. B
Images (C) and weights of excised tumors from the control and rAj-Tspin (50, 100, and 200 pg/kg) groups of nude mice, D volumes measured

at the indicated time points, E and effects of rAj-Tspin on body weight. F H&E staining of excised tumors from nude mice; scale bar=100 um

(100x) and 50 um (200 %), n=8. "P<001.G Representative images and H&E staining of liver tissues from mice orthotopically inoculated with Huh?7
cells; scale bar=100 pum (100 x) and 50 pm (200 ). H The release of serum LDH in nude mice was measured by LDH assay. (I) Effects of rAj-Tspin

on the body weight of nude mice (n=6). “P<0.01



Che et al. Cancer Cell International (2024) 24:290 Page 7 of 14
ITGB1 Aj-Tspi = =
rAj-Tspin ” =)
T S - — low ZYX n=273
o) I 2 — high ZYX n=92
o 2004 | =
S 150+ Qo
R [¢)
S
§ 100 —_ o
§ 501 * o| p=0.002
o
w 0 L 0 1000 2000 3000
N=50 LIHC=371 Time (days)
D Nomal liver tissue  Liver cancer tissue E §2° = n-situ Model
2 2,
E=4 =3 50pg/k
ITGBI | - — ——] ITGBI [ e — | 5 = 10'03;/39] A-Tspin
= 3 77 =2 200ugikg
ZYX 3 I -— ZYX | £
@
GAPDH [ __ . e e =— —| [eTN 7))} [ [ ——
— 61 ) ) rAj-Tspin(ugikg)  — 50 100 200 ‘g
3 = Normal liver tissue 2
e =3 Liver cancer tissue © ITGB1 zYx
% 4 = e ¥
2 44 T T
< 1 pFAK [0 | g 50]
° 100pg/ke rAj-Tspin
g Ty 1 BRH
Q 2+ ¥ £
g j . AKT I._._-—-| go.s
[ 5
& 0- Y ' GAPDH I— — — Q‘| T 0.0
ITGB1 ZYX ARTspinugkg) - 50 100 200 p-FAK P-AKT

Fig. 2 rAj-Tspin targets [TGB1 to inhibit ITGB1/ZYX overexpression in HCC. A The chemical structure of rAj-Tspin and the docking conformation
revealed the interaction of rAj-Tspin with the active site of ITGB1 via MOE software. B Expression of ZYX in normal tissues and liver cancer

tissues in the GEPIA database. C Relationship between ZYX expression and the survival time of HCC patients in the UALCAN cancer database. D
Immunoblotting of [TGB1 and ZYX in liver tissue. E and F Immunoblotting of ITGB1, ZYX, p-FAK, FAK, p-AKT, and AKT in liver tissue after rAj-Tspin

treatment (n=3). "P<0.01

Knockdown of ZYX suppressed Huh7 cell progression

in vitro

To explore the specific role of ZYX in HCC cells, we
transfected Huh7 cells with ZYX siRNA. The migra-
tion, invasion and adhesion capacities (Fig. 6A) were
significantly reduced in Huh7 cells transfected with
si-ZYX. The TUNEL assay results indicated that
ZYX knockdown promoted apoptosis in Huh7 cells
(Fig. 6B). A Western blot analysis revealed that silenc-
ing ZYX impeded the phosphorylation of FAK and
AKT, whereas ITGB1 expression remained unaffected
(Fig. 6C). Moreover, ZYX knockdown influenced the
expression of apoptosis- and EMT-related proteins
(Fig. 6D), inhibited EMT and induced apoptosis in
Huh7 cells. These results indicate that ZYX operates
downstream of ITGB1 and plays important roles in
suppressing the in vitro progression of HCC cells.

ZYX interacts with ITGB1 to facilitate HCC development

We cotransfected si-ZYX and pcDNA-ITGB1 into
Huh?7 cells to explore the potential interaction between
ZYX and ITGBLI. Functionally, ZYX knockdown attenu-
ated the promotion of HCC cell migration, invasion
and adhesion by ITGB1 (Fig. 7A). For further related
mechanistic research, Western blot analysis revealed
that ITGB1 increased the expression of ZYX and the
phosphorylation of FAK and AKT, which were reversed
by ZYX knockdown (Fig. 7B). Moreover, overexpression
of ITGB1 suppressed apoptosis and triggered EMT in
Huh?7 cells, which was counteracted by ZYX knockdown
(Fig. 7C). Our coimmunoprecipitation data further con-
firmed that ZYX could indeed bind with ITGB1 (Fig. 7D).
Immunofluorescence staining revealed the colocalization
of ITGB1 and ZYX in Huh?7 cells (Fig. 7E). Overall, these
results indicate that ZYX may promote HCC progression
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by interacting with ITGB1 via the FAK/AKT signaling
pathway.

Discussion

In this study, we demonstrated for the first time the
inhibitory effect of rAj-Tspin on an orthotopic intrahe-
patic transplantation model, and we investigated the roles

3). 'P<0.05, “P<0.01

and mechanisms involved in the regulation of ITGB1/
ZYX in response to rAj-Tspin treatment in HCC cells.
Our data suggest that rAj-Tspin promotes apoptosis and
inhibits EMT by suppressing the FAK/AKT pathway. We
found that rAj-Tspin decreases ITGB1 and ZYX expres-
sion, contributing to HCC cell apoptosis and tumor sup-
pression. To our knowledge, our findings reveal a novel
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mechanism of rAj-Tspin-mediated HCC suppression,
with a focus on the role of ITGB1 and ZYX in FAK/AKT
pathway induction.

HCC is a prevalent and severe malignancy [22]. Radical
hepatectomy remains the preferred therapeutic option
for patients diagnosed with HCC in current clinical prac-
tice [23, 24]. However, the long-term prognosis remains
unsatisfactory, with a high recurrence rate of 60% to 70%
within five years postsurgery [25]. Therefore, the explora-
tion of novel therapeutic drugs and targets is crucial for
transforming the current state of medical treatment.

rAj-Tspin is a small polypeptide derived from A. japoni-
cus that contains RGD modules. As a targeting ligand,
RGD offers significant advantages in terms of targetabil-
ity and safety [26]. Peptides containing the RGD domain
have been demonstrated to exhibit specific recognition of
integrin receptors, rendering them a precise therapeutic
option for various tumors [27]. In the present study, our

results indicated that rAj-Tspin can significantly inhibit
the growth of axillary tumors and in situ tumors in nude
mice.

HCC is a prevalent malignancy worldwide and is char-
acterized by high recurrence rates and a poor progno-
sis due to the highly proliferative and invasive nature of
HCC cells [28]. Loss of contact inhibition in cancer cells
hinders apoptosis and promotes unlimited proliferation
[29]. Various apoptosis markers, such as Bcl2, Bax and
cleaved caspase-3, are associated with tumor progression.
During the process of metastasis, individual tumor cells
undergo EMT and subsequently invade the bloodstream
[30]. EMT is characterized by the phenotypic trans-
formation of cells from an epithelial to a mesenchymal
state. Various epithelial and mesenchymal markers, such
as vimentin, N-cadherin and E-cadherin, are associated
with tumor progression. In our study, rAj-Tspin reduced
proliferation by downregulating Bcl-2 and upregulating
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Bax and cleaved caspase-3 and suppressed invasion by
downregulating N-cadherin and vimentin and upregulat-
ing E-cadherin in HCC cells.

Integrin-mediated signal transduction has been shown
to induce cytoskeletal rearrangement through focal adhe-
sion, thereby promoting tumor cell proliferation, inva-
sion, and metastasis in cancer [31]. The extracellular
domain of integrin interacts with ligands in the ECM,
subsequently triggering downstream signaling path-
ways, which typically involve a series of phosphorylation
events, such as FAK and AKT [32, 33]. Compared with
the expression of other integrin subtypes, the expres-
sion of ITGBL is significantly greater in liver tumor tis-
sues. Multiple studies have demonstrated that ITGB1
inhibition markedly inhibits the growth of HCC cells via
apoptosis induction and EMT inhibition [34, 35]. Our
previous study revealed that rAj-Tspin is able to inhibit
the development of HCC by inhibiting the FAK/AKT and

ITGB1 signaling pathways [13]. However, the detailed
functions of ITGB1 in the pathogenesis of HCC have not
been completely elucidated. Our current study revealed
that rAj-Tspin treatment decreases ITGB1 expression in
a dose-dependent manner both in vivo and in vitro and
that the overexpression of ITGB1 can be inhibited by
rAj-Tspin, suggesting that rAj-Tspin is a potential ITGB1
inhibitor. Moreover, manipulation of ITGB1 expression
levels through knockdown or overexpression can modu-
late the FAK/AKT signaling pathway, EMT progression,
and cellular apoptosis.

Generally, adhesion between cells and the extracellu-
lar matrix is a crucial factor for cancer cells [27]. Focal
adhesion has been identified as the pivotal determi-
nant among the various microenvironmental factors
that influence drug resistance in cancer cells [36]. ZYX
is a pivotal protein associated with EMT and apoptosis
in focal adhesions. High expression of ZYX in cancer is
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closely correlated with more aggressive behavior, a lower
apoptotic ratio and diminished overall survival [37]. First,
ZYX was overexpressed in both HCC tissues and cell
lines, and the administration of rAj-Tspin led to a dose-
dependent reduction in ZYX expression both in vivo and
in vitro. After ZYX was knocked down with a specific
interfering RNA, we discovered that ZYX mediated the
proliferation and metastasis of HCC cells in vitro. These
results indicated that ZYX might act as an oncogene in
HCC progression. Moreover, co-IP and immunofluores-
cence assays demonstrated the interaction and colocali-
zation of ZYX with ITGB1. Our in-depth research also
revealed that ITGB1 promoted the activation of the FAK/
AKT pathway, which was mediated by ZYX.

Taken together, the results of this study provide com-
pelling evidence that ZYX is involved in the effects of
rAj-Tspin treatment on HCC and that ITGB1 downregu-
lation plays an inhibitory role in the FAK/AKT pathway

by suppressing ZYX expression, resulting in cell death
and tumor suppression. These findings offer innovative
insights into the mechanism of action of rAj-Tspin, sug-
gesting that rAj-Tspin is a potential therapeutic agent
against HCC and highlighting the ITGB1/ZYX/FAK/
AKT axis as a promising target for cancer treatment.

The present study enhances the comprehensive under-
standing of HCC pathogenesis, offers novel targets and
medications for targeted therapy of HCC, and provides
fresh insights into the treatment of this malignancy.
However, the range of samples utilized for experimental
verification in this research is limited, and the current
experiment has only been validated at the cellular and
murine levels. The lack of corresponding clinical sam-
ples restricts the applicability of the drug in a clinical
setting. Potential future endeavors encompass conduct-
ing clinical response experiments and expanding inves-
tigations into cancer indications for this medication. The
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prognosis of HCC is generally unfavorable, and the pre-
vention and control of this disease remain a formidable
challenge, characterized by a low 5-year survival rate.
Researchers should possess a comprehensive knowl-
edge system and professional expertise to gain profound
insights into the evolutionary mechanism of HCC and
employ multidisciplinary collaboration to determine
the most suitable treatment plan. In the next 5 years,
there will be continuous innovations in HCC treatment
research, with close integration of clinical and basic
research. The rapid translation of research findings into
clinical practice aims to increase the survival benefits for
patients with HCC.
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