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TMA4SF1 promotes esophageal squamous cell carcinoma
metastasis by interacting with integrin a6
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Transmembrane-4 L-six family member-1 (TM4SF1) is a member of the L6 family and functions as a signal transducer to regulate
tumor cell behaviors. However, the function and mechanism of TM4SF1 in esophageal squamous cell carcinoma (ESCC) metastasis
remains unclear. Here, we find that TM4SF1 expression is increased and positively correlated with clinical TNM stage, N

classification, differentiation, tumor size, and poor prognosis in ESCC patients. Interestingly, we demonstrate that TM4SF1 promotes
ESCC cell adhesion, spreading, migration, and invasion, but not cell proliferation, in a laminin-dependent manner by interacting
with integrin a6. Mechanistically, the TM4SF1/integrin a6/FAK axis signal pathway mediates cell migration under laminin-coating
condition. Inhibiting FAK or knocking down TM4SF1 can attenuate TM4SF1-mediated cell migration and lung metastasis. Clinically,
the TM4SF1/integrin a6/FAK axis positively correlates with ESCC. Altogether, these findings reveal a new mechanism of TM4SF1 in
promoting ESCC metastasis via binding to integrin a6 and suggest that the cross-talk between TM4SF1 and integrin a6 may serve

as a therapeutic target for ESCC.
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INTRODUCTION

Esophageal cancer (EC) is the 7th most commonly diagnosed solid
malignant tumor worldwide and the 6th leading cause of cancer-
related deaths, approximately 90% of which are esophageal
squamous cell carcinoma (ESCC) in China [1]. Although significant
improvements have been made in diagnostic techniques and
comprehensive therapy, the overall 5-year survival rate of the
disease remains poor at approximately 20% on recurrence,
extensive invasion, and metastasis [2].

Cancer metastasis is a complicated multi-step process that
requires numerous specific molecular interactions contributed by
the tumor cell transmembrane proteins, the surrounding extra-
cellular matrix (ECM), and stromal cells. The tetraspanin super-
family is a group of transmembrane proteins located in the plasma
membrane and has received much attention for its role in cancer
cell motility and the cell-microenvironment interaction [3, 4].
Transmembrane-4-L-six-family member-1 (TM4SF1) is a member
of the tetraspanin superfamily with four transmembrane domains
and functions as a signal transducer involved in various cellular
activities [5-7]. TM4SF1 may interact with tetraspanins, integrins,
immunoproteins, and PDZ-domain-containing proteins to form
tetraspanin-enriched microdomains (TEMs), which play vital roles
in modulating cellular functions, such as cell adhesion, migration,
invasion through various signaling pathways [8-10]. For instance,
the unconventional PDZ-domain-binding motif (X-Tyr-X-Cys) in

the C-terminal cytoplasmic portion of TM4SF1 can associate with
syntenin-2 and further activates syntenin-1 to participate in cancer
cell proliferation and migration [8]. In addition, a recent report
shows that collagen | could enhance TM4SF1-discoidin domain
receptor 1 (DDR1) interaction by inducing DDR1 aggregation and
recruitment of TM4SF1, thus forming TEMs to activate intracellular
signaling pathways, which implies that matrix protein may be
crucial for TEMs formation and thereby promote tumor metastasis
[11]. Although accumulating evidence suggests that overex-
pressed TM4SF1 can contribute to the development, progression,
and drug resistance of many malignant tumors, the biological
functions and involved mechanisms of TM4SF1 in ESCC remain
largely unknown. So far, one study demonstrates that miR-141-
mediated upregulation of TM4SF1 could stimulate self-renewal of
esophageal cancer stem-like cells, suggesting the potential
involvement of TM4SF1 in EC malignancy [12]. Therefore, a better
understanding of biological functions and mechanisms of TM4SF1
in ESCC is essential for developing a biomarker or therapeutic
target.

Integrins are a family of heterodimeric transmembrane proteins
consisting of a and P subunits that plays essential roles in
carcinogenic process and malignant progression [13]. In humans,
18 a and 8 {3 subunits form 24 distinct heterodimers to facilitate
cell-to-ECM adhesive interactions by diverse ECM ligand combina-
tions, such as collagen, fibronectin, laminin, and vitronectin [14].

"Department of Gastroenterology, The Affiliated Hospital of Yangzhou University, Yangzhou University, 225009 Yangzhou, Jiangsu, China. *Department of Clinical Medicine,
Medical College, Yangzhou University, 225001 Yangzhou, Jiangsu, China. *Department of stomatology, Clinical Traditional Chinese Medicine College of Yangzhou University,
225000 Yangzhou, Jiangsu, China. “Division of Regulatory Glycobiology, Institute of Molecular Biomembrane and Glycobiology, Tohoku Medical and Pharmaceutical University,
Sendai, Miyagi 981-8558, Japan. *Department of Experimental Radiation Oncology, The University of Texas MD Anderson Cancer Center, Houston, TX 77030, USA. ®These authors
contributed equally: Sicong Hou, Xin Hao, Jiajia Li. **email: shou@yzu.edu.cn; jgu@tohoku-mpu.ac.jp; hql219@hotmail.com

Edited by Professor Daniel Aberdam

Received: 11 August 2021 Revised: 3 July 2022 Accepted: 4 July 2022

Published online: 14 July 2022

Official journal of CDDpress

SPRINGER
CDDpress


http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-022-05067-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-022-05067-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-022-05067-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-022-05067-2&domain=pdf
http://orcid.org/0000-0003-1115-5131
http://orcid.org/0000-0003-1115-5131
http://orcid.org/0000-0003-1115-5131
http://orcid.org/0000-0003-1115-5131
http://orcid.org/0000-0003-1115-5131
http://orcid.org/0000-0003-0419-6621
http://orcid.org/0000-0003-0419-6621
http://orcid.org/0000-0003-0419-6621
http://orcid.org/0000-0003-0419-6621
http://orcid.org/0000-0003-0419-6621
https://doi.org/10.1038/s41419-022-05067-2
mailto:shou@yzu.edu.cn
mailto:jgu@tohoku-mpu.ac.jp
mailto:hql219@hotmail.com
www.nature.com/cddis

S. Hou et al.

Alterations in the expression of specific integrins, such as integrin
a5, a6, 1, B4, and 36, have been observed in EC and correlates
with aggressive features and poor prognosis [15-17]. At a
molecular level, the sophisticated networks of integrins and other
membrane receptors contribute to its activation, internal signaling
cascades, and thereby play a critical role in cancer progression and
metastasis [18]. For example, cross-talk between integrin a634 and
epidermal growth factor receptor (EGFR) promotes breast cancer
progression by inducing EGFR clustering and Rho activation [19].
However, the detailed mechanism of integrins regulating malig-
nancy in ESCC is poorly understood.

In the present study, we uncover a novel mechanism of TM4SF1
in promoting ESCC cell migration and metastasis via cross-talking
with integrin a6. Tissue microarrays (TMA) show that TM4SF1
expression is strongly higher in ESCC tissues than in non-tumor
tissues, and upregulated TM4SF1 is significantly associated with
TNM stage, N classification, differentiation, tumor size, and poor
overall survival. TM4SF1 knockdown dramatically suppresses cell
adhesion, spreading, and migration, but not proliferation, in a
laminin-dependent manner. In a mechanistic manner, we
demonstrate that TM4SF1 can interact with integrin a6 to
promote ESCC cell migration via activation of the FAK/PI3K/AKT
pathway on laminin-coating condition. Furthermore, we identify
that TM4SF1-integrin a6 complex is essential for activating FAK
signaling and its-mediated cell migration on laminin. Moreover,
pharmacological inhibition of FAK signaling with VS-4718
efficiently blocks TM4SF1-integrin a6 induced cell migration and
cellular signaling. Consistent with the in vitro study results, the
TMA4SF1/integrin a6/FAK signaling axis is required for ESCC cell
metastasis through lung colonization model in vivo. Our data
reveal a pivotal role of TM4SF1-integrin a6 complex in modulating
laminin-dependent ESCC cell migration and metastasis via FAK/
PI3K/AKT signaling pathway, highlighting that TMA4SF1 has
potential as a prognostic factor and therapeutic target for ESCC.

RESULTS

TMA4SF1 is upregulated in ESCC tissues and correlated with
poor prognosis

To investigate the role of TM4SF1 in ESCC, the mRNA expression
level of TM4SF1 in tumor and normal tissues was compared in the
TNMplot online database (https://www.tnmplot.com/) as
described before [20]. Interestingly, the mRNA expression level
of TM4SF1 was significantly upregulated in EC compared with the
normal tissues (Fig. 1A). We performed the gPCR and WB analyses
by using paired ESCC and adjacent normal tissues to confirm this.
Consistently, the upregulated expression of TM4SF1 was also
observed in the ESCC tissues on both the mRNA (Fig. 1B, 27
paired) and the protein levels (Fig. 1C, 8 paired). These results
indicate that TM4SF1 may be serve as an oncogene in ESCC.

In addition, the relationship between TM4SF1 expression and
clinicopathologic characteristics in 109 ESCC patients was also
analyzed according to the IHC results. As shown in Supplementary
Table 1, TM4SF1 expression was positively correlated with TNM
stage (P=0.016), N classification (P=0.027), differentiation
(P=0.031) and tumor size (P =0.023), but not with gender, age,
smoking history, and T classification (P > 0.05). Consistently, poorly
differentiated ESCC specimens exhibited strong staining of
TMA4SF1 (Fig. 1D, X-Xll). By contrast, moderately and highly
differentiated ESCC specimens only exhibited moderate and low
staining, respectively (Fig. 1D, IV-IX). Moreover, the correlation
between TMA4SF1 and patient survival was analyzed in 109
patients, and the Kaplan-Meier survival curve of low versus high
expression of TM4SF1 showed a highly significant separation (Fig.
1E, P=0.004). Furthermore, Multivariate analysis using the Cox
proportional hazards model showed that TM4SF1 (P = 0.006) and
TNM stage (P = 0.003) were independent prognostic indicators of
overall survival (Supplementary Table 2). These results indicate
that aberrant expression of TM4SF1 may account for the
aggressive nature of ESCC and poor prognosis.
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Fig. 1

High TM4SF1 expression is significantly associated with poor prognosis. A The violinplot of TM4SF1 gene expression in EC tissue (T,

n=418) when compared with the normal esophageal tissue (N, n=161), the data was generated via TNMplot. B The mRNA levels of TM4SF1
in ESCC tissues and paired esophageal tissues were determined by qPCR. Graphic representation of the fold increases of mRNA in ESCC tissues
(T) compared to paired esophageal tissues (N). The quantitative data were statistically analyzed as means + s.d. (n = 27; ***P < 0.001, by paired
t test). C Lysates from 8 paired ESCC samples (T) and adjacent normal tissues (N) were immunoblotted by anti-TM4SF1 antibody, GAPDH was
used as a loading control. D Representative photos of TM4SF1 expression in ESCC tissues and non-cancerous tissues using TMA sections. IHC
stainings of TM4SF1 in the non-cancerous specimen (I, Il, and Ill), highly differentiated ESCC specimen (IV, V, and VI), moderately differentiated
ESCC specimen (VII, VIII, and IX), and poorly differentiated ESCC specimen (X, XI, and XlI). Original magnifications are x40 in |, IV, VII, and X.
Original magnifications are x100 in II, V, VIII, and XI. Original magnifications are x200 in IlI, VI, IX, and XII. Scale bar, 200 pm. E Kaplan-Meier
analysis of overall survival in a cohort of ESCC patients (n = 109). The cumulative survival rate in patients with TM4SF1 highly-expressed (green
line) is significantly lower than that in lowly-expressed ones (blue line). Statistical significance was determined by a log-rank test, P = 0.004.
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Fig.2 The effects of TM4SF1 on cell proliferation, migration, and invasion in related ESCC cells. A Lysates from indicated ESCC cells were
immunoblotted by anti-TM4SF1 antibody, p-actin was used as a loading control (upper panel). Quantitative data was determined by a two-
tailed unpaired t test from 3 independent experiments (lower panel), Error bars are means + s.d. B, D Lysates from control (Con) and
TMA4SF1 stably overexpressed (TM4SF1-OE) Eca109 cells (B), and Con, TM4SF1-knockdown (KD) KYSE-410 cells, and KD cells transduced with
TMA4SF1 (D) were immunoblotted by anti-TM4SF1 antibody, f-actin was used as a loading control (upper panel). Indicated cells were starved
with serum-free RPMI 1640 for 24 h and then released with RPMI 1640 containing 10% FBS; the numbers of live cells were counted at the
indicated time points. Cell numbers were normalized to those at 0 h. Statistical significance was determined by a two-tailed unpaired t test.
Error bars are means = s.d. (lower panel; n = 3; n.s., not statistically significant). C, E The migration and invasion abilities of indicated Eca109 (C)
and KYSE-410 (E) cells were analyzed by transwell assay. The representative images were recorded by phase-contrast microscopy. The
quantitative number of cells was obtained from 3 independent experiments. The P values were determined by two-tail unpaired t test (n.s.,
not statistically significant; **P < 0.01; ***P < 0.001 by two-tail unpaired t test). Error bars are means + s.d. Scale bar, 250 um.

TMA4SF1 promotes invasion, but not migration and
proliferation, in ESCC cells under normal culture condition
To further explore the functional significance of TM4SF1 in ESCC,
we first determined TM4SF1 protein levels in a panel of human
ESCC cell lines. As shown in Fig. 2A, TM4SF1was upregulated in all
4 analyzed ESCC cell lines (TE-1, KYSE-510, KYSE-410, and Eca109)
compared to it in primary human endometrial epithelial cells
(HEEC). We then established the TMA4SF1-overexpression (OE)
Eca109 cells to explore the role of TM4SF1 in multiple cell
behaviors, including cell proliferation, migration, and invasion. The
overexpression efficiency was confirmed by western blot (Fig. 2B,
upper panel), and the cell proliferation was not affected by
TMA4SF1 (Fig. 2B, lower panel). Interestingly, growth factor reduced
(GFR) basement membrane matrigel coating mediated Boyden
chamber analysis showed that overexpression of TM4SF1 led to a
significant increase in cell invasion, but not migration, in Eca109
cells under normal culture condition (Fig. 2C). Conversely, shRNA-
mediated knockdown of TM4SF1 in KYSE-410 cells decreased cell
invasion capability, but not cell proliferation and migration
capabilities, under normal culture condition (Fig. 2D, E); this
inhibitory effect on cell invasive could be reversed by restoration
of TM4SF1 (Fig. 2E). These results suggest that TM4SF1 positively
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regulates cell invasion, but not migration and proliferation, in
ESCC cells under normal culture condition.

TMA4SF1 promotes ESCC cell migration in a laminin-dependent
manner

The different effects of TM4SF1 on cell migration and invasion
encourage us to explore the underlying mechanisms involved in
TM4SF1-mediated invasion. Considering ECM proteins were major
components of the GFR basement membrane matrigel, which we
used to coat the Boyden chamber for the invasion assay (Fig. 2C,
E), we detected the ECM binding profiles of Con and TM4SF1-OE
Eca109 cells. Intriguingly, compared with Con cells, TM4SF1-OE
cells attached more strongly to laminin (Fig. 3A), one major ECM
component of matrigel, suggesting that the increased invasion
ability of TM4SF1-OE cells may be due to the enhancement of the
adhesiveness to laminin.

It is well known that laminin plays essential roles in multiple
tumor biological functions [21], so we questioned whether laminin
was also involved in regulating TM4SF1 in cell proliferation and
migration. Interestingly, under laminin-coating condition, the Con
and TM4SF1-OE Eca109 cells exhibited comparable proliferation
ability (Fig. 3B). However, the migration ability of TM4SF1-OE cells

SPRINGER NATURE
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Fig. 3 TM4SF1 promotes laminin-mediated cell adhesion, migration, and spreading in ESCC cells. A Adhesion ability of Con and TM4SF1-
OE Ecal09 cells upon various ECM proteins. Cell suspensions were planted on the different ECM (laminin, collagen, fibronectin, and
fibrinogen)-coated plates for 40 min at 37 °C. BSA was used as a control. Attached cells were stained and checked by colorimetric detection.
The quantitative data were determined by a two-tailed unpaired t test. Error bars are means + s.d. (n =3; ***P < 0.001; *P < 0.05 by two-tail
unpaired t test). B Indicated Eca109 cells were cultured on the laminin-coated dishes, starved with serum-free RPMI 1640 for 24 h and then
released with RPMI 1640 containing 10% FBS, the numbers of live cells were counted at the indicated times. Cell numbers were normalized to
those at 0 h. Statistical significance was determined by a two-tailed unpaired t test. Error bars are means + s.d. (n =3; n.s., not statistically
significant). C, D The migration ability of indicated Eca109 (C) and KYSE-410 (D) cells was determined by transwell assay on laminin-coated
condition. Representative photos were taken and then the migrated cells were counted. Statistical significance was determined by a two-
tailed unpaired t test. Error bars are means + s.d. (n = 3; ***P < 0.001; **P < 0.01). E Indicated Eca109 cells were detached, suspended in serum-
free RPMI 1640 for 1 h, and then plated on the laminin-precoated (10 pg/ml) dishes. After incubation for 40 min, spread cells were fixed with
PFA, and the representative photos were taken (left panel). The percentages of adherent cells were determined by a two-tailed unpaired t test.

Error bars are means + s.d. (right panel; n = 3; ***P < 0.001). Scale bar, 50 pm.

was significantly increased when compared to the Con group (Fig.
30), highlighting the importance of laminin in TM4SF1-mediated
cell migration. As expected, shRNA-mediated knockdown of
TMA4SF1 in KYSE-410 cell line decreased the capability of cell
migration under laminin-coating condition, and this inhibitory
effect could be reversed by restoration of TM4SF1 (Fig. 3D).
Considering adhesive interactions play fundamental roles in cell
migration, we compared the cell spreading abilities of Con and
TM4SF1-OE Eca109 cells. As shown in Fig. 3E, the TM4SF1-OE cells
exhibit enhanced spreading ability on laminin when compared
with Con ones. These findings indicate that TM4SF1 promotes
explicitly cell adhesion, spreading, migration, and invasion in a
laminin-dependent manner.

TMA4SF1 promotes laminin-mediated cell migration by
interacting with integrin a6

Next, we wonder about the underlying mechanisms involved in
the laminin/TM4SF1-mediated ESCC cell migration. It is well
known that FAK is a critical molecule involved in focal adhesion
formation via tyrosine phosphorylation during the cell adhesion
process, which can facilitate intracellular signaling events [22]. We
first examined whether the FAK signaling pathway was aberrantly
activated in TM4SF1-OE cells under laminin coating. As shown in
Fig. 4A, the phosphorylated levels of FAK, PI3K p85, and AKT were
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remarkably increased in TM4SF1-OE cells as compared to Con
groups, indicating that activation of FAK/PI3K/AKT signaling
pathway may be required for the pro-migration effect of TM4SF1
on laminin coating condition.

To investigate the molecular mechanism by which TM4SF1
regulates cell migration, we attempted to identify TMA4SF1-
interacting membrane proteins upon laminin coating by using
V5-tagged TMA4SF1. We performed the immunoprecipitation (IP),
followed by mass spectrometric (MS) analysis, which identified a
list of TM4SF1-interacting membrane proteins; among these
proteins, integrins, as potential laminin-binding receptors and
FAK signaling regulators, have garnered our attention (Fig. 4B).
Specifically, these integrins were three previously unreported
TMA4SF1-interacting integrins, including a6, a2, and 4, as well as
one reported integrin 1, among which integrin a6 was ranked
the top one according to the intensity-based absolute quantita-
tion (iBAQ) value (Fig. 4B). Considering integrin a6f34 and a6f31 are
two main members of laminin receptors family, which mediate cell
adhesion, and transmit mechanical and laminin-specific signals to
the cell interior [23, 24], it is reasonable to speculate that the
interaction between TM4SF1 and integrin a6 is mediated by
laminin. The endogenous co-IP assays showed that laminin-
coating significantly enhanced the interaction of TM4SF1 with
integrin a6, 4, and B1 in Ecal09 cells (Fig. 4C). Notably, the

Cell Death and Disease (2022)13:609
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Fig. 4 Laminin promotes the interaction between TM4SF1 and integrin a6 in Eca109 cells. A Con- and TM4SF1 overexpressed- Eca109 cell
lysates (under laminin-coating condition) were immunoblotted by anti-p-FAK, anti-FAK, anti-p-PI3K p85 (Try458), anti- PI3K p85, anti-pAKT, and
anti-AKT antibodies. B List of TM4SF1-associated cell membrane proteins in Ecal09 cells under laminin-coating condition, identified by mass
spectrometric analysis. C Co-IP of endogenous TM4SF1 with endogenous integrin a6, 4, and p1 in cell lysate. TM4SF1 was immunoprecipitated
from Eca109 cells, which were cultured on the dishes with or without laminin-coating, and immunoblotted with antibodies against integrin o6, 4,
f1, and TMA4SF1. The input was immunoblotted with antibodies against integrin a6, p4, p1, p-FAK, FAK, TM4SF1, and p-actin. D Co-IP of
endogenous TM4SF1 with endogenous integrin o6, 34, and 1 in ESCC patient tissues. TM4SF1 was immunoprecipitated from homogenized ESCC
patient tissues lysate and immunoblotted with antibodies against integrin a6, 4, p1, and TM4SF1.

interaction between TM4SF1 and integrin a6, $4, and 1 can also
be validated in ESCC patient tissues (Fig. 4D). Taken together,
these results suggest that TM4SF1-integrin a6 complex formation
may be crucial for FAK signaling activation under laminin-coating
condition.

TMA4SF1/integrin a6/FAK signaling axis promotes laminin-
mediated ESCC cell migration

The data provided above led us to speculate that the TM4SF1-
integrin a6 complex may affect FAK signaling, thereby con-
tributing to laminin-dependent cell migration. To address this,
we first try to understand the role of integrin a6 in laminin/
TMA4SF1-mediated cell signaling and migration. We overex-
pressed the integrin a6 in Con or TM4SF1-OE Eca109 cells. As
shown in Fig. 5A, under laminin-coating condition, compared to
the Con group, the expression level of FAK phosphorylation (p-
FAK) was increased in integrin a6-OE cells and was further
enhanced in TM4SF1 and integrin a6-double OE cells; mean-
while, the abilities of cell migration were also remarkably
increased after TM4SF1-integrin a6 overexpression. To confirm
the results, we knocked down TM4SF1 and then rescued TM4SF1,
or integrin a6, or both genes in KYSE-410 cells. As shown in Fig.
5B, p-FAK and cell migration on laminin exhibited a significant
increase in TM4SF1-integrin a6 double rescue group compared
with the individual overexpression of TM4SF1 or integrin a6. In
addition, the increased expression level of p-FAK in TM4SF1-OE
Eca109 cell was largely canceled in shRNA-mediated integrin a6
knockdown groups, as well as the migration ability, and this
inhibitory effect on both p-FAK expression and cell migration
could be reversed by restoration of integrin a6 under laminin-
coating condition (Fig. 5C). These results clearly show that the
integrin a6 is important for TMA4SF1/laminin-mediated FAK
signaling and migration in ESCC cells.

To investigate whether FAK is a central mediator of TM4SF1-
integrin a6 mediated cell signaling, we next treated the cells with
pharmacologic inhibitors. As shown in Fig. 5D, VS-4718 (a selective
bispecific inhibitor for FAK and Pyk2 kinases) eliminated TM4SF1-
integrin a6 induced signal transduction and migration of KYSE-410
cells. These results indicate that TM4SF1-integrin a6 complex is
upstream of FAK activation on laminin coating condition,
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highlighting the importance of TM4SF1/integrin a6/FAK signaling
axis in laminin-mediated ESCC cell migration.

TMA4SF1/integrin a6/FAK signaling axis promotes ESCC
metastasis

The data described above led us to investigate whether the
TM4SF1/integrin a6/FAK signaling axis also contribute to ESCC
metastasis. As shown in Fig. 6A, we first found that VS-4718
treatment eliminated the difference between Con and TM4SF1-OE
Eca109 cells for cell migration, indicating that the FAK pathway is
also responsible for TM4SF1-mediated cell migration under
laminin-coating condition in Eca109 cells.

Next, we examined the effect of TM4SF1 on tumor metastasis in
a mouse lung colonization model. We checked the metastatic
nodules in the lungs after intravenous injection of Con and
TMA4SF1-OE Ecal109 cells via tail vein. As shown in Fig. 6B, the
number of pulmonary metastatic nodules was evidently increased
in the TM4SF1-OE group compared to the Con group. However,
blockade of the FAK signal by VS-4718 treatment largely
eliminated the prometastatic function of TM4SF1 on lung
metastatic colonization (Fig. 6B). Importantly, these phenotypes
can also be further validated in KYSE-510 cells (Fig. 6C, D). These
results demonstrate that TM4SF1 promotes ESCC cell migration
and metastasis via FAK signaling.

To further examine the importance of TM4SF1/integrin a6/FAK
signaling axis on ESCC metastasis, nude mice were also
intravenously injected with Con, TM4SF1-knockdown or related
TMA4SF1-rescue, integrin a6-overexpression, and TM4SF1-rescue
plus integrin a6-overexpression KYSE-410 cells via tail veins. As
shown in Fig. 6E, the number of pulmonary metastatic nodules
formed by TM4SF1-knockdown KYSE-410 cells was significantly
fewer than the Con cells, whereas restoration of TM4SF1, but not
overexpress integrin a6, resulted in comparable number of
metastatic nodules compared with the Con one. Moreover,
overexpress integrin a6 in TM4SF1-rescued cells further increased
the metastatic nodule numbers when compared with only
TM4SF1-rescued group (Fig. 6E). Taken together, these results
indicate that TM4SF1 is essential for integrin a6-mediated
metastasis, further highlighting the importance of the TM4SF1-
integrin a6 complex in ESCC metastasis.
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Fig. 5 The Laminin-TM4SF1-integrin a6-FAK signaling axis mediates ESCC cell migration. A-C Immunoblotting of p-FAK, FAK, TM4SF1,
integrin a6, and B-actin in (left panel) and migration ability of (right panel) TM4SF1-overexpressed, integrin a6-overexpressed, and TM4SF1/
integrin a6 double overexpressed Eca109 cells (A), Con-, TM4SF1-knockdown-, related TM4SF1 rescued-, integrin a6- overexpressed, and
TMA4SF1-rescued/integrin a6- overexpressed KYSE-410 cells (B), and integrin a6-knockdown- and related a6 rescued- Con or TMA4SF1
overexpressed Eca109 cells (C) under laminin coating condition (LE: long exposure; SE: short exposure). Representative photos were taken,
and then the migrated cells were counted. Statistical significance was determined by a two-tailed unpaired t test. Error bars are means + s.d.
(right panel; n = 3; *P < 0.05; **P < 0.01; ***P < 0.001). D Immunoblotting of p-FAK, FAK, TM4SF1, integrin a6, and f-actin in (upper panel) and
migration ability of (lower panel) TM4SF1-overexpressed, integrin a6-overexpressed, and TM4SF1/integrin a6 double overexpressed KYSE-410
cells pre-treated with or without VS-4718 (1 uM) for 24 h. Representative photos were taken and then the migrated cells were counted.
Statistical significance was determined by a two-tailed unpaired t test. Error bars are means * s.d. (right panel; n=3; n.s., not statistically
significant; *P < 0.05; ***P < 0.001).

TMA4SF1/integrin a6/FAK signaling axis positively correlates integrin a6, and p-FAK were summarized in Fig. 7B as follows:
with ESCC progression and survival 294% (32 of 109) of the tumors with low TM4SF1 expression
To address whether the TM4SF1/integrin a6/FAK signaling axis is exhibited low integrin a6 expression (P = 0.008), 16.5% (18 of 109)
relevant in ESCC tissues, we examined the expression of TM4SF1, of the tumors with low TM4SF1 expression exhibited low p-FAK

integrin a6, and p-FAK through IHC staining in TMA samples expression (P =0.034), and 14% (15 of 109) of the tumors with low
(n=109). According to the immunostaining scores, these samples TMA4SF1 expression exhibited both low integrin a6 and p-FAK
were divided into high (score 4-12) and low (score 0-3) levels of expression (P < 0.001); meanwhile, 46.8% (51 of 109) of the tumors
TMA4SF1, integrin a6, and p-FAK groups. Representative images of with high TM4SF1 expression showed high integrin a6 expression
IHC staining with different intensities of TM4SF1, integrin a6, and (P=10.008), 40.4% (44 of 109) of the tumors with high TM4SF1
p-FAK in the same region are shown in Fig. 7A. Strikingly, TM4SF1 expression showed high p-FAK expression (P=0.034), and 37%
expression was positively correlated with integrin a6 and p-FAK (40 of 109) of the tumors with high TM4SF1 expression exhibited
expression (Fig. 7A). The detailed expression patterns of TM4SF1, both high integrin a6 and p-FAK expression (P < 0.001).
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Fig. 6 TM4SF1/integrin a6/FAK signaling axis promotes ESCC metastasis. A, C TM4SF1 overexpressed Eca109 (A) and KYSE-510 (C) cells
were treated with or without VS-4718 (1 pM) for 24 h, the migration ability was further determined by transwell assay on laminin-coating
condition. The number of migrated cells were counted. Statistical significance was determined by a two-tailed unpaired t test. Error bars are
means * s.d. (n = 3; n.s., not statistically significant; **P < 0.01). B, D The representative images (left panels) and number (right panels) of lung
metastatic nodules of BALB/c-nude mice with tail vein injection of Eca109-Con and Eca109-TM4SF1-OE cells (B) and KYSE-510 -Con and KYSE-
510 -TM4SF1-OE cells (D) are presented. Scale bar, 250 ym. Mice were administered with or without VS-4718 (50 mg/kg) by oral gavage two
times a day. The numbers of lung metastasis were statistically analyzed by a two-tailed unpaired t test. Error bars are means + s.d. (1 =5; n.s,,
not statistically significant; *P < 0.05; **P < 0.01). E The representative images (left panel) and number (right panel) of lung metastatic nodules
of BALB/c-nude mice with tail vein injection of Con-, TM4SF1-knockdown-, related TM4SF1 rescued-, integrin a6- overexpressed, and TM4SF1-
rescued/integrin a6- overexpressed KYSE-410 cells are presented. Scale bar, 250 ym. The numbers of lung metastasis were statistically
analyzed by a two-tailed unpaired t test. Error bars are means + s.d. (n =5; n.s., not statistically significant; ***P < 0.001; ****P < 0.0001).

Moreover, high expression of integrin a6 and p-FAK were
significantly associated with poor outcomes in ESCC (Fig. 7C, D),
and patients classified as TM4SF1'°“/integrin a6'*"/p-FAK'®"
showed better disease outcome than the TM4SF1M9"/integrin
a6"9"/p-FAK"" group (Fig. 7E). Notably, the Kaplan-Meier

and has the potential to serve as a prognostic factor and
therapeutic target in ESCC.

DISCUSSION

survival curves also showed that the overall survival of patient
classified as TM4SF1M9"integrin a6™9" or TM4SF1M9h/pFAKNioh
group had a poorer outcome than TM4SF1'°Y/integrin a6"9" or
TM4SF1"°"/pFAKM" group, respectively, further suggesting the
importance of TM4SF1/integrin a6/FAK axis in ESCC (Fig. 7F, G).
Our results indicate that TM4SF1/integrin a6/FAK axis is
positively correlated with tumor progression and poor prognosis

Cell Death and Disease (2022)13:609

The L6 protein TM4SF1, as a critical signal transducer is
overexpressed in most malignant tumors and involved in the
progression and migration. In the present study, we outline the
novel underlying mechanism responsible for the pro-migratory
role of TM4SF1 in ESCC and provide new insights into the role of
ECM and TEMs in the regulation of cellular signaling. In detail, the
expressions of TM4SF1 were strongly upregulated in ESCC tissues
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in regulating laminin-mediated signaling and metastasis.

than in non-tumor tissues at both mRNA and protein levels. TM4SF1
mediated ESCC cell migration and invasion in a laminin-dependent
manner by interacting with integrin a6. Further study showed that
the TM4SF1-integrin a6 complex promotes ESCC cell migration and
metastasis via FAK/PI3K/AKT signaling (Fig. 7H). Moreover, TM4SF1
expression was positively correlated with integrin a6 and p-FAK
expression, and activated TM4SF1/integrin a6/FAK signaling axis is
correlated with poor survival in ESCC patients.

Several reports have indicated that the tetraspanin superfamily,
including TM4SF1, could form TEMs through their interaction with
other proteins, which play important roles in modulating cell

SPRINGER NATURE

adhesion, propagation, migration, and invasion in multiple
cancers, including human lung, breast, prostate, and pancreatic
cancer [10]. It is worth noting that TEMs can influence cell
migration via regulating the surface expression patterns of relative
components of these functional complexes and intracellular
signaling [9]. For example, TM4SF1 couples the collagen receptor
tyrosine kinase DDR1 to PKC a and augments JAK-STAT signaling,
promoting multi-organ site metastatic reactivation [11]. Besides,
TMA4SF1 can interact with integrin a5p1 via its EC2 domain, and
this complex is critical for integrin-mediated cell adhesion to ECM,
which further activates PI3K/AKT/mTOR signaling pathway
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[10, 25]. Our study demonstrated that TM4SF1 was dramatically
upregulated in ESCC tissue samples and positively correlated with
poor prognosis. Mechanically, TM4SF1 promoted ESCC cell
migration and metastasis in a laminin-dependent manner.
Considering a growing body of evidence for the TEMs formed
by TM4SF1 and other proteins during migration, and also our MS
analysis identified a series of TM4SF1-interacting integrins, it is
reasonable to speculate that TM4SF1 may be associated with
laminin receptor integrins which facilitate cell adhesion and
motility by activating downstream signal pathways in ESCC cells.
Consistent with our hypothesis, we identified and validated the
interaction between TM4SF1 and integrin a6 by endogenous co-IP
assays in Eca109 cells upon laminin treatment. These findings
indicated that TM4SF1 could associate with specific integrins in
cancer/cell-type dependent manner. Of note, Xue et al. show that
TMA4SF1 is essential for the migration and invasion in KYSE-150
and KYSE-180 ESCC cell lines [12]. Based on our results, one
possibility may be that the expression levels of TM4SF1-interacted
integrins and the membrane receptors that TM4SF1 interacted
with are variable in a cancer or ESCC cell type-dependent manner,
thus mediating different downstream signal pathways, which
need further investigation.

Importantly, Ma et al. demonstrate that integrin a6 promotes
ESCC metastasis through miR-92b/integrin a6/AKT axis signal
pathway, however, the detailed mechanisms remain unknown
[17]. Here, we found that the TM4SF1-integrin a6 complex was
essential for ESCC migration and metastasis, highlighting the
importance of the cross-talk between TM4SF1 and integrin a6. Of
course, we could not exclude the roles of other member receptors,
especially the receptor tyrosine kinases (RTKs) [24, 26], in integrin
a6B4-mediated cellular signaling, since our group have reported
that integrin a6P4 closely associates with EGFR, which can also
activate ERK and AKT [27-29]. Further studies are also needed to
investigate the cross-talks between integrin a6 and RTKs during
the development and progression of ESCC.

In fact, laminin contains at least 16 different isoforms. However,
it is well known that laminin-5 (also named laminin-332), as the
preferred ligand of integrin a6p4 and a6f1 [30, 31], can promote
the invasion of ESCC cells [32]; further investigations are needed
to identify the exact laminin isoform involved in TM4SF1/integrin
a6-mediated metastasis and the mechanistic roles of TM4SF1-
containing (TEMs) in ESCC in more detail. In addition to laminin,
the GFR basement membrane matrix also contains limited growth
factors, such as transforming growth factor (TGF-f3), epidermal
growth factor (EGF), insulin-like growth factor (IGF-1), and basic
fibroblast growth factor (bFGF), the effect of these growth factors
on TM4SF1-mediated cell migration will also be an exciting part,
which will present a more comprehensive picture of TM4SF1's
function in tumor microenvironment.

Consistent with the importance of TM4SF1 in ESCC cells we
observed, our TMA analysis indicated that the upregulated TM4SF1
was closely associated with worse clinical outcomes and shorter
survival in ESCC patients, suggesting that TM4SF1 may serve as a
potential prognostic biomarker for predicting metastasis and a novel
therapeutic target in ESCC. It is worthy of note that the role of
TMA4SF1 in cancer remains controversial [7, 33-36]. High expression
of TMA4SF1 predicts a poor prognosis in many types of cancer, such as
glioma, colorectal cancer, breast cancer, and ovarian cancer, but
predicts a good prognosis in gastric cancer, pancreatic cancer, breast
cancer, and malignant pleural mesothelioma [10]. Here our study, for
the first time, provides the evidence that TMA4SF1 is positively
correlated with TNM stage, N classification, differentiation, tumor size,
and poor outcome. However, T classification, one of the cancer
malignancy risk factors, showed no significant relation with TM4SF1
expression statistically, further study are needed by expanding the
sample size.

In conclusion, our study demonstrates for the first time that
TMA4SF1 can promote laminin-mediated migratory and metastatic
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ability by interacting with integrin a6 via FAK/PI3K/AKT signaling,
which provides new insights into the mechanistic roles of TM4SF1
in ESCC.

MATERIALS AND METHODS

Specimens and immunohistochemistry (IHC)

The cancer tissues (T) and paired adjacent tissues (N) were obtained from
Affiliated Hospital of Yangzhou University (Yangzhou University, Yangzhou,
China) from 2012 to 2013. None of the patients received any radio-
chemotherapy before the operation. IHC staining was performed as
described previously [37]. Whole-slide images were captured using an
Aperio CS2 slide scanner system (Leica Biosystems, Wetzlar, Germany) at a
%40 magnification. IHC stainings of TM4SF1, integrin a6, and p-FAK were
analyzed by using the immunoreactive score (IRS) system. The percentage of
positive cells was scored on a scale of 0 to 4: 0 if 0% of tumor cells were
positive, 1 if 1-25% of cells were positive, 2 if 26-50% were positive, 3 if
51-75% were positive, and 4 if 76-100% were positive. Staining intensity was
scored on a scale of 0 to 3 (3 is the strongest). Final IRS score = (score of the
staining intensity) X (score of the percentage of positive cells). Score = 0-3
was considered low expression and score = 4-12 was considered high
expression. Furthermore, the study was carried out in accordance with the
approved guidelines according to the Ethics Committee at Affiliated Hospital
of Yangzhou University (Yangzhou University, Yangzhou).

Online database analysis

The mRNA levels of TM4SF1 in 161 EC tissues and 418 normal tissues were
compared using the TNMplot online database (https://www.tnmplot.com/)
as described before [20].

Antibodies and reagents

The experiments were performed using the following antibodies: Rabbit
monoclonal antibodies (mAbs) to AKT (1:1000, Catalog #9272S), p-AKT
(1:1000, Catalog #40605S), p-PI3K p85 (Tyr458) (1:1000, Catalog #173665),
PI3K p85 (1:1000, Catalog #4257S), integrin a6 (1:1000, Catalog #3750S),
p-FAK (1:1000, Catalog #8556S), and integrin 34 (1:1000, Catalog #14803S)
were from Cell Signaling Technology (Massachusetts, USA), anti-TM4SF1
antibodies used for WB and IHC were from R&D Systems (Catalog #AF7514,
Minnesota, USA) and Novus Biologicals (Catalog #NBP1-76549, Colorado,
USA), respectively; Mouse mAbs against FAK (1:1000, Catalog #610088) and
integrin 31(1:2000, Catalog #610467) were from BD Biosciences (New
Jersey, USA), glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 1:1000,
Catalog #sc-365062) and f-actin (1:1000, Catalog #sc-47778) were
purchased from Santa Cruz Biotechnology (Texas, USA). The integrin a6
and p-FAK antibodies for IHC was purchased from Proteintech (Catalog
#27189-1-AP, lllinois, USA) and Thermo Fisher Scientific (Catalog #700255,
Massachusetts, USA), respectively. Laminin, collagen, Fibronectin (FN), and
Fbrinogen were from Sigma (Massachusetts, USA). The growth factor
reduced (GFR) basement membrane matrix was purchased from Corning
(New York, USA). IgG was purchased from Bio-Rad Laboratories (California,
USA). Protein-A/G PLUS beads were purchased from Santa Cruz
Biotechnology (Texas, USA). Anti-V5-tag mAb-magnetic beads were
purchased from Medical & Biological Laboratories (Aichi, Japan). The
PND-1186 (VS-4718) was purchased from Selleck Chemicals (Texas, USA).
iScript complementary DNA (cDNA) Synthesis Kit and iTaq Universal SYBR
Green Kit were from Bio-Rad Laboratories (California, USA). TRIzol reagent
was obtained from Invitrogen (Massachusetts, USA).

Cell lines and cell culture

Human esophageal epithelial cells (HEEC), human ESCC cell lines (Eca109 and
TE-1), and HEK293T cells were purchased from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). HEK293T cells was maintained at
37 °C in DMEM medium and other cell lines (HEEC, Eca109, TE-1, KYSE-510,
and KYSE-410) were maintained at 37°C in RPMI 1640 medium, supple-
mented with 10% fetal bovine serum (FBS), under a humidified atmosphere
containing 5% CO,, except for the virus production.

Overexpression and knockdown vectors of TM4SF1 and
integrin a6

The cDNA of the human TM4SF1 and integrin a6 were amplified by PCR
from the reverse-transcribed product of Eca109 cell total RNA and then
subcloned into the pDONR201 vector as described previously [38]. The
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resultant cDNAs were confirmed by sequence. The cDNAs of TM4SF1 and
integrin a6 from the pDONR201 were transferred into pLenti-CMV-Puro
DEST (w118-1) (Addgene, #17452), pLenti-CMV-Hygro DEST (w117-1)
(Addgene, #17454), or pLX304 (Addgene, #25890) vectors via LR reaction
(GatewayTM cloning system kit, Invitrogen, Thermo Fisher Scientific,
Massachusetts, USA).

For expressing short hairpin RNA, we used the pLKO.1-puro lentiviral
vector. Inserted oligonucleotide sequences were listed as follows: ShRNA#1
against TM4SF1, 5'-CCGGGTTTCCCATTCATACACCTATCTCGAGATAGGTGTA
TGAATGGGAAACTTTTT-3’, shRNA#2 against TM4SF1, 5'-CCGGTCAAGTAAT
AAATGGAGTGCTCTCGAGAGCACTCCATTTATTACTTGATTTTT-3,  shRNA#1
against integrin a6, 5-CCGGGACAACGTGATCCGGAAATATCTCGAGATATTT
CCGGATCACGTTGTCTTTTTG-3/, and shRNA#2 against integrin a6, 5'- CCGG
TTCTTTAACTGCCGTAATTTACTCGAGTAAATTACGGCAGTTAAAGAATTTTTG-3'.

Virus production, infection, and stable cell lines construction
Virus production and infection were performed as described previously
[39]. In brief, the lentivirus-based TM4SF1 or integrin a6 overexpression
and pLKO.1-knockdown vectors were cotransfected with pCAG-HIVgp and
PCMV-VSV-G-RSV-Rev into HEK293T cells. After transfection for 48 h, the
lentivirus supernatants were collected. The indicated cells were infected
with the resultant viral supernatant for 72h and then selected by
hygromycin B, puromycin, or blasticidin to get resistant cells against these
antibiotics. Stable cell lines were used in subsequent studies.

Western Blot (WB) and Immunoprecipitation (IP)

WB and IP were performed as described previously [39]. Briefly, for WB, the
homogenized patient tissues and the indicated cells were lysed in the cell
lysate 20mM Tris-HCl pH 7.4, 150mM NaCl, 1% Triton X-100) with
protease and phosphatase inhibitors for 30 min. After centrifugation, the
supernatant was collected and protein concentrations were determined
using a BCA protein assay kit (Pierce, Rockford, lllinois, USA). Proteins were
resolved by SDS/PAGE and transferred to a PVDF membrane (Millipore,
Sigma, Massachusetts, USA). After transfer, membranes were blocked with
5% non-fat milk in Tris-buffered saline with 0.05% Tween-20 (TBST) and
incubated with the primary antibody at 4°C overnight, followed by
incubation with the secondary antibody conjugated with horseradish
peroxidase (HRP). The bands were visualized with enhanced chemilumi-
nescence substrate (Pierce, lllinois, USA).

For IP, the homogenized patient samples and cells were lysed in 0.1%
Triton TBS buffer (20 mM Tris-HCI pH 7.4, 150 mM NaCl) with protease and
phosphatase inhibitors, and then centrifuged. The supernatants were pre-
cleared with protein-A/G PLUS beads and IgG at 4 °C for 30 min, followed
by incubation with an antibody against TM4SF1 or IgG at 4 °C for 1 h, and
were then incubated with protein-A/G PLUS beads at 4 °C overnight. The
beads were washed with TBS buffer 3 times and the immunoprecipitates
were subjected to SDS-PAGE.

Mass spectrometry analysis

To identify TM4SF1-interacting proteins in Eca109 cells, we performed the
immunoprecipitation and mass spectrometry as follows. V5-tagged
TMA4SF1 stably overexpression Ecal09 cells were cultured on laminin-
coated dishes. For IP, a total of 3 15-cm dishes of cells were lysed in 0.1%
Triton TBS buffer (20 mM Tris-HCI pH 7.4, 150 mM NaCl) containing
protease inhibitors at 4°C for 30 min. Crude lysates were cleared by
centrifugation, and the supernatants were incubated with 100 ul anti-V5-
tag mAb-magnetic beads at 4°C for 2 h. The beads were washed three
times with TBS buffer. The bound proteins were eluted by boiling in
loading buffer, resolved by SDS-PAGE, visualized by Coomassie blue
staining, and subjected to mass spectrometric analysis.

Cell growth analysis

Indicated cells (3 x 10% were cultured on none-coated or Laminin-coated
6-cm dishes overnight, starved with serum-free RPMI 1640 for 24 h. After
starvation, the cells were supplied with RPMI 1640 containing 10% FBS. The
photographs of the same areas on the cultured dishes were taken at the
indicated times (0, 24, 48, and 72 h), and the cell numbers were counted.
Cell numbers were normalized to those at 0 h and statistically analyzed.

Migration and invasion assays
Migration and invasion were examined by Boyden chamber assay (Corning
transwell cell culture inserts, 8.0-mm inserts; Corning, New York, USA).
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Migration assay was performed as described previously [40]. For migration
assay on laminin, each transwell was precoated on the bottom side with
10 pg/ml laminin in PBS containing 0.1% BSA at 4 °C overnight and then
blocked with 5% BSA in RPMI 1640 at 37 °C for 1 h. The invasion assay was
similarly performed with a modified Boyden chamber whose upper
chamber was coated with growth factor reduced (GFR) basement
membrane matrigel (Corning, #354230, New York, USA), and the rest of
the protocol was finished similarly as the migration assay.

Cell adhesion and spreading assays

For cell adhesion assay, 48-well plates were coated with different ECM
(10 pg/ml) in PBS at 4°C overnight and then blocked with 1% bovine
serum albumin (BSA) in RPMI 1640 medium for 1 h at 37 °C. Indicated cell
suspensions were allowed to attach to different ECM-coated plates for
40 min at 37 °C. Adherent cells were stained, extracted, and then measured
at 560 nm wavelength in a plate reader. Triplicate wells were used for each
group, and the average of the results was calculated.

For cell spreading assay, indicated cells were detached and suspended
in serum-free RPMI 1640 medium with 0.1% BSA at 6 x 10* cells/ml. After
40 min incubation on Laminin-coated plates, non-adherent cells were
gently removed by PBS, and the attached cells were fixed with 4%
paraformaldehyde (PFA) in PBS. Images were then taken by phase-contrast
microscopy.

RNA isolation and qPCR
Total RNA from ESCC tissues was extracted using TRIzol reagent
(Invitrogen, Massachusetts, USA) according to the manufacturer’s protocol.
Then reverse transcribed with an iScript complementary DNA (cDNA)
Synthesis Kit (Bio-Rad Laboratories, California, USA). First-strand cDNA was
used for real-time PCR with the iTaq Universal SYBR Green Kit (Bio-Rad
Laboratories, California, USA). The sequences of the primers were as
follows: TM4SF1, forward, 5-GGTTCTTTTCTGGCATCGTAGGAGGTG-3/,
reverse, 5-CTGGCCGAGGGAATCAAGACATAGTG-3’; GAPDH, forward, 5-
GGAGTCAACGGATTTGGT-3/, reverse, 5-GTGATGGGATTTCCATTGAT-3".
Real-time PCR and data collection were performed on the ABI PRISM
7700 Sequence Detector (Applied Biosystems, Thermo Fisher Scientific,
Massachusetts, USA).

Animal study

4 weeks old female BALB/c-nude mice were randomly assigned to different
groups. A total of 1 x 10° cells (Eca109-, KYSE-510-, and KYSE-410- related
TM4SF1-overexpression or TMA4SF1-knockdown/rescue cell lines) were
injected via the tail vein of each mice. After 7 days, the mice for the
overexpression experiment were further randomly divided into two groups
(n = 8 for each group) and administered with or without VS-4718 (50 mg/
kg) by oral gavage two times a day. On the last day of the treatment, mice
were sacrificed and the lungs were initially examined by the naked eye,
and hematoxylin and eosin (HE) staining was performed. Whole-slide
images of lung lobes were captured using an Aperio CS2 slide scanner
system (Leica Biosystems, Wetzlar, Germany) at a 20x magnification. The
metastatic nodules of each slide were counted. All experiments were
conducted according to the protocols approved by the Institutional Animal
Care and Use Committee.

Statistical analysis

The results are presented as the mean * s.d. Statistical analyses were
performed via GraphPad Prism5 and SPSS 16.0. Two-tailed Student's t tests
were used to assess the statistical significance of differences between the
groups. The association between TM4SF1 expression and clinicopatholo-
gical features was analyzed by the x2 test. Survival was estimated by the
Kaplan-Meier method and the differences in survival between two groups
were analyzed using the log-rank test. Multivariate analysis was performed
using Cox’s proportional hazards model. Statistical significance was
defined as P<0.05 (not statistically significant (n.s.), P> 0.05; *P < 0.05;
**P <0.01; ***P < 0.001; **** P < 0.0001).

DATA AVAILABILITY

All data needed to evaluate the conclusions are present in the paper. The uncropped
western blots are shown in Supplementary Information as an ‘Uncropped Western
Blots'’ file.

Cell Death and Disease (2022)13:609



REFERENCES

1.

20.

21.

22.

23.

24.

25.

26.

27.

Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram |, Jemal A, et al. Global
Cancer Statistics 2020: GLOBOCAN estimates of incidence and mortality world-
wide for 36 cancers in 185 countries. CA Cancer J Clin. 2021;71:209-49.

. Huang J, Koulaouzidis A, Marlicz W, Lok V, Chu C, Ngai CH, et al. Global burden,

risk factors, and trends of esophageal cancer: an analysis of cancer registries from
48 countries. Cancers (Basel). 2021;13:141

. Yaseen IH, Monk PN, Partridge LJ. Tspan2: a tetraspanin protein involved in

oligodendrogenesis and cancer metastasis. Biochem Soc Trans. 2017;45:465-75.

. Jiang X, Zhang J, Huang Y. Tetraspanins in cell migration. Cell Adh Migr.

2015;9:406-15.

. Huang YK, Fan XG, Qiu F. TM4SF1 promotes proliferation, invasion, and metas-

tasis in human liver cancer cells. Int J Mol Sci. 2016;17:661

. Tang Q, Chen J, Di Z, Yuan W, Zhou Z, Liu Z, et al. TM4SF1 promotes EMT and

cancer stemness via the Wnt/beta-catenin/SOX2 pathway in colorectal cancer. J
Exp Clin Cancer Res. 2020;39:232.

. Zheng B, Ohuchida K, Cui L, Zhao M, Shindo K, Fujiwara K, et al. TM4SF1 as a

prognostic marker of pancreatic ductal adenocarcinoma is involved in migration
and invasion of cancer cells. Int J Oncol. 2015;47:490-8.

. Borrell-Pages M, Fernandez-Larrea J, Borroto A, Rojo F, Baselga J, Arribas J. The

carboxy-terminal cysteine of the tetraspanin L6 antigen is required for its inter-
action with SITAC, a novel PDZ protein. Mol Biol Cell. 2000;11:4217-25.

. Lekishvili T, Fromm E, Mujoomdar M, Berditchevski F. The tumour-associated

antigen L6 (L6-Ag) is recruited to the tetraspanin-enriched microdomains:
implication for tumour cell motility. J Cell Sci. 2008;121:685-94.

. FuF, Yang X, Zheng M, Zhao Q, Zhang K, Li Z, et al. Role of transmembrane 4 L six

family 1 in the development and progression of cancer. Front Mol Biosci.
2020;7:202.

. Gao H, Chakraborty G, Zhang Z, Akalay |, Gadiya M, Gao Y, et al. Multi-organ site

metastatic reactivation mediated by non-canonical discoidin domain receptor
1 signaling. Cell 2016;166:47-62.

. Xue L, Yu X, Jiang X, Deng X, Mao L, Guo L, et al. TM4SF1 promotes the self-

renewal of esophageal cancer stem-like cells and is regulated by miR-141.
Oncotarget 2017;8:19274-84.

. Hamidi H, Ivaska J. Every step of the way: integrins in cancer progression and

metastasis. Nat Rev Cancer. 2018;18:533-48.

. Kechagia JZ, Ivaska J, Roca-Cusachs P. Integrins as biomechanical sensors of the

microenvironment. Nat Rev Mol Cell Biol. 2019;20:457-73.

. Li F, Shang Y, Shi F, Zhang L, Yan J, Sun Q, et al. Expression of integrin beta6 and

HAX-1 correlates with aggressive features and poor prognosis in esophageal
squamous cell carcinoma. Cancer Manag Res. 2020;12:9599-608.

. Vay C, Hosch SB, Stoecklein NH, Klein CA, Vallbohmer D, Link BC, et al. Integrin

expression in esophageal squamous cell carcinoma: loss of the physiological
integrin expression pattern correlates with disease progression. PLoS ONE.
2014;9:e109026.

. Ma G, Jing C, Huang F, Li X, Cao X, Liu Z. Integrin alpha6é promotes esophageal

cancer metastasis and is targeted by miR-92b. Oncotarget 2017;8:6681-90.

. Samarzija |, Dekanic A, Humphries JD, Paradzik M, Stojanovic N, Humphries MJ,

et al. Integrin crosstalk contributes to the complexity of signalling and unpre-
dictable cancer cell fates. Cancers (Basel). 2020;12:1910

. Gilcrease MZ, Zhou X, Lu X, Woodward WA, Hall BE, Morrissey PJ. Alpha6beta4

integrin crosslinking induces EGFR clustering and promotes EGF-mediated Rho
activation in breast cancer. J Exp Clin Cancer Res. 2009;28:67.

Bartha A, Gyorffy B. TNMplot.com: a web tool for the comparison of gene
expression in normal, tumor and metastatic tissues. Int J Mol Sci. 2021;22:2622
Marinkovich MP. Tumour microenvironment: laminin 332 in squamous-cell car-
cinoma. Nat Rev Cancer. 2007;7:370-80.

Jiang H, Hegde S, Knolhoff BL, Zhu Y, Herndon JM, Meyer MA, et al. Targeting
focal adhesion kinase renders pancreatic cancers responsive to checkpoint
immunotherapy. Nat Med. 2016;22:851-60.

Belkin AM, Stepp MA. Integrins as receptors for laminins. Microsc Res Tech.
2000;51:280-301.

Guo W, Giancotti FG. Integrin signalling during tumour progression. Nat Rev Mol
Cell Biol. 2004;5:816-26.

Shih SC, Zukauskas A, Li D, Liu G, Ang LH, Nagy JA, et al. The L6 protein TM4SF1 is
critical for endothelial cell function and tumor angiogenesis. Cancer Res.
2009;69:3272-7.

Guo W, Pylayeva Y, Pepe A, Yoshioka T, Muller WJ, Inghirami G, et al. Beta 4
integrin amplifies ErbB2 signaling to promote mammary tumorigenesis. Cell.
2006;126:489-502.

Hang Q, Isaji T, Hou S, Zhou Y, Fukuda T, Gu J. N-Glycosylation of integrin alpha5
acts as a switch for EGFR-mediated complex formation of integrin alpha5beta1 to
alpha6beta4. Sci Rep. 2016;6:33507.

Cell Death and Disease (2022)13:609

S. Hou et al.

28. Kariya Y, Kawamura C, Tabei T, Gu J. Bisecting GIcNAc residues on laminin-332
down-regulate galectin-3-dependent keratinocyte motility. J Biol Chem.
2010;285:3330-40.

29. Kariya Y, Gu J. N-glycosylation of ss4 integrin controls the adhesion and motility
of keratinocytes. PLoS ONE. 2011;6:e27084.

30. Carter WG, Ryan MC, Gahr PJ. Epiligrin, a new cell adhesion ligand for integrin
alpha 3 beta 1 in epithelial basement membranes. Cell. 1991;65:599-610.

31. Wilhelmsen K, Litjens SH, Sonnenberg A. Multiple functions of the integrin
alpha6beta4 in epidermal homeostasis and tumorigenesis. Mol Cell Biol.
2006;26:2877-86.

32. Baba Y, lyama K, Hirashima K, Nagai Y, Yoshida N, Hayashi N, et al. Laminin-332
promotes the invasion of oesophageal squamous cell carcinoma via PI3K acti-
vation. Br J Cancer. 2008;98:974-80.

33. Peng XC, Zeng Z, Huang YN, Deng YC, Fu GH. Clinical significance of TM4SF1 as a
tumor suppressor gene in gastric cancer. Cancer Med. 2018;7:2592-600.

34. Abba MC, Drake JA, Hawkins KA, Hu Y, Sun H, Notcovich C, et al. Transcriptomic
changes in human breast cancer progression as determined by serial analysis of
gene expression. Breast Cancer Res. 2004;6:R499-513.

35. Gordon GJ, Dong L, Yeap BY, Richards WG, Glickman JN, Edenfield H, et al. Four-
gene expression ratio test for survival in patients undergoing surgery for
mesothelioma. J Natl Cancer Inst. 2009;101:678-86.

36. Gordon GJ, Bueno R, Sugarbaker DJ. Genes associated with prognosis after sur-
gery for malignant pleural mesothelioma promote tumor cell survival in vitro.
BMC Cancer. 2011;11:169.

37. Wan C, Hou S, Ni R, Lv L, Ding Z, Huang X, et al. MIF4G domain containing protein
regulates cell cycle and hepatic carcinogenesis by antagonizing CDK2-dependent
p27 stability. Oncogene. 2015;34:237-45.

38. Hou S, Jin W, Xiao W, Deng B, Wu D, Zhi J, et al. Integrin alpha5 promotes
migration and cisplatin resistance in esophageal squamous cell carcinoma cells.
Am J Cancer Res. 2019;9:2774-88.

39. Hang Q, Isaji T, Hou S, Im S, Fukuda T, Gu J. Integrin alpha5 suppresses the
phosphorylation of epidermal growth factor receptor and its cellular signaling of
cell proliferation via N-glycosylation. J Biol Chem. 2015;290:29345-60.

40. Hang Q, Isaji T, Hou S, Wang Y, Fukuda T, Gu J. A key regulator of cell adhesion:
identification and characterization of important N-glycosylation sites on integrin
alpha5 for cell migration. Mol Cell Biol. 2017;37:e00558-16.

AUTHOR CONTRIBUTIONS

Q.H. SH., and J.G. conceived and designed the project. S.H., X.H., and J.L. performed
and analyzed most of the experiments. S.W. performed experiments on tissue
microarrays. JW., T.Z, W.L, X.H, B.D., and J.G. contributed reagents and protocols and
provided technical assistance. S.H. and Q.H. provided scientific direction and wrote
the manuscript with input from all other authors. S.H. established collaborations, and
allocated funding for this study.

FUNDING

This work was supported in part by grants from the National Natural Science
Foundation of China (No. 31800675 to S.H.), the Postdoctoral Science Foundation in
Jiangsu Province (No. 2018K263C to S.H.), the Natural Science Foundation of Jiangsu
Province (No. BK20221373 to S.H.), the Key Project of Jiangsu Provincial Health
Commission (No. ZD2021038), and the Key Project for Social Development of
Yangzhou (No. YZ2020069).

CONFLICT OF INTEREST

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541419-022-05067-2.

Correspondence and requests for materials should be addressed to Sicong Hou,
Jianguo Gu or Qinglei Hang.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

SPRINGER NATURE

11


https://doi.org/10.1038/s41419-022-05067-2
http://www.nature.com/reprints
http://www.nature.com/reprints

S. Hou et al.

12

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

SPRINGER NATURE

Cell Death and Disease (2022)13:609


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	TM4SF1 promotes esophageal squamous cell carcinoma metastasis by interacting with integrin &#x003B1;6
	Introduction
	Results
	TM4SF1 is upregulated in ESCC tissues and correlated with poor prognosis
	TM4SF1 promotes invasion, but not migration and proliferation, in ESCC cells under normal culture condition
	TM4SF1 promotes ESCC cell migration in a laminin-dependent manner
	TM4SF1 promotes laminin-mediated cell migration by interacting with integrin &#x003B1;6
	TM4SF1/integrin &#x003B1;6/FAK signaling axis promotes laminin-mediated ESCC cell migration
	TM4SF1/integrin &#x003B1;6/FAK signaling axis promotes ESCC metastasis
	TM4SF1/integrin &#x003B1;6/FAK signaling axis positively correlates with ESCC progression and survival

	Discussion
	Materials and methods
	Specimens and immunohistochemistry (IHC)
	Online database analysis
	Antibodies and reagents
	Cell lines and cell culture
	Overexpression and knockdown vectors of TM4SF1 and integrin &#x003B1;6
	Virus production, infection, and stable cell lines construction
	Western Blot (WB) and Immunoprecipitation (IP)
	Mass spectrometry analysis
	Cell growth analysis
	Migration and invasion assays
	Cell adhesion and spreading assays
	RNA isolation and qPCR
	Animal study
	Statistical analysis

	References
	Author contributions
	Funding
	Conflict of interest
	ADDITIONAL INFORMATION




