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ABSTRACT

Background: Studies have examined the role of integrin a3 (ITGA3) in papillary thyroid carcinoma
(PTC). However, the functional and molecular mechanism by which ITGA3 is involved in the
progression of PTC remains poorly understood.

Methods: To investigate the role of ITGA3 in PTC, raw PTC transcriptome data underwent
comprehensive bioinformatics analyses, including differential expression, co-expression network,
and enrichment analyses. ITGA3 expression was validated via immunohistochemistry and western
blotting in PTC tissues. Cell functional assays and xenograft models assessed PTC cell behaviour.
The potential mechanisms of ITGA3 were elucidated using bioinformatics analyses, western
blotting, co-immunoprecipitation, and immunofluorescence. Finally, integration of ITGA3 expression
with clinical parameters enabled nomogram construction for precise prediction of cervical lymph
node metastasis (CLNM) in PTC.

Results: ITGA3 was upregulated in PTC and associated strongly with CLNM (79.5% vs. 53.84%,
p=0.016). ITGA3 expression enhanced PTC proliferation and migration in vitro and in vivo via
cooperating with the MET protein tyrosine kinase, followed by phosphorylation of MET at
Tyr1234/1235, and activation of ERK and PI3K/AKT signaling pathways. Furthermore, upregulation
ITGA3 reduced phosphorylation at FAK-Tyr397 and Src-Tyr416 in PTC cells. Finally, a nomogram
combining ITGA3 expression and clinical parameters for predicting CLNM was constructed and
validated, achieving a ROC curve AUC of 0.719, suggesting potential application for PTC diagnosis.
Conclusions: ITGA3 promotes PTC cell proliferation and migration by cooperating with MET to
activate MET-ERK and MET-PI3K-AKT signalling. ITGA3-MET cooperation may serve as a potential
therapeutic target.
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Introduction PTC patients with loco-regional relapse become
radioiodine-refractory, which is associated with poor
progression-free survival [5-9].

The role of integrin a3 or a3p1 in PTC carcinogene-

sis has been investigated. Knockdown experiments in

Papillary thyroid carcinoma (PTC) ranks first among all
thyroid malignancies worldwide [1,2]. Although PTC
patients generally show good prognosis, about 23.5%

of PTC patients relapse or develop metastasis after sur-
gery, endocrine suppression therapy and radioactive
iodine therapy [3,4]. Additionally, more than 50% of

TPC-1 cells demonstrated that ZNF367, a member of
the zinc finger protein family, regulates cellular adhe-
sion, invasion and migration through, at least in part,
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modulation of integrin a3 expression [10]. In TPC-1
cells, miR-524-5p inhibits cell viability, migration and
invasion, through targeting integrin a3 [11]. Mautone
et al. confirmed a role for a3p1 in cell motility and
invasion during PTC tumour progression and demon-
strated the existence of an altered integrin expression
signature that correlates with histopathology, specific
driver gene mutations, and aggressiveness of the dis-
ease [12]. However, studies on PTC have yet to dissect
the detailed a3f1 signalling pathways.

Integrins are the main cellular adhesion receptors
that play multifaceted roles as signalling molecules,
mechanotransducers and key components of the cell
migration machinery [13]. At least 18 a and 8 {3 sub-
units are known in humans, generating 24 heterodi-
mers, many of which recognize fibronectin, laminin,
vitronectin, collagen and other extracellular matrix
(ECM) components that cluster in subcellular struc-
tures known as focal adhesions. The majority of inte-
grin heterodimers contain the B1 subunit, which can
form heterodimeric complexes with 12 a subunits
[14]. A vast collection of literature exists regarding
altered integrin expression in different cancer types,
where integrins play roles in supporting oncogenic
signalling and cell motility, invasion and metastasis
[15-19]. The primary intracellular downstream signal-
ling mediators of integrins involve focal adhesion
kinase (FAK), Src-family protein tyrosine kinases, and
integrin-linked kinase (ILK) [14]. In the cytoplasmic
tail of B1 integrins, key tyrosine residues are located
within highly conserved NPXY/NXXY motifs, and act
as docking sites allowing the recruitment of signal-
ling molecules, such as FAK, ILK and Src kinase [18,20].
Signalling events mediated by integrin ITGA3/ITGB1
(a3pB1) are essential for mammary tumorigenesis.
Integrin a3B1 plays a crucial role in FAK signalling
pathways and promoting malignant proliferation and
invasion in diseases such as breast cancer [21], ovar-
ian cancer [22], head and neck cancer [23,24] and
pancreatic cancer [18,25].

Previous studies have also reported the crosstalk
between integrins and the MET protein tyrosine kinase
[20,26-28]. One conventional mode of crosstalk
appears to occur through inside-out signalling,
whereby MET acts upstream of the integrin receptor,
in a manner independent of hepatocyte growth factor
(HGF) or in an HGF-dependent manner [20].
MET-integrin cooperation can also occur through
outside-in signalling, whereby integrin activation, trig-
gered by binding to its extracellular ligand in the ECM,
is also able to promote MET phosphorylation [20,26].
Furthermore, MET-B1 cooperation can occur on endo-
somes, enabling an inside-in signalling [20,29]. The

exact mechanisms of MET phosphorylation down-
stream of an integrin, however, are not clear.

In the current study, we provide direct evidence that
upregulated ITGA3 reduces FAK phosphorylation, but
interacts directly with MET to promote MET phosphory-
lation in an HGF-independent manner, followed by acti-
vation of ERK1/2 and PI3K/AKT signalling, and promotion
of PTC cell progression, migration and invasion. We also
developed a nomogram integrating expression of ITGA3
and clinical parameters for predicting cervical lymph
node metastasis (CLNM) with PTC patients.

Materials and methods
Clinical specimens and public data sources

Clinicopathological and RNA sequencing data of 507
papillary thyroid cancer tissues and 58 normal adja-
cent tissues were downloaded from The Cancer
Genome Atlas (TCGA) thyroid cancer dataset (THCA),
and three additional independent datasets of PTC
were obtained from the Gene Expression Omnibus
(GEO) database (GSE60542, GSE33630, GSE35570).
Seventy-eight paraffin-embedded PTC tissues and 68
normal adjacent tissues, along with 12 pairs of fresh
PTC tissues were obtained from the Cancer Hospital of
Shantou University Medical College (Shantou, China)
from 2018 to 2022. All participants signed an informed
consent form. Ethical approval for this study was
granted by the Ethics Committee of the Cancer
Hospital of Shantou University Medical College
(Approval No. 2021069), and conformed to the provi-
sions of the1964 Declaration of Helsinki and its subse-
quent amendments.

Bioinformatics analyses

Differentially-expressed mRNA of PTC patients was
analysed using the R software limma package. The
adjusted p-value was analysed to correct the false pos-
itive results in TCGA or GEO datasets. Adjusted p <0.05
and Log2 (Fold Change) >1 or Log2 (Fold Change)< —1
were used to define the threshold for the differential
expression of MRNAs. The statistical difference between
two groups was compared through the T test. Box
plots were drawn by the R software ggplot2 package.
Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analyses were con-
ducted using the R software clusterProfiler package
and visualized by https://www.bioinformatics.com.cn
(last accessed on 10 July 2023), an online platform for
data analysis and visualization. The two-gene correla-
tion was visualized by ggstatsplot package.
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Immunohistochemistry

Slides of paraffin-embedded tissues were incubated
with primary anti-ITGA3 antibody (1:100 dilution,
Rabbit, PA5-82356, Invitrogen) overnight at 4°C.
Image-Pro Plus 6.0 was used to calculate the inte-
grated optical density (IOD) for pathological scoring.
Immunohistochemical staining was calculated using
the immunoreactive score (IRS) system reported pre-
viously [30], resulting in IRSs ranging from 0 to 12.
An IRS < 4 was considered low, 4<IRS < 8 was con-
sidered moderate, and an IRS > 8 was considered
high expression.

Western blotting

Total protein was extracted from fresh tissues and cells
using RIPA buffer (Invitrogen, USA) supplemented with
protease and phosphatase inhibitor (VL312018, Thermo
Fisher Scientific, USA). Proteins were resolved by 10%
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to PVDF membranes, followed by blocking
with 5% non-fat dry milk. The primary antibodies used
for western blotting are listed in Table S1.

Cell culture and transfection

Human PTC cell lines (KTC-1, B-CPAP, TPC-1) and a
human thyroid follicular epithelial cell line
(Nthy-ori3-1) were purchased from the National
Collection of Authenticated Cell Cultures (Shanghai,
China). The passage number of all cell lines used for
the experiments was no greater than 20. All cell lines
were maintained in RPMI 1640 medium (RPMI 1640;
Gibco, USA) supplemented with 10% fetal bovine
serum (FBS; Gibco, USA) at 37°Cunder 5% CO2. For
knockdown of human ITGA3, shRNA sequences tar-
geting ITGA3 were cloned into an LV3(H1/GFP + puro)
lentiviral cloning vector (GenePharma; Shanghai,
China). The shRNA sequences are shown in Table S2.
Lentivirus was packaged in HEK293T cells, following
transfection of lentiviral packaging vectors by using
Fugene (Promega, France), and then used to infect
KTC-1 and B-CPAP cells. For overexpression of ITGA3,
premade lentiviral particles were purchased from
Shanghai lJikai Gene Chemical Technology Co., Ltd.
(GOSL0314773) and transduced into TPC-1 cells.
Transfected cells used for knockdown or overexpres-
sion were selected with puromycin (2pg/mL) for
2weeks, and the expressions of target proteins were
confirmed by western blotting.
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Wound-healing assay

Wound-healing assays were performed by seeding
1x10% cells per well into a 6-well culture plate and
incubating for 24h. Scratch wounds were produced
using a 200ul plastic pipette tip, and then cells were
cultured in RPMI 1640 medium with 0.5% FBS. Wound
margins of the same position were recorded by
high-resolution photographs at 0, 18 and 24h. Cell
migration was evaluated by measuring the average
distance between the margins of cells, at each time
point, using Image-Pro Plus 6.0.

Colony formation assay

Cellular proliferation of PTC cells was assessed by col-
ony formation assay. For this assay, 300 cells per well
were plated in 6-well plates and incubated for 7days
at 37°C. The cells were fixed with 4% paraformalde-
hyde for 30min and stained with 0.1% crystal violet
for 30 min. Then, the plates were washed with ddH20
and dried before being photographed.

Transwell assay

We used a transwell assay to measure cell invasion
and migration. For this assay, 3x10* cells (for the
transwell invasion assay) or 5x10* cells (for the tran-
swell migration assay) in 200 uL serum-free RPMI 1640
medium were seeded into the upper chamber of an
8-um pore transwell (3422, Corning, USA). Then 600 uL
RPMI 1640 medium containing 20% FBS was added
to the lower compartment of the chamber. Cells were
allowed to invade through the Matrigel matrix
(3445-010-01, R&D Systems) or migrate for 24h.
Migrated cells were fixed with 4% paraformaldehyde
for 30 min, stained with 0.1% crystal violet for 30 min,
and counted in five randomly selected fields (x 200)
under a light microscope.

Cell proliferation assay

Cell viability was measured daily with a Cell Counting
Kit-8 (CCK8) kit (C6050, NCM Biotech) according to the
manufacturer’s instructions. PTC cells were seeded into
96-well plates at a density of 2x 103 cells per well, and
incubated for 5days at 37°C. For determination of via-
bility, CCK8 was added to the cells for 1h at the same
time each day, and absorbance was measured
at 450nm.
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Xenograft tumour formation in nude mice

Twelve 6-week-old female nude mice were purchased
from Beijing HFK Bioscience CO., LTD and randomly
divided into two groups: an ITGA3-knockdown group
and an shNC group (6 per group). A total of 5x 108
B-CPAP cells in 100pul Matrigel were subcutaneously
injected into the back of each nude mouse. Body
weight of mice and tumour size were measured and
recorded every 3days. Tumour volume was calculated
using the formula of 1/2(length x width?). After 34 days,
all mice were euthanized, and tumours were removed
and collected for western blotting.

Animal experiments were approved by the Ethics
and Indications committee of Shantou University
Medical College (approval No. SUMC2021-098). The
animal study followed the Arrive guidelines 2.0 [31].

Co-immunoprecipitation

Protein—protein binding properties were confirmed by
co-immunoprecipitation (Co-IP). Cells were pretreated
with RIPA buffer supplemented with protease and
phosphatase inhibitor (VL312018, Thermo Fisher
Scientific, USA) for western blotting and Co-IP. The
supernatants were pretreated with normal IgG and
protein A/G magnetic beads (HY-K0202, MCE, USA) for
2h. After removing the beads, the supernatants were
incubated with primary antibodies or normal rabbit
IgG overnight, and then incubated with protein A/G
magnetic beads for 6h at 4°C on a rotating platform.
Next, the beads were washed three times with PBST
buffer, and the proteins bound to beads were eluted
and denatured by boiling for 10min in 20 uL SDS-PAGE
sample loading buffer. The proteins were separated by
10% SDS-PAGE followed by western blotting or silver
staining. All antibodies used in the Co-IP are listed in
Table S1.

Immunofluorescence

About 1x10° PTC cells were seeded into a 6-well cul-
ture plate for 24h, then fixed with 4% paraformalde-
hyde for 30 min. Slides were blocked for 30 min in PBS
with 1% bovine serum albumin (BSA). Antibodies
against mouse MET (3127, Cell Signaling Technology)
and rabbit ITGA3 (PA5-82356, Invitrogen) were applied
at 1:100 dilution. Sections were incubated overnight
with both Abs at 4°C. After several washes with PBS,
secondary antibody against mouse and rabbit at 1:500
was applied for 1h at room temperature. Slides were
mounted with Antifade Mounting Medium with DAPI
(PO131-25ml, Beyotime) and kept at 4°C. The slides

were imaged in the Central Laboratory of Shantou
University Medical College using a laser scanning con-
focal microscope (Zeiss LSM800, Carl Zeiss).

Establishment and validation of a diagnostic
prediction model and nomogram for cervical
lymph node metastasis

The correlation between CLNM and expression level of
ITGA3 as well as clinicopathological parameters was
studied using univariate logistic regression. Parameters
with important clinical implications in univariate logis-
tic analysis were included into multivariate logistic
regression to establish a diagnostic prediction model
for predicting CLNM. The predictive accuracy was esti-
mated internally using the C-index, the area under the
ROC curve (AUC), calibration curve, decision curve
analysis (DCA) curve and net reclassification index
(NRI). External validation was conducted by using the
SUMC cohort.

Statistical analysis

All statistical analyses were performed with R software
(version 4.1.0) and GraphPad prism (version 8.0). The T
test was used to compare two experimental groups.
The x2 test was used to assess differences in clinical
features. Disease-free survival rates were estimated by
the Kaplan-Meier method. Two-sided p-values were
calculated, and a value of p<0.05 was considered to
indicate statistical significance.

Results

ITGA3 is upregulated in PTC tissue and is related
to lymph node metastasis

To identify genes that might be co-expression mod-
ules and associated with lymph node metastasis for
PTC, we analysed PTC transcriptome raw sequences
from the cohort in TCGA (n=377) and our own SUMC
cohort (n=78). Clinicopathological futures of the SUMC
and TCGA cohorts are shown in Table 1.

Differential analysis of transcriptome data from PTC
tissues and adjacent normal tissues in TCGA was con-
ducted using the edgeR package. Genes exhibiting
|logFC| > 1 and p<0.05 were considered statistically
significantly differentially expressed. This analysis
revealed 5637 differentially expressed genes between
the two groups, comprising 3341 upregulated genes
and 2296 downregulated genes. Subsequently, all dif-
ferentially expressed genes were subjected to weighted
correlation network analysis (WGCNA), a systematic



Table 1. Clinicopathological futures of the SUMC and TCGA
cohorts.

TCGA Cohort, SUMC Cohort,

Characteristics n (%) n (%) P

Gender 0.150
Male 98(26.0%) 14(17.9%)
Female 279(74.0%) 64(82.1%)

Age >0.999
<55 263(69.8%) 55(70.5%)
>55 114(30.2%) 23(29.5%)

T Stage 0.526
T, 229(60.7%) 44(56.4%)
34 148(39.3%) 34(43.6%)

N Stage 0.012
N- 186(49.3%) 26(33.3%)
N*+ 191(50.7%) 52(66.7%)

M Stage 0.188
M, 371(98.4%) 75(96.2%)
M, 6(0.6%) 3(3.8%)

Focus Type -
Unifocal 201(53.3%) -
Multifocal 176(46.7%) -

Disease-free -
No 27(7.2%) -
Yes 350(92.8%) -

computational biology approach for analyzing gene
expression data [32]. WGCNA involves constructing a
gene co-expression network to explore interrelation-
ships among genes, and clustering genes into mod-
ules representing sets with similar expression patterns
across samples. In our study, a total of 11 co-expression
modules were identified (Figure 1(A)). Among them,
based on module-trait relationship analysis, the blue
module was closely related to N stage, T stage and
recurrence (Figure 1(B)). The correlation coefficient
between N stage and the blue module was 0.78 with
a p-value of 7.2x 107" (Figure 1(C)). This result implies
that genes in the blue module play an important role
in lymph node metastasis. Next, the Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analyses indicated that genes in
the blue module were enriched in pathways involved
in cell adhesion, which further suggested that the blue
module was strongly correlated to lymph node metas-
tasis. Finally, 10 hub genes (ITGA3, RUNX1, MET, PTPRE,
KCNQ3, CDC42BPG, MBOAT2, SHROOM4, TNFRSF10A and
ILTRAP) from the blue module were identified using
the cytoHubba plugin of Cytoscape (Figure 1(D-F)).
Among these 10 hub genes, 7 (ITGA3, RUNX1, MET,
PTPRE, KCNQ3, MBOAT2, and TNFRSF10A) were signifi-
cantly associated with PTC patient disease-free survival
(DFS) (Figure 1(G) and Figure S1). These results indi-
cate that ITGA3 is one of the hub genes and is associ-
ated with DFS of PTC patients.

Expression of ITGA3 mRNA in PTC tissues was eval-
uated in the TIMER 2.0 database, and revealed higher
expression in multiple tumours, including PTC, than
the normal controls (Figure S2). Furthermore, we found
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that ITGA3 was upregulated in human papillary thyroid
cancer tissues (n=507) compared to normal controls
(n=58) (Figure 2(A,B)). This result was confirmed by
three additional independent PTC datasets from the
GEO database (Figure 2(C-E)). Western blotting also
revealed significantly higher ITGA3 protein expression
in PTC tissues than in case-matched normal tissues (12
out of 12) (Figure 2(F-1)). Immunohistochemistry
revealed that ITGA3 was moderately or highly
expressed in 56 of 78 (71.8%) PTC tissues compared
with 3 of 68 (4.4%) normal adjacent tissues (Figure
2(J), Table 2). Taken together, these results show ITGA3
is upregulated in PTC tissues.

To evaluate the importance of ITGA3 in PTC patients,
we analysed the correlation between the expression of
ITGA3 and clinical parameters. For TCGA, the results
showed ITGA3 was higher in lymph node metastasis-
positive patients compared to lymph node-negative
patients (p=2.4%x107""). A similar result was obtained
between T, , stage and T, stage patients (p=0.00016).
For the SUMC cohort, all patients in our cohort (n=78)
were divided into high- and low-ITGA3 groups by the
median average optical density (AOD) of ITGA3.
Consistent with the cohort in TCGA, the CLNM rate
was higher in the ITGA3 high expression group than in
the low expression group (79.5% vs. 53.8%, p=0.016)
(Table 3). Taken together, ITGA3 is closely associated
with CLNM in PTC. Moreover, GSEA shows that 131
gene sets were significantly enriched in the high-ITGA3
group, and most of the genes were strongly correlated
with metastasis (Table S3). Taken together, these results
show that ITGA3 is closely associated with CLNM in PTC.

ITGA3 promotes PTC proliferation and migration
in vitro and in vivo

Further, we investigated the functional role of ITGA3 in
progression and/or tumorigenesis in human PTC. First,
relative to Nthy-ori3-1 cells, PTC cells had higher ITGA3
protein expression based on western blotting (Figure
3(A)). Utilizing viral transduction, we established stable
cell lines characterized by either ITGA3 knockdown or
ITGA3 overexpression. This allowed us to investigate
the pivotal role of ITGA3 in tumorigenesis, encompass-
ing both in vitro and in vivo experimental paradigms
(Figure 3(B-C), Figure 4(A)). Knockdown of ITGA3 inhib-
ited migration and proliferation in KTC-1 and B-CPAP
cells, as judged by wound-healing assays, cell prolifer-
ation assays, transwell migration and invasion assays,
and colony formation assays (Figure 3(D-M)).
Conversely, overexpression of ITGA3 enhanced the
migration and proliferation of TPC-1 cells (Figure 4(B-
E)). Additionally, subcutaneous xenograft tumour
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Figure 1. WGCNA analysis and enrichment results. (A) Waterfall plot of WGCNA. (B) Module-trait relationship results. (C) Correlation
analysis between N stage and the blue module. (D) GO enrichment of genes within the blue module. (E) KEGG enrichment of
genes within the blue module. (F) Ten hub genes from the blue module were identified using the cytoHubba plugin of cysto-
scope. (G) Disease-free survival curve of THCA patients in TCGA, with a comparison between the low and high ITGA3 expression

groups (n=507).
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Figure 2. ITGA3 Is highly expressed in PTC. (A) mRNA expression of ITGA3 in the THCA cohort from TCGA (n=507). (B) ITGA3
mRNA expression by paired-difference analysis in the THCA cohort from TCGA (n=507). (C)-(E) ITGA3 mRNA expression in the
THCA cohort from the GEO datasets (GSE60542, GSE33630, GSE35570). (F)-(I) Western blotting showing the protein level of ITGA3
in 12 PTC patients from the SUMC cohort. (J) Immunohistochemical staining for ITGA3 in PTC tissues and adjacent non-cancerous
tissues in the SUMC cohort (n=78).
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Table 2. Immunoreactive scores of PTC tissues and normal
adjacent tissues.

ITGA3*
Type N Low Moderate High P
Normal 68 65 3 0 <0.001
Tumor 78 22 22 34

*IRS: immune reactive score.

Table 3. Correlation between ITGA3 and clinical parameters
for the SUMC cohort.

ITGA3
Low (AOD? High(AOD >
Characteristics N <0.0451) 0.0451) P
T Stage >0.999
T 44 22(56.4%) 22(56.4%)
Tsa 34 17(43.6%) 17(43.6%)
N Stage 0.016
N- 26 18(46.2%) 8(20.5%)
N* 52 21(53.8%) 31(79.5%)
M Stage 0.077
M, 75 36(92.3%) 39(100%)
M, 3 3(7.7%) 0(0.0%)
Sex
Male 14 3(7.7%) 11(28.2%) 0.018
Female 64 36(92.3%) 28(71.8%)
Age
<55 55 26(66.7%) 29(74.4%) 0.456
>55 23 13(33.3%) 10(25.6%)

2AOD: average optical density.

experiments showed that ITGA3-knockdown cells gave
a smaller tumour volume and lower body weight rela-
tive to the shNC group (Figure 4(F-J)). These results
indicate that ITGA3 promotes PTC proliferation and
migration in vitro and in vivo.

ITGA3 reduces FAK/src signalling in PTC cells

To further characterize the biological function and
potential mechanisms accounting for ITGA3-mediated
PTC progression, GO and KEGG enrichment analyses
were performed. The top four enriched biological pro-
cesses (BP) that were connected to ITGA3 in the pap-
illary thyroid cancer cluster included ameboidal-type
cell migration, cell-substrate adhesion, cell-cell adhe-
sion via plasma-membrane adhesion molecules and
cell-matrix adhesion, while the cellular component
(CQ) enrichment included cell-substrate junction, focal
adhesion, basal part of cell, protein complex involved
in cell adhesion, and molecular function (MF) involved
in integrin binding, collagen binding, extracellular
matrix binding and laminin binding (all p<0.05, Figure
5(A-B)). Furthermore, KEGG pathway analysis identified
the PI3K-AKT signalling (p=0.002) and focal adhesion
(p=0.003) pathways in cancer (p=0.001), and
ECM-receptor interaction (p=7.95E-8) to be connected
with ITGA3 (Figure 5(C)). As previous studies have

shown that ITGA3 activates FAK and Src signalling,
which are involved in cell adhesion, migration, inva-
sion, and proliferation in skin carcinoma [33], bladder
cancer [34] and cervical carcinoma [35], we investi-
gated the potential regulation of FAK/Src signalling by
ITGA3 in PTC cells. Unexpectedly, our results showed
that knockdown of ITGA3 enhanced FAK-Tyr397 and
SRC-Tyr416 phosphorylation in KTC-1 and B-CPAP cells,
whereas overexpression of ITGA3 in TPC-1 reduced
FAK-Tyr397 and SRC-Tyr416 phosphorylation (Figure
5(D-F)). These results suggest that ITGA3 reduces FAK/
Src phosphorylation in PTC cells, indicating that the
effects of ITGA3 on proliferation and migration of PTC
cells may not occur via FAK/Src signalling.

ITGA3 cooperates with MET to regulate
downstream signalling pathways via
phosphorylation of MET at tyrosine 1234/1235

Further GSEA analysis showed that MET ranked first in
the key gene lists of several metastasis-related KEGG
pathways (Figure S3A-F). Additionally, bioinformatics
analysis indicated that either ITGA3 or MET was upreg-
ulated in PTC tissues (Figure 5(A)), and there was
good positive correlation between them (r=0.87,
p<22e-16 in TCGA cohorts, and r=0.33, p=4.54e-15
in GEO datasets) (Figure 6(A-B)). Thus, MET could be
one of the key downstream proteins of ITGA3 in PTC.
We considered that ITGA3 and MET associate to regu-
late downstream signalling pathways, given previous
reports that integrins and RTKs can interact [20]. Silver
staining indicated that proteins in the 130-180kDa
range had ITGA3- or MET-binding candidates by com-
paring the anti-ITGA3 or anti-MET with anti-lgG IP
products of KTC-1 cells (Figure 6(Q)).
Co-immunoprecipitation assays were then performed
to validate the interaction between ITGA3 and MET in
total proteins of KTC-1 cells (Figure 6(D)). Moreover,
confocal microscopy confirmed the interaction, show-
ing that ITGA3 and MET co-localize on the cell mem-
branes of both KTC-1 or B-CPAP cells (Figure 6(E)). We
found that knockdown of ITGA3 resulted in decreased
phosphorylation of MET in the activation loop of the
tyrosine kinase domain (Tyr1234/1235), but total MET
expression was unchanged in KTC-1 and B-CPAP cells
(Figure 6(F-G)). Additionally, overexpression of ITGA3
notably increased MET-Tyr1234/1235 phosphorylation
without a change in total MET expression in TPC-1
cells (Figure 6(H)). Moreover, we examined whether
coordinate signalling by ITGA3 and MET regulates the
activation of PI3K/AKT signalling and ERK signalling,
as MET and ITGA3 were both enriched in the same
KEGG pathways in the thyroid cancer cluster (Figure
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Figure 3. Knockdown of ITGA3 inhibits PTC cell proliferation and migration. (A) Western blot showing the protein level of ITGA3
in nthy-ori3-1 and three other PTC cell lines. (B)-(C) Western blot showing the protein level of ITGA3 in B-CPAP and KTC-1 cells
after infection with shNC (scramble shRNA) or shITGA3 lentivirus. (D)-(E) Wound-healing assay showing cell migration was inhib-
ited after knockdown of ITGA3 in KTC-1 and B-CPAP cells. (F)-(G) Colony formation assay showing cell proliferation was inhibited
after knockdown of ITGA3 in KTC-1 and B-CPAP cells. (H)-(I) Transwell assay showing cell migration and invasion were inhibited
after knockdown of ITGA3 in KTC-1 cells. (J)-(K) CCK8 assay showing cell proliferation was inhibited after knockdown of ITGA3 in
KTC-1 and B-CPAP cells. (L)-(M) Transwell assay showing cell migration and invasion were inhibited after knockdown of ITGA3 in
B-CPAP cells. (*p<0.05, **p<0.01, ***p<0.001).
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Figure 4. ITGA3 Promotes PTC cell proliferation and migration in vitro and in vivo. (A) Western blot showing the level of ITGA3
overexpression in TPC-1 cells. (B) Colony formation assay showing cell proliferation was enhanced after overexpression of ITGA3
in TPC-1 cells. (C) CCK8 assay showing cell proliferation was elevated after overexpression of ITGA3 in TPC-1 cells. (D) Transwell
assay showing cell migration was enhanced after overexpression of ITGA3 in TPC-1 cells.

(E) Transwell assay showing cell invasion was elevated after overexpression of ITGA3 in TPC-1 cells. (F) Body weight curves of mice at different time points.
(G) Growth curves of xenograft tumors. (H) Xenograft tumor growth of shNC (scramble shRNA) and ITGA3-knockdown cells. (I) Tumors were removed from
nude mice on day 34, and tumor weight was measured. (J) Western blot showing the protein level of ITGA3 in xenograft tumors from shNC (scramble
shRNA) and shITGA3 groups. (*p<0.05, **p<0.01, **p<0.001) mm?
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Figure 5. ITGA3 Inhibits the FAK/src pathway in PTC cells. (A) Volcano plots showing differential gene analysis extracted from the
THCA cohort in TCGA, with significant genes (red). (B) The top 4 gene ontology (GO) enrichment terms connected to ITGA3 in
thyroid cancer clusters, including biological process (BP), cellular component (CC) and molecular function (MF). (C) Kyoto encyclo-
paedia of genes and genomes (KEGG) pathways connected to ITGA3 in papillary thyroid cancer clusters. (D)-(F) Western blotting
showing the protein level of FAK/src signaling after knockdown or overexpression of ITGA3 in PTC cells.
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Figure 6. ITGA3 Cooperates with MET to regulate downstream signalling pathways. (A) Scatter plot of the correlation of ITGA3 and MET
expression in the THCA cohort from TCGA (n=507). (B) Scatter plot of the correlation of ITGA3 and MET expression in the THCA cohort from
the GEO datasets (GSE60542, GSE33630, GSE35570, n=145). (C) Silver staining of immunoprecipitated ITGA3 and MET from KTC-1 cells. (D)
Co-immunoprecipitation of ITGA3 and MET in KTC-1 cells. (E) Immunofluorescence of ITGA3 and MET in KTC-1 and B-CPAP cells. (F)-(H)
Western blotting showing the protein level of downstream signaling molecules after knockdown or overexpression of ITGA3 in PTC cells.
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Figure 7. Establishment and validation of a nomogram for predicting PTC cervical lymph node metastasis. (A) Optimal cutoff
point of ITGA3 for diagnosing CLNM in the cohort in TCGA. (B) Nomogram for predicting PTC CLNM established by the cohort in
TCGA. (C) ROC curve for internal validation. (D) Calibration curve for internal validation. (E) DCA curve for internal validation. (F)
Net reclassification index for internal validation. (G) Optimal cutoff point of ITGA3 for diagnosing CLNM in the SUMC cohort. (H)
Nomogram for predicting CLNM established by the SUMC cohort. () ROC curve for external validation. (J) Calibration curve for

external validation.

5(C)). We observed significant reduction in the phos-
phorylation of PI3K (Tyr317), AKT (Ser473) and ERK
(Thr202/204) upon knockdown of ITGA3 in KTC-1 and
B-CPAP cells, whereas overexpression of ITGA3 in
TPC-1 cells markedly increased phosphorylation levels

of PI3K (Tyr317), AKT (Ser473) and ERK (Thr202/204)
(Figure 6(F-H)). Together, these results suggest that
signalling through the MET/PI3K/AKT or MET/ERK
MAPK pathway is dependent on an interaction with
ITGA3 in PTC.
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Table 4. Univariate and multivariate logistic analysis of risk
factors for CLNM in PTC patients.
Univariate logistic

Multivariate logistic

Parameters OR? cP P OR Cl P
Age 092 0.59-1.42 0.69 NA NA NA
Focus Type 1.13 0.75-1.69 0.56 NA NA NA
Gender 0.66 0.42-1.06 0.09 069 041-1.16 0.1584
ITGA3 44 277-699 <0.001 442 273-7.15 <0.001
M Stage 497 0.58-42.98 0.14 496 0.51-48.23 0.1671
T Stage 273 1.78-4.2 <0.001 246 1.56-3.89 0.0001

30R: 0dds ratio. °Cl: Confidence interval.

ITGA3 as an indicator of PTC diagnostic prediction

Since ITGA3 was closely correlated with cell migration
in PTC, we established a diagnostic prediction model
for predicting CLNM. First, PTC patients from TCGA
were divided into high- and low-ITGA3 groups by the
optimal cutoff point of ITGA3 (Figure 7(A)). Gender,
ITGA3 level, T stage and M stage were entered into
multivariate logistic regression to establish a diagnos-
tic prediction model (Table 4). Then, a nomogram was
constructed to facilitate clinical use of the model
(Figure 7(B)). In the current study, the C-index, AUC
and NRI were 0.719, 0.719 and 0.623, respectively, indi-
cating good prediction accuracy of the fitted model
(Figure 7(C,E)). The calibration plot-predicted CLNM of
PTC patients also performed well when compared with
the ideal model (Figure 7(D)), and the DCA curve indi-
cated good diagnostic value of the current diagnostic
model (Figure 7(F)). Additionally, the external valida-
tion set yielded an AUC of 0.677, which implied good
predictive accuracy of the current prediction model
(Figure 7(G-J)).

Discussion

Papillary thyroid carcinoma is the most common type
of thyroid cancer. Jain et al. [10] and Liu et al. [11]
showed that higher integrin a3 expression plays a key
role in PTC initiation and progression. Mautone et al.
[12] demonstrated integrin a3 expression displays the
highest correlation with advanced disease, and integ-
rin a3B1 is associated with negative prognosis in PTC.
However, the altered ITGA3 signalling pathways in PTC
have not been explored.

As integrins do not belong to the kinase family,
integrin signalling activation requires the recruitment
of cytoplasmic kinases, such as FAK and ILK. FAK is a
typical example of a protein that is highly phosphory-
lated in response to integrin activation and has diverse
cellular functions, including cell proliferation, adhesion
and migration, that impinge on tumour cell behaviour
[33-36]. Integrin a3f31 has been shown to initiate FAK
signalling and promote malignant proliferation and

invasion in cancers such as breast cancer [37], ovarian
cancer [22], head and neck cancer [23,24] and pancre-
atic cancer [18,25,38]. Our study shows that upregula-
tion of integrin a3 reduces FAK-Tyr397 and Src-Tyr416
phosphorylation in PTC, which is different from what
has been reported above.

Previous studies have reported the crosstalk
between integrins and MET [20,26-28]. MET-integrin
cooperation can occur through outside-in signalling,
whereby integrin activation, triggered by integrin
binding to its extracellular ligand in the ECM, thus pro-
moting cell-surface adhesion, is also able to induce
MET phosphorylation [20,26]. The integrin acts
upstream of MET in an HGF-independent manner such
that treating or plating ovarian, breast, lung or pros-
tate cancer cells with or on integrin substrates, such as
fibronectin, collagen or laminin, triggers MET phos-
phorylation in various cell models [20,26,27,39-41].
The exact mechanisms of MET phosphorylation down-
stream of an integrin, however, are not clear.

Integrin a3 has also been reported to exert its
effects through the MAPK signalling pathway [42]
and interaction with other molecules, such as tetrasp-
anins [43]. In our study, we demonstrate that integrin
a3 upregulates MET activity, leading to subsequent
activation of the ERK1/2 and PI3K/AKT signalling
pathways. This results in enhanced progression,
migration, and invasion of PTC cells. These findings
suggest that the cooperation between MET and
ITGA3 could serve as a promising target for combina-
tion therapy, particularly in cases of drug resistance
to monotherapy.

Surgical resection with prophylactic central lymph
node dissection (CLND) is considered effective for
treating PTC [44-47]. However, due to potential risks,
such as hypoparathyroidism and nerve injury [44,45,48],
some clinicians prefer therapeutic CLND. Therefore,
accurately assessing CLNM risk is crucial in deciding
whether prophylactic CLND can be performed. We
developed a nomogram that combines ITGA3 expres-
sion and clinical parameters (gender, T stage, and M
stage) to predict CLNM in PTC patients. The nomo-
gram showed excellent prediction accuracy in both
the fitted model and the external validation set from
our cohort. These results suggest that ITGA3 might
serve as a diagnostic predictor of PTC.

To summarize, we have uncovered a potential
mechanism in which the interaction between overex-
pressed ITGA3 and MET facilitates the progression of
PTC through the ERK and PI3K/AKT pathways. However,
we have noted a limitation of this study is that the
mechanism underlying ITGA3 overexpression in PTC
remains to be further explored.



Conclusions

In PTC, upregulated ITGA3 reduces FAK/Src phosphor-
ylation, and also interacts directly with MET to pro-
mote MET phosphorylation in an HGF-independent
manner, followed by activation of the ERK1/2 and
PI3K/AKT signaling pathways, and promotion of PTC
cell progression, migration and invasion. ITGA3 could
serve as an indicator of PTC diagnostic prediction, and
MET-ITGA3 cooperation may act as a potential target
for combination therapy.

Acknowledgments

All immunohistochemical sections were scanned and photo-
graphed with a Pannoramic Scan in the Department of
Pathology, the First Affiliated Hospital of Shantou University
Medical College, Shantou, Guangdong 515041, China. The
authors thanks Liangli Hong and Yuejiao Dong for their tech-
nical support.

We thank Shanghai NewCore Biotechnology Co., Ltd.
(https://www.bioinformatics.com.cn, last accessed on 10 July
2023) for providing data analysis and visualization support.

The authors also thank Prof. Stanley Li Lin for English lan-
guage editing.

Author contributions

Muyuan Liu: Conceptualization; Methodology;  Software;
Validation; Formal Analysis; Investigation; Resources; Data Curation;
Writing - Original Draft Preparation; Writing — Review & Editing;
Visualization; Supervision; Project Administration; Acquisition.
Dongyang Huang: Conceptualization; Resources; Writing —
Original Draft Preparation; Writing - Review & Editing;
Supervision; Project Administration; Acquisition.

Youmian Lan: Methodology; Software; Validation; Formal
Analysis; Investigation; Data Curation; Writing — Original Draft
Preparation; Visualization.

Dongchen Liu: Validation; Formal Analysis; Investigation;
Data Curation; Visualization.

Bin Liang: Validation; Resources.

Xuhong Song: Validation; Resources; Project Administration;
Acquisition.

Lingzhu Xie: Validation; Project Administration; Acquisition.
Hanwei Peng: Validation.

Haipeng Guo: Validation.

Chaoqun Hong: Validation; Investigation.

Xuwu Weng: Validation; Investigation.

Xiaolong Wei: Validation; Investigation.

Xiaogqi Liao: Validation; Data Curation.

Rui Liang: Validation; Investigation; Data Curation.

Ethics approval and consent to participate

Ethical approval for this study was granted by the Ethics
Committee of the Cancer Hospital of Shantou University Medical
College (Approval No. 2021069). All participants signed an
informed consent form. Animal experiments were approved by
the Ethics and Indications committee of Shantou University

ANNALS OF MEDICINE € 15

Medical College (Approval No. SUMC2021-098). The animal
study followed the Arrive guidelines 2.0 [31].

Consent for publication

Not applicable.

Disclosure statement

No potential conflict of interest was reported by the author(s)

Funding

This project was supported by the National Natural Science
Foundation of China (NSFC) (Grant No. 31770876 and Grant
No. 32000456), the Guangdong Medical Research Foundation,
China (Grant No. A2019424) and the Shantou Science and
Technology Project, Guangdong Province, China (Grant No.
180723154011142).

Data availability statement

The Cancer Genome Atlas (TCGA) thyroid cancer dataset
(THCA) used in this study can be obtained from TCGA
(https://portal.gdc.cancer.gov/). The  Gene  Expression
Omnibus (GEO) database (GSE60542, GSE33630, GSE35570)
were downloaded from the GEO database (https://www.ncbi.
nlm.nih.gov/gds). This article was based on a secondary anal-
ysis of published literature and data from public databases,
and no new data had been generated. The raw data files
supporting the findings from our own experiments in this
study were available from the corresponding author, Muyuan
Liu, upon reasonable request.

References

[1] Sung H, Ferlay J, Siegel RL, et al. Global Cancer Statistics
2020: GLOBOCAN Estimates of Incidence and Mortality
Worldwide for 36 Cancers in 185 Countries. CA Cancer J
Clin. 2021;71(3):209-249. 20210204. doi: 10.3322/caac.21660.

[2] Pasqual E, Sosa JA, Chen Y, et al. Trends in the manage-
ment of localized papillary thyroid carcinoma in the
United States (2000-2018). Thyroid. 2022;32(4):397-410.
20220315. doi: 10.1089/thy.2021.0557.

[31 Wu MH, Shen WT, Gosnell J, et al. Prognostic significance
of extranodal extension of regional lymph node metasta-
sis in papillary thyroid cancer. Head Neck. 2015;37(9):1336—
1343. 20141029. doi: 10.1002/hed.23747.

[4] Zhao H, Huang T, Li H. Risk factors for skip metastasis
and lateral lymph node metastasis of papillary thyroid
cancer. Surgery. 2019;166(1):55-60. 20190312. doi:
10.1016/j.5surg.2019.01.025.

[5] Mazzaferri EL, Kloos RT. Clinical review 128: current ap-
proaches to primary therapy for papillary and follicular
thyroid cancer. J Clin Endocrinol Metab. 2001;86(4):1447-
1463. 2001/04/12. doi: 10.1210/jcem.86.4.7407.

[6] Schlumberger M, Brose M, Elisei R, et al. Definition and
management of radioactive iodine-refractory differenti-
ated thyroid cancer. Lancet Diabetes Endocrinol.


https://portal.gdc.cancer.gov/
https://www.ncbi.nlm.nih.gov/gds
https://www.ncbi.nlm.nih.gov/gds
https://doi.org/10.3322/caac.21660
https://doi.org/10.1089/thy.2021.0557
https://doi.org/10.1002/hed.23747
https://doi.org/10.1016/j.surg.2019.01.025
https://doi.org/10.1210/jcem.86.4.7407

16 €D Y.LANETAL.

(7]

(8]

[10]

(1]

(12]

[13]

[15]

[16]

[19]

[20]

[21]

¢

2014;2(5):356-358. 2014/05/06.
$2213-8587(13)70215-8.

Jin' Y, Van Nostrand D, Cheng L, et al. Radioiodine re-
fractory differentiated thyroid cancer. Crit Rev Oncol
Hematol. 2018;125:111-120. 20180322. doi: 10.1016/j.
critrevonc.2018.03.012.

Pizzimenti C, Fiorentino V, leni A, et al. Aggressive vari-
ants of follicular cell-derived thyroid carcinoma: an
overview. Endocrine. 2022;78(1):1-12. 20220721. doi:
10.1007/512020-022-03146-0.

Coca-Pelaz A, Shah JP, Hernandez-Prera JC, et al. Papillary
thyroid cancer-aggressive variants and impact on man-
agement: a narrative review. Adv Ther. 2020;37(7):3112-
3128. 20200601. doi: 10.1007/s12325-020-01391-1.

Jain M, Zhang L, Boufragech M, et al. ZNF367 inhibits
cancer progression and is targeted by miR-195. PLoS
One. 2014;9(7):e101423. 20140721. doi: 10.1371/journal.
pone.0101423.

Liu H, Chen X, Lin T, et al. MicroRNA-524-5p suppresses
the progression of papillary thyroid carcinoma cells via
targeting on FOXE1 and ITGA3 in cell autophagy and
cycling pathways. J Cell Physiol. 2019;234(10):18382-
18391. 2019/04/04. doi: 10.1002/jcp.28472.

Mautone L, Ferravante C, Tortora A, et al. Higher integrin
Alpha 3 Betal expression in papillary thyroid cancer is as-
sociated with worst outcome. Cancers (Basel).
2021;132021/07/03. (12):2937. doi: 10.3390/cancers13122
937.

Geiger B, Bershadsky A, Pankov R, et al. Transmembrane
crosstalk between the extracellular matrix-cytoskeleton
crosstalk. Nat Rev Mol Cell Biol. 2001;2(11):793-805.
doi: 10.1038/35099066.

Pang X, He X, Qiu Z, et al. Targeting integrin pathways:
mechanisms and advances in therapy. Signal Transduct
Target Ther. 2023;8(1):1. doi: 10.1038/s41392-022-01259-6.
&MBSC and Gullberg D. Integrins. Cell Tissue Res. 2010.
doi: 10.1007/s00441-009-0834-6.

Winograd-Katz SE, Fassler R, Geiger B, et al. The integrin
adhesome: from genes and proteins to human disease.
Nat Rev Mol Cell Biol. 2014;15(4):273-288. doi: 10.1038/
nrm3769.

Green HJ, Brown NH. Integrin intracellular machinery in
action. Exp Cell Res. 2019;378(2):226-231. 20190307.
doi: 10.1016/j.yexcr.2019.03.011.

Hamidi H, Ivaska J. Every step of the way: integrins in can-
cer progression and metastasis. Nat Rev Cancer.
2018;18(9):533-548. 2018/07/14. doi: 10.1038/s41568-018-
0038-z.

Zheng R, Longmate WM, DeFreest L, et al. Keratinocyte
integrin a3B1 promotes secretion of IL-1Ta to effect
paracrine regulation of fibroblast gene expression and
differentiation. J Invest Dermatol. 2019;139(9):2029-
2038.2023. 20190313. doi: 10.1016/j.,jid.2019.02.025.
Stanislovas J, Kermorgant S. c-Met-integrin cooperation:
mechanisms, tumorigenic effects, and therapeutic rele-
vance. Front Cell Dev Biol. 2022;10:994528-20221014.
doi: 10.3389/fcell.2022.994528.

Mitchell K, Svenson KB, Longmate WM, et al. Suppression
of integrin alpha3betal in breast cancer cells reduces
cyclooxygenase-2 gene expression and inhibits tumori-
genesis, invasion, and cross-talk to endothelial cells.
Cancer Res. 2010;70(15):6359-6367. 20100714. doi:
10.1158/0008-5472.Can-09-4283.

doi: 10.1016/

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

(32]

[33]

(34]

(35]

Ke FY, Chen WY, Lin MC, et al. Novel monoclonal anti-
body against integrin a3 shows therapeutic potential
for ovarian cancer. Cancer Sci. 2020;111(10):3478-3492.
20200807. doi: 10.1111/cas.14566.

Koshizuka K, Hanazawa T, Kikkawa N, et al. Regulation
of ITGA3 by the anti-tumor miR-199 family inhibits can-
cer cell migration and invasion in head and neck can-
cer. Cancer Sci. 2017;108(8):1681-1692. 20170704. doi:
10.1111/cas.13298.

Steglich A, Vehlow A, Eke |, et al. a integrin targeting
for radiosensitization of three-dimensionally grown hu-
man head and neck squamous cell carcinoma cells.
Cancer Lett. 2015;357(2):542-548. 20141209. doi:
10.1016/j.canlet.2014.12.009.

Liu M, Zhang Y, Yang J, et al. Zinc-dependent regulation
of ZEB1 and YAP1 coactivation promotes epithelial-
mesenchymal transition plasticity and metastasis in pan-
creatic cancer. Gastroenterology. 2021;160(5):1771-1783.
e1771. 20210106. doi: 10.1053/j.gastro.2020.12.077.

Mitra AK, Sawada K, Tiwari P, et al. Ligand-independent
activation of c-Met by fibronectin and alpha(5)beta(1)-in-
tegrin regulates ovarian cancer invasion and metastasis.
Oncogene. 2011;30(13):1566-1576.  2010/12/02.  doi:
10.1038/0nc.2010.532.

Jahangiri A, Nguyen A, Chandra A, et al. Cross-activating
c-Met/betal integrin complex drives metastasis and in-
vasive resistance in cancer. Proc Natl Acad Sci U S A.
2017;114(41):E8685-E8694. 2017/10/05. doi: 10.1073/
pnas.1701821114.

Viticchie G, Muller PAJ. c-Met and other cell surface
molecules: interaction, activation and functional conse-
quences. Biomedicines. 2015;3(1):46-70. 20150115. doi:
10.3390/biomedicines3010046.

Barrow-McGee R, Kishi N, Joffre C, et al. Beta
1-integrin-c-Met cooperation reveals an inside-in surviv-
al signalling on autophagy-related endomembranes.
Nat Commun. 2016;7(1):11942. 2016/06/24. doi:
10.1038/ncomms11942.

Remmele W, Stegner HE. [Recommendation for uniform
definition of an immunoreactive score (IRS) for immu-
nohistochemical estrogen receptor detection (ER-ICA)
in breast cancer tissue]. Pathologe. 1987;8(3):138-140.
1987/05/01.

Percie Du Sert N, Hurst V, Ahluwalia A, et al. The ARRIVE
guidelines 2.0: updated guidelines for reporting animal
research. PLoS Biol. 2020;18(7):e3000410. doi: 10.1371/
journal.pbio.3000410.

Langfelder P, Horvath S. WGCNA: an R package for weight-
ed correlation network analysis. BMC Bioinformatics.
2008;9(1):559-20081229. doi: 10.1186/1471-2105-9-559.
Ramovs V, Krotenberg Garcia A, Kreft M, et al. Integrin
alpha3betal is a key regulator of several protumorigen-
ic pathways during skin carcinogenesis. J Invest
Dermatol. 2021;141(4):732-741 e736. 2020/08/18. doi:
10.1016/}.jid.2020.07.024.

Wang JR, Liu B, Zhou L, et al. MicroRNA-124-3p suppresses
cell migration and invasion by targeting ITGA3 signaling in
bladder cancer. Cancer Biomark. 2019;24(2):159-172.
2019/01/08. doi: 10.3233/CBM-182000.

Du Q Wang W, Liu T, et al. High expression of integrin
alpha3 predicts poor prognosis and promotes tumor me-
tastasis and angiogenesis by activating the c-Src/extracel-
lular signal-regulated protein kinase/focal adhesion kinase


https://doi.org/10.1016/S2213-8587(13)70215-8
https://doi.org/10.1016/S2213-8587(13)70215-8
https://doi.org/10.1016/j.critrevonc.2018.03.012
https://doi.org/10.1016/j.critrevonc.2018.03.012
https://doi.org/10.1007/s12020-022-03146-0
https://doi.org/10.1007/s12325-020-01391-1
https://doi.org/10.1371/journal.pone.0101423
https://doi.org/10.1371/journal.pone.0101423
https://doi.org/10.1002/jcp.28472
https://doi.org/10.3390/cancers13122937
https://doi.org/10.3390/cancers13122937
https://doi.org/10.1038/35099066
https://doi.org/10.1038/s41392-022-01259-6
https://doi.org/10.1007/s00441-009-0834-6
https://doi.org/10.1038/nrm3769
https://doi.org/10.1038/nrm3769
https://doi.org/10.1016/j.yexcr.2019.03.011
https://doi.org/10.1038/s41568-018-0038-z
https://doi.org/10.1038/s41568-018-0038-z
https://doi.org/10.1016/j.jid.2019.02.025
https://doi.org/10.3389/fcell.2022.994528
https://doi.org/10.1158/0008-5472.Can-09-4283
https://doi.org/10.1111/cas.14566
https://doi.org/10.1111/cas.13298
https://doi.org/10.1016/j.canlet.2014.12.009
https://doi.org/10.1053/j.gastro.2020.12.077
https://doi.org/10.1038/onc.2010.532
https://doi.org/10.1073/pnas.1701821114
https://doi.org/10.1073/pnas.1701821114
https://doi.org/10.3390/biomedicines3010046
https://doi.org/10.1038/ncomms11942
https://doi.org/10.1371/journal.pbio.3000410
https://doi.org/10.1371/journal.pbio.3000410
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1016/j.jid.2020.07.024
https://doi.org/10.3233/CBM-182000

(36]

[37]

(38]

(39]

[40]

[41]

[42]

signaling pathway in cervical cancer. Front Oncol.
2020;10:36. 2020/03/03. doi: 10.3389/fonc.2020.00036.
Ruan Y, Chen L, Xie D, et al. Mechanisms of cell adhe-
sion molecules in endocrine-related cancers: a concise
outlook. Front Endocrinol (Lausanne). 2022;13:865436—
20220407. doi: 10.3389/fendo.2022.865436.

Cagnet S, Faraldo MM, Kreft M, et al. Signaling events
mediated by a3p1 integrin are essential for mammary
tumorigenesis.  Oncogene.  2014;33(34):4286-4295.
20130930. doi: 10.1038/0nc.2013.391.

Chen Y, Yang S, Tavormina J, et al. Oncogenic collagen
I homotrimers from cancer cells bind to a3f31 integrin
and impact tumor microbiome and immunity to pro-
mote pancreatic cancer. Cancer Cell. 2022;40(8):818-834
€819. 20220721. doi: 10.1016/j.ccell.2022.06.011.

Singh R, Peng S, Viswanath P, et al. Non-canonical cMet
regulation by vimentin mediates Plk1 inhibitor-induced
apoptosis. EMBO Mol Med. 2019;11(5):€9960. doi:
10.15252/emmm.201809960.

Sridhar SC, Miranti CK. Tetraspanin KAI1/CD82 suppress-
es invasion by inhibiting integrin-dependent crosstalk
with c-Met receptor and Src kinases. Oncogene.
2006;25(16):2367-2378. doi: 10.1038/sj.onc.1209269.
Hui A, Meens J, Schick C, et al. Src and FAK mediate
cell-matrix adhesion-dependent activation of Met during
transformation of breast epithelial cells. J Cell Biochem.
2009;107(6):1168-1181. doi: 10.1002/jcb.22219.

Ma JJ, Xiang C, Zhu HQ, et al. Expression and prognosis
analysis of integrin subunit alpha3 (ITGA3) in papillary

[43]

[45]

[46]

[47]

(48]

ANNALS OF MEDICINE €) 17

thyroid cancer. Heliyon. 2024;10(1):e23163. 20231203.
doi: 10.1016/j.heliyon.2023.e23163.

Zhang XA, Bontrager AL, Hemler ME. Transmembrane-4
superfamily proteins associate with activated protein
kinase C (PKC) and link PKC to specific beta(1) integ-
rins. J Biol Chem. 2001;276(27):25005-25013. 20010426.
doi: 10.1074/jbc.M102156200.

Dobrinja C, Troian M, Cipolat Mis T, et al. Rationality in pro-
phylactic central neck dissection in clinically node-negative
(cNO) papillary thyroid carcinoma: is there anything more
to say? A decade experience in a single-center. Int J Surg.
2017;41(Suppl 1):540-S47. doi: 10.1016/j.ijsu.2017.01.113.
Lombardi D, Accorona R, Paderno A, et al. Morbidity of
central neck dissection for papillary thyroid cancer. Gland
Surg. 2017;6(5):492-500. doi: 10.21037/gs.2017.05.07.

Ahn JH, Kwak JH, Yoon SG, et al. A prospective random-
ized controlled trial to assess the efficacy and safety of
prophylactic central compartment lymph node dissection
in papillary thyroid carcinoma. Surgery. 2022;171(1):182-
189. 20210812. doi: 10.1016/j.surg.2021.03.071.

Popadich A, Levin O, Lee JC, et al. A multicenter cohort
study of total thyroidectomy and routine central lymph
node dissection for cNO papillary thyroid cancer. Surgery.
2011;150(6):1048-1057. doi: 10.1016/j.surg.2011.09.003.
Giordano D, Valcavi R, Thompson GB, et al. Complications
of central neck dissection in patients with papillary thy-
roid carcinoma: results of a study on 1087 patients and
review of the literature. Thyroid. 2012;22(9):911-917.
20120724. doi: 10.1089/thy.2012.0011.


https://doi.org/10.3389/fonc.2020.00036
https://doi.org/10.3389/fendo.2022.865436
https://doi.org/10.1038/onc.2013.391
https://doi.org/10.1016/j.ccell.2022.06.011
https://doi.org/10.15252/emmm.201809960
https://doi.org/10.1038/sj.onc.1209269
https://doi.org/10.1002/jcb.22219
https://doi.org/10.1016/j.heliyon.2023.e23163
https://doi.org/10.1074/jbc.M102156200
https://doi.org/10.1016/j.ijsu.2017.01.113
https://doi.org/10.21037/gs.2017.05.07
https://doi.org/10.1016/j.surg.2021.03.071
https://doi.org/10.1016/j.surg.2011.09.003
https://doi.org/10.1089/thy.2012.0011

	ITGA3MET interaction promotes papillary thyroid cancer progression via ERK and PI3K/AKT pathways
	ABSTRACT
	Introduction
	Materials and methods
	Clinical specimens and public data sources
	Bioinformatics analyses
	Immunohistochemistry
	Western blotting
	Cell culture and transfection
	Wound-healing assay
	Colony formation assay
	Transwell assay
	Cell proliferation assay
	Xenograft tumour formation in nude mice
	Co-immunoprecipitation
	Immunofluorescence
	Establishment and validation of a diagnostic prediction model and nomogram for cervical lymph node metastasis
	Statistical analysis

	Results
	ITGA3 is upregulated in PTC tissue and is related to lymph node metastasis
	ITGA3 promotes PTC proliferation and migration in vitro and in vivo
	ITGA3 reduces FAK/src signalling in PTC cells
	ITGA3 cooperates with MET to regulate downstream signalling pathways via phosphorylation of MET at tyrosine 1234/1235
	ITGA3 as an indicator of PTC diagnostic prediction

	Discussion
	Conclusions
	Acknowledgments
	Author contributions
	Ethics approval and consent to participate
	Consent for publication
	Disclosure statement
	Funding
	Data availability statement
	References


