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Elevation of ADAM12 facilitates tumor progression by enhancing
metastasis and immune infiltration in gastric cancer
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Abstract. A disintegrin and metalloprotease 12 (ADAM12),
an essential transmembrane protein with metalloprotease,
cell binding and intracellular signal-regulating capabilities,
has been reported to play a crucial role in various types
of cancers. However, the biological function of ADAMI12
in gastric cancer (GC) remains unclear. Bioinformatic and
experimental analyses were used to determine the expres-
sion level and prognostic value of ADAMI12 in GC. The
level of DNA methylation and the competing endogenous
RNA (ceRNA) network was identified using MethSurv,
Starbase3.0, miRNet2.0 and experimental analyses. Then,
the co-expression profiles of ADAMI12 were determined and
subjected to enrichment analysis using the LinkedOmics
database. The protein-protein interaction network and the
docking model of ADAMI12 were constructed using the
GeneMANIA, STRING, and HDOCK webservers. The role
of ADAMI12 in tumor metastasis and immune infiltration
was investigated using in vitro assays and TIMER database
exploration. It was found that ADAMI12 was overexpressed
and was correlated with a poor prognosis of GC patients. In
addition, the aberrant DNA methylation status and ceRNA
regulation may contribute to the upregulation of ADAMI12
in GC. Moreover, the enrichment analysis revealed that
ADAMI2 is involved in multiple vital biological functions
and pathways, such as ‘macrophage activation’, ‘extracel-
lular matrix binding’ and ‘ECM-receptor interaction’.
Subsequently, the protein-protein interaction network and
molecular docking model demonstrated that follistatin like 3
(FSTL3) is a potential binding partner of ADAMI12. Finally, it
was demonstrated that ADAMI12 promotes tumor metastasis,
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immune infiltration and M2 macrophage polarization in GC.
In summary, these results highlight the potential of ADAMI12
to be used as a therapeutic target for GC.

Introduction

Gastric cancer (GC) is characterized by insidious onset,
easy metastasis, and generally poor prognosis; the morbidity
and mortality of GC have been ranked fifth and third in the
world, respectively (1,2). Although intensive interventions
including radical resection and drug therapy are available for
GC patients, the overall 5-year survival rates of GC patients
is still only 25-30% (3). GC has been identified as one of the
most severe malignant tumors that endanger human health.
The fundamental reason for the poor prognosis includes
tumor metastasis, recurrence and drug resistance. It is well
known that the occurrence and development of GC is a
multifactorial, multistage, and multistep process involving
the activation of tumor-promoting factors and the inactiva-
tion of tumor-suppressing factors. GC cells gradually adjust
their biological characteristics in an unfavorable environ-
ment through complex molecular regulation mechanisms
to promote tumor proliferation and metastasis. Therefore,
targeted drugs are the key to effectively cure or improve
long-term survival. However, the effect of existing targeted
agents, such as bevacizumab (4), cetuximab (5), and trastu-
zumab (6), are not completely satisfactory for GC treatment.
Therefore, finding pivotal molecular targets and developing
effective targeted drugs is an effective way to improve
current GC treatments.

The a disintegrin and metalloprotease (ADAM) protein
family, as important multi-domain transmembrane metal-
loproteinases, plays important roles in activating Notch,
epidermal growth factor receptor (EGFR) and other signaling
pathways which are related to tumor progression by catalyzing
the cleavage of cell surface proteins (7). ADAMI2, an impor-
tant member of the ADAM protein family, has been shown
to actively participate in various biological processes such as
signal transduction, cytoskeleton depolymerization, and micro-
environmental regulation by binding and activating targeted
proteins (8). The cellular effect mediated by ADAMI2 may be
a key event in multiple biological and pathological processes.
Cumulated evidence indicates that ADAMI2 can promote
epithelial-mesenchymal transition (EMT) (9), metastasis (10),
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drug resistance (11) and cancer stemness maintenance (12) in
a variety of malignant tumors. However, the biological role of
ADAMI2 in GC has not yet been elucidated.

In the present study, bioinformatics methods and experi-
mental analyses were utilized to comprehensively investigate
the expression level, prognostic value, regulatory mechanism
and biological functions of ADAMI2 in GC. Collectively,
our results identified ADAMI2 as a tumor promoter, thus
supporting its use as a novel prognostic biomarker and thera-
peutic target in GC.

Materials and methods

Clinical tissue specimens. The tissues from 63 GC patients
(mean age, 59.3+11.6 years; range, 35-82 years; 19 women and
44 men; stage I-1I, 44 patients; stage III-IV, 19 patients) used
for experiments were obtained from the Affiliated Provincial
Hospital of Anhui Medical University between January 2016
to December 2017. This study was approved by the Academic
Committee of the Affiliated Provincial Hospital of Anhui
Medical University (certification no. 2019KY32) and all
patients provided written informed consent.

Immunohistochemistry (IHC) staining analysis. Collected
tissue specimens for IHC staining were performed as previ-
ously described (13). The final IHC scores were determined
according to immunostaining intensity and positive cell
percentage. In detail, scores from 0 to 7 represented low
expression, and scores from 8 to 12 were regarded as high
expression. The staining procedure and results were indepen-
dently evaluated by two pathologists.

Public database analyses. Gene expression Profiling
Interactive Analysis (GEPIA) (14) and the GSE19826
dataset (15) obtained from the GEO database were used to
determine the expression level of ADAMI12 in GC. Moreover,
the prognostic value of ADAMI2 in GC was also confirmed
by GEPIA database (Group cutoff for separating patients into
ADAMI?2 high and low expression groups was set as median).

To better understand the reasons for ADAMI2 over-
expression, we firstly used the MethSurv database (16)
to evaluate the DNA methylation status of ADAMI2 in
GC. Subsequently, starBase3.0 (17,18) was used to predict
the targeted miRNAs of ADAMI12 using PITA (19),
miRanda (20), and TargetScan (21) analyses. Thereafter,
we analyzed the correlation between ADAMI12 expression
and targeted miRNAs to screen for miRNAs that were most
suited to competing endogenous RNA (ceRNA) conditions.
In addition, we predicted the targeted long non-coding
RNASs (IncRNAs) of the microRNAs (miRNAs), which were
obtained from the previous analysis using miRNet2.0 (22) and
starBase 3.0 (17,18). Sankey graph was constructed to exhibit
the ceRNA network (IncRNA-miRNA-mRNA) of ADAMI12
using d3Network package of R software version 4.0.2 (R Core
Team, www.r-project.org/).

The ADAMI2 co-expression profiles were obtained from
the LinkedOmics database and the results were visualized
as a volcano plot and heatmaps (23). These co-expressed
genes of ADAMI2 were then used to perform Gene
Ontology (GO) function and Kyoto Encyclopedia of Genes

and Genomes (KEGG) pathways enrichment analysis. The
GeneMANIA (24) and STRING (25) databases were mined to
construct the protein-protein interaction network of ADAMI12
to identify the potential interaction-partner of ADAMI12.

The TIMER database is a user-friendly database that can
be used to comprehensively analyze tumor immune infiltra-
tion (26). In our study, the ‘gene modules’ were used to
explore the relationship between ADAMI12 and immune cell
infiltration levels in GC. In addition, we used the ‘somatic
copy number alteration module’ of the TIMER tool to
determine the correlation between the genetic copy number
variation (CNV) of ADAMI12 and the relative abundance of
tumor-infiltrating cells. The ‘survival module’ was used to
detect the association between clinical outcomes and immune
cell infiltration in GC. The ‘correlation module’ was used to
explore correlations between ADAMI2 expression and the
expression of immune-infiltration cell markers with tumor
purity adjustment.

Cell culture and transfection. The human gastric mucosal
cell line GESI (control cell line) and gastric cancer cell lines
AGS, MKN28, MKN45, HGC27 and MKNI1 were obtained
from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China) and cultured in corresponding medium
with fetal bovine serum (FBS) [Biological Industries (BI),
Israel]. Short tandem repeat analysis was performed to
authenticate the cell lines before the experiments. The stable
GC cells with ADAM12 knockdown or overexpression and
the corresponding control cells were constructed by Tsingke
Co., Ltd. and named as sh-NC, sh-ADAM]12, LV-Control or
LV-ADAMI12, respectively. In brief, the lentiviral constructs
for ADAMI12 knockdown (shRNA-ADAM12) and scramble
control (sh-NC) were constructed into pLKO.1 neo (Addgene
#13425). All the plasmids were co-transfected with psPAX2
and pMD2.G into 293T cells using EndoFectin™ transfection
reagent (GeneCopoeia), per the manufacturer's recommenda-
tions. The supernatant was collected after culturing for 48 h.
Subsequently, the lentivirus supernatant was concentrated and
the cells were transfected with polybrene (8 ug/ml, GeneChem,
Inc.). After a 48-h infection, the transfected cells were cultured
in medium containing G418 (600 ug/ml) to select stable
cells. The transfection efficiency of the cells was verified by
western blotting. In addition, the miRNA mimics and nega-
tive control (miR-NC) were purchased from GenePharma,
Inc., and the transfection procedures were performed using
Lipofectamine 3000 (Invitrogen/Thermo Fisher Scientific,
Inc.) in accordance with the manufacturer's instructions. All
the corresponding sequences are listed in Table SI.

Western blot analysis. After lysing cells using RIPA buffer,
the protein concentration was determined using the BCA
Kit (Beyotime Institute of Biotechnology). Then, 20 ug
protein from the samples was separated by 10% SDS-PAGE
gel followed by transferring to 0.45-ym PVDF membranes
(Millipore, USA). Subsequently, the PVDF membranes were
incubated in blocking buffer (5% non-fat milk) for 1 h at room
temperature and then incubated with the primary antibody
overnight at 4°C, and the corresponding secondary antibody
was hybridized for 2 h at room temperature. The blotted
proteins was visualized with the help of the ECL detection
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system (Pierce Biotech, USA), scanned with a Chemi-Doc
System (Bio-Rad Laboratories, Inc.) and analyzed using
ImagelJ software (https://imagej.net). Information regarding
the primary antibodies is listed in Table SII.

Reverse transcription-quantitative PCR (RT-gPCR). The
RNAeasy™ animal RNA extraction kit (cat. no. R0026,
Beyotime Institute of Biotechnology) was used to extract total
intracellular RNA. mRNA and miRNA were reverse tran-
scribed into cDNA using a mRNA reverse transcription kit
(Thermo Fisher Scientific, Inc.) and miRNA reverse transcrip-
tion kit (Vazyme Biotech Co., Ltd.). SYBR-Green PCR Master
Mix (Thermo Fisher Scientific, Inc.) was used for RT-qPCR.
Levels of miRNA were normalized using small nuclear RNA
U6, whereas ADAMI2 levels were normalized by GAPDH.
The 244% method was used to calculate the difference in gene
expression (27). The primers were synthesized by Tsingke
Co., Ltd. The specific sequences of the primers are shown
in Table SIII.

Molecular docking analysis. The structure of ADAMI2
and FSTL3 were obtained from AlphaFold prediction
(https://alphafold.ebi.ac.uk/). Docking study of the binding
modes between ADAMI12 and FSTL3 was conducted by
using HDOCK server (28-33). According to the docking score
provided by the HDOCK server, the best predicted binding
mode was selected to analyze the detailed interaction network
between these two proteins. The best predicted binding mode
was visualized, analyzed and mapped by using the PyMOL
program version 2.4.0 (https://www.schrodinger.com/pymol).

Wound healing assay. The indicated HGC27 and AGS cells
were seeded at a density of 5x10° cells/well into 6-well plates
and cultured to achieve over 80% confluence. Subsequently,
we created scratches by using a 200-ul pipette tip to scrape
longitudinally in the center of the bottom of the well. After
washing twice with PBS, serum-free medium was added to
the wells. Images were captured with an optical microscope
(magnification, x40; Olympus, Japan) at O and 48 h after
the scratch appeared. Migration distance was calculated as:
Migration distance=scratch width observed at 0 h-scratch
width observed at 48 h).

Transwell assay. The Transwell chamber was purchased from
BD Biosciences, USA. Approximately 5x10* indicated HGC27
and AGS cells were seeded in the upper chamber and 250 ul
serum-free medium was added, while the lower chamber was
filled with 750 ul complete medium. After 24 h of incubation,
the upper chamber was taken out and fixed with methanol
for 10 min, and then stained with 0.1% crystal violet at room
temperature. The number of transmembrane cells were counted
under a microscope (magnification, x100; Olympus, Japan).

Statistical methods. Statistical analyses were performed
using SPSS 21.0 software (IBM Corp.). The Student's t-test
was used to analyze differences between two variables,
and differences among multiple groups were analyzed
using one-way ANOVA followed by Tukey's post hoc test.
Survival curves were constructed using the Kaplan-Meier
methods, and the P-value was obtained from the log-rank

test. Univariate and multivariate Cox regression analyses
were performed to evaluate risk factors for overall survival.
A P-value of <0.05 was considered to indicate a statistically
significant difference.

Results

ADAMI?2 expression and its prognostic value in GC. To
identify the role of ADAMI2 in GC, we performed analysis
to determine the expression level of ADAMI2 in GC using the
GEPIA and GSE19826 dataset. As shown in Fig. 1A and B, the
expression of ADAMI12 was remarkedly increased in tumor
tissues than that in normal tissues. Moreover, the elevated
expression of ADAMI12 was strongly associated with a poor
prognosis in GC patients (Fig. 1C). To further determine the
expression level and prognostic value of ADAMI2 in GC,IHC
staining was performed on a tissue microarray containing 63
pairs of GC tissue and peri-tumor tissue (Fig. S1). In addition,
higher protein levels of ADAMI12 were observed in tumor
tissues in comparison to peri-tumor tissues (Fig. 1D).

We then analyzed the relationship between ADAMI12
expression and clinicopathological factors. There was no
significant difference in sex, age, BMI, alcohol consumption,
venous invasion, operation time, TNM stage and postoperative
complications (P>0.05) between the ADAMI2 high expres-
sion group and ADAMI12 low expression group (Table I). The
Kaplan-Meier survival curve demonstrated that the overall
survival (OS) of patients with elevated levels of ADAMI12
expression was significantly shorter than that of patients
with low levels of ADAMI2 expression (Fig. 1E). In regards
to the disease-free survival (DFS), the GC patients with
high ADAMI2 expression showed a clear trend of adverse
prognosis, although the difference was insufficient to reach
statistical significance (Fig. S2). Moreover, our results demon-
strated that ADAMI12 expression level is an independent risk
factor for OS based on the results of the multivariate analysis
(Table II). The results from RT-qPCR and western blotting
showed that ADAMI12 was significantly overexpressed in five
GC cell lines (MKN28, MKN45, HGC27, AGS and MKNI1)
compared to the GESI cell line. (Fig. 1F and G).

ADAMI12 DNA methylation status and ceRNA regulatory
network in GC. Aberrant DNA methylation level and pattern
resulted in abnormal activation of proto-oncogenes (34).
Therefore, we attempted to investigate the DNA methylation
status of ADAM12 in GC. As shown in Fig. 2A, we determined
that ¢g05229965, cg24029414, cg04892170, cg25922637,
cg02953302, cg09866104, cg15342452, cg07244202, and
cgl0084554 sites exist with lower levels of DNA methylation
based on the data obtained from TCGA-STAD. More impor-
tantly, cg04892170 and cg02953302 are located in the region
of the 1st exon and 5'UTR. Hypomethylation in these regions
may reveal the cause of the abnormally elevated ADAMI12
expression.

Emerging evidence highlights that aberrant ceRNA
networks are important tumor promoters in human cancers.
Therefore, we attempted to construct the ceRNA network of
ADAMI12 in GC. Based on Starbase3.0 database analysis,
a series of target miRNAs of ADAMI12 were predicted. As
shown in Fig. 2B, a total of 15 target miRNAs were jointly
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Figure 1. Expression level and prognostic value of ADAMI2 in GC tissues and cell lines. (A) The relative expression level of ADAMI2 between tumor and
normal tissues in GC based on GEPIA database analysis (‘P<0.05). (B) The ADAMI2 relative expression level in the GSE19826 dataset. (C) The correlation
of ADAMI2 expression and overall survival (OS) duration in GC patients. (D) The representative immunohistochemical (IHC) staining images (left panel)

ok

and score (right panel) of ADAMI12 in GC and adjacent non-tumor tissues from a tissue microarray containing 63 paired GC tissue samples (" P<0.001).
(E) Kaplan-Meier survival curve of OS for the high and low ADAM]12 expression groups based on IHC score from a tissue microarray. (F and G) mRNA and
protein expression of ADAMI2 in the human gastric mucosal cell line GES1 (control cell line) and five GC cell lines AGS, MKN28, MKN45, HGC27 and
MKNI1 (‘P<0.05; “P<0.01). ADAMI2, a disintegrin and metalloprotease 12; GC, gastric cancer; STAD, stomach adenocarcinoma.

predicted by PITA, miRanda, and TargetScan databases.
Among them, the expression of hsa-miR-29¢-3p (R=-0.258,
P<0.0001) and hsa-miR-135a-5p (R=-0.266, P<0.0001) were
negatively correlated with the expression level of ADAMI12
(Fig. 2C). To clarify the relationship of hsa-miR-29¢-3p and
hsa-miR-135a-5p with ADAMI2, the gain of hsa-miR-29c-3p
and hsa-miR-135a-5p were performed in HGC27 cells.
RT-qPCR experiment confirmed the successful transfection
efficiency of hsa-miR-29c-3p and hsa-miR-135a-5p mimics
(Fig. S3A). The western blotting experiments demonstrated
that hsa-miR-29¢-3p and hsa-miR-135a-5p can indeed inhibit
the expression of ADAM12 in HGC27 cells (Fig. S3B).
Subsequently, we used the miRNet and starBase online
databases to further predict the IncRNAs that could bind to the

two target miRNAs (hsa-miR-29¢-3p and hsa-miR-135a-5p)
(Fig. 2D and E). The ceRNA network hypothesis indicated
that there was a negative correlation between IncRNAs and
miRNAs. As shown in Fig. 2F and G, the expression levels
of the 5 IncRNAs (AFDN-DT, GASS5, H19, HOXA10-AS and
PVTI) were negatively correlated with hsa-miR-29¢-3p, while
3 IncRNAs (SNHG3, RPARP-ASI and OIP5-AS1) were nega-
tively correlated with the expression level of hsa-miR-135a-5p.
Therefore, we could construct 8 pairs of ceRNA networks
based on the results of the correlation analysis (Fig. 2H).

Enrichment analysis of the ADAMI2 gene co-expression
profiles in GC. To better understand the biological function
of ADAM12 in GC, LinkedOmics was applied to perform
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Table I. Associations between ADAM12 protein expression (immunohistochemical staining) in gastric cancer and various clini-

copathological variables.

ADAMI12 expression

Variables Total Low (n=20) High (n=43) x2 P-value

Sex
Female 19 7 12 0.326 0.568
Male 44 13 31

Age (years)
<60 25 8 17 0.001 0.972
>60 38 12 26

BMI (kg/m?)
Normal 34 25 0.949 0.330
Abnormal 29 11 18

Alcohol consumption
No 37 14 23 1.535 0.215
Yes 26 6 20

Venous invasion
No 33 10 23 0.067 0.796
Yes 30 10 20

Operation time
<3h 33 13 20 1.871 0.171
>3 30 7 23

TNM stage
I-II 44 16 28 1.436 0.231
I-1v 19 4 15

Postoperative complications
No 33 14 19 3.647 0.056
Yes 30 6 24

ADAMI12, a disintegrin and metalloprotease 12; BMI, body mass index.

a co-expression gene profile analysis. As shown in Fig. 3A,
a total of 9,307 genes were found to be significantly posi-
tively correlated with ADAMI12 (red dots), while 10,919
genes showed significantly negative correlations (green
dots). The top 50 genes that were significantly positively or
negatively correlated with ADAMI2 are shown on a heat
map (Fig. 3B).

Next, enrichment analysis was performed based on GO
functions and KEGG pathways using GSEA methods. The
main biological process was identified as ‘endoplasmic
reticulum lumen’, ‘platelet alpha granule’, while the most
enriched molecular function was ‘cellular response to vascular
endothelial growth factor stimulus’ and ‘macrophage activa-
tion’ (Fig. 3C and D). The top two cellular component terms
were ‘extracellular matrix binding’ and ‘immunoglobulin
binding’ (Fig. 3E). KEGG pathway analysis revealed that the
most enriched pathways were ‘ECM-receptor interaction’ and
‘Leishmaniasis’ (Fig. 3F).

The protein-protein interaction network of ADAMI2. The
interactions between proteins is the foundation of many

biological processes (35). To identify the potential binding
partner of ADAM12, the GeneMANIA and STRING data-
bases were used to construct the protein-protein interaction
network of ADAMI2 (Fig. 4A and B). Proteins, including
FSTL3, GRB2, ITGA9, SDC4, SH3PXD2A and EGFR, were
identified as potential common binding partners of ADAMI12
through the combined results obtained from the GeneMANIA
and STRING databases (Fig. 4C).

Previous studies suggest the interaction of ADAMI12 with
certain proteins, such as GRB2 (36), SH3PXD2A (37,38) and
EGFR (39,40). However, the relationship between ADAM12
and follistatin like 3 (FSTL3) has not been reported until
now. Due to the similarity in cell location and function of
ADAMI12 and FSTL3, we performed docking experiment to
investigate the binding mode between ADAM12 and FSTL3.
As shown in Fig. 4D, the F23 and S29 of FSTL3 were able
to form hydro-bonding interactions with Y215 and E417 of
ADAMI12, respectively. Moreover, the distances between
the acceptor and donor heavy atom of the two hydrogen
bonds were both less than 3 A, which indicates that these
two hydrogen bonds are quite stable (Fig. 4E, left panel).
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Table II. Univariate and multivariate analysis of the correlation between clinicopathological parameters and overall survival of

the patients with gastric cancer.

Univariate analysis

Multivariate analysis

Variables HR 95% CI P-value HR 95% CI P-value
Sex 1.440 0.735-2.825 0.288

Age (years) 1.826 0.836-3.989 0.131

BMI (kg/m?) 1.112 0.582-2.123 0.748

Consumption of alcohol 0.864 0.447-1.672 0.665

Operation time 0.985 0.516-1.879 0.962

Venous invasion 3.509 1.705-7.221 0.001 3.877 1.853-8.112 <0.001

TNM stage 2.639 1.375-5.063 0.004 2441 1.252-4.757 0.009
Postoperative complications 2.287 1.187-4.406 0.013 2.374 1.187-4.749 0.015

ADAM12 expression 2.720 1.270-5.827 0.010 2315 1.076-4.984 0.032

ADAMI12, a disintegrin and metalloprotease 12; BMI, body mass index; HR, hazard ratio; CI, confidence interval.

Moreover, the Y215 and V432 of ADAM12 were also able
to form hydrogen-bonding interactions with S25 and S26
of FSTL3, respectively. Each of the two residues, Q53 and
S64 of FSTL3, were able to form hydrogen-bonding inter-
action with the transmembrane helical region of ADAMI2.
A hydrogen-bonding interaction was also found between
the S204 of FSTL3 and G772 of ADAMI12 (Fig. 4E, right
panel).

Key role of ADAMI2 in GC cell migration, invasion and
EMT-like phenotype. According to the results of our
enrichment analysis, ADAMI12 may participate in the
‘ECM-receptor interaction’ signaling pathway. As shown
in Fig. 5A, most of the molecules in this signaling pathway
have a significant relationship with the EMT phenotype. The
analysis of the interaction network indicated that ADAMI12
may interact with FSTL3 to potentially promote the metas-
tasis and EMT phenotype of tumors (41,42). Therefore, we
constructed stable ADAMI12 overexpression AGS cells
and knockdown HGC27 cells (Fig. S4). The in vitro assay
demonstrated that ADAMI12 overexpression significantly
promoted the migration and invasion abilities of AGS cells
(Fig. 5B), while ADAMI12 knockdown significantly reduced
the migration and invasion ability of HGC27 cells (Fig. 5SD).
In addition, ADAMI12 overexpression significantly down-
regulated the expression of E-cadherin and upregulated the
expression of TGF-f1, matrix metalloproteinase (MMP)-2,
MMP-9, N-cadherin and vimentin in AGS cells (Fig. 5C). In
contrast, knockdown of ADAMI12 markedly downregulated
TGF-B1, MMP-2, MMP-9, N-cadherin, and vimentin expres-
sion but promoted the expression of E-cadherin protein in
HGC27 cells (Fig. SE).

In addition, the correlation analysis conducted using the
TIMER database demonstrated that ADAMI12 expression
was associated with CDH2 (R=0.492, P=1.58e-24), MMP-2
(R=0.628, P=5.58e-43), MMP-9 (R=0.407, P=1.59¢-16),
TGF-p1 (R=0.450, P=2.83e-20), and vimentin expression
(R=0.554, P=7.21e-32) but negatively correlated with CDH1
expression (R=-0.061, P=2.23e-01), which is consistent with

the result of the in vitro experiments (Fig. 5F). Based on the
above results, it was suggested that ADAM12 may regulate the
ability of metastasis and EMT in GC cells in vitro.

Correlation between ADAMI2 and tumor immune infiltration.
Crosstalk between tumor cells and tumor-infiltrating immune
cells is extremely important for cancer development and affects
treatment outcomes (43). Our results indicated that ADAMI12
is involved in interactions between cells and the extracellular
matrix, as well as between tumor cells. Therefore, we aimed to
explore the role of ADAM]12 in the GC tumor immune environ-
ment. Based on the results of the TIMER database analysis, we
observed a positive correlation between ADAMI12 expression
and infiltrating levels of CD8* T cells (R=0.116, P=2.54¢-02),
macrophages (R=0.29, P=1.28e-08), neutrophils (R=0.359,
P=9.44¢-13), and dendritic cells (R=0.351, P=3.57¢-12) in GC
(Fig. 6A). We also analyzed the effect of ADAM12 copy number
alternation (CNA) on the infiltration level of six immune cells.
As shown in Fig. 6B, the deep deletion, arm-level deletion and
arm-level gain of ADAMI2 significantly affected the level
of infiltration level of B cells, CD&8* T cells, CD4* T cells,
neutrophils, macrophages, and dendritic cells in GC. In addi-
tion, macrophages, neutrophils, dendritic cells, and ADAM12
were identified as factors involved with the cumulative overall
survival rate of GC patients (Fig. 6C).

T cell and macrophage infiltration is strongly associated
with the clinical outcome of patients with malignant tumors.
Therefore, we decided to explore the correlation between
ADAMI2 expression and the differentiation status of macro-
phages and T cell subpopulation. As shown in Fig. 6D-F,
ADAMI2 was significantly positively correlated with the cell
markers CD86 (R=0.439, P=2.60e-19) and CSFIR (R=0.337,
P=1.52e-11) in monocytes, and the cell markers CCL2 (R=0.384,
P=9.72¢-15), CD68 (R=0.263, P=2.08¢-07), IL10 (R=0.418,
P=1.74e-17) in tumor-associated macrophages (TAMs), as
well as the M2 macrophage cell markers CD163 (R=0.415,
P=3.31e-17), MS4A4A (R=0.367, P=1.51e-13), and VSIG4
(R=0.421, P=9.35¢e-18). It is well known that macrophages are
polarized into an M2 subpopulation upon Th2 and Treg cell
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Figure 2. Regulatory mechanisms of ADAMI12 overexpression in GC. (A) Waterfall plot of the methylation status in the ADAMI2 gene. (B) The predicted
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stimulation. Intriguingly, ADAMI12 expression was signifi-
cantly positively associated with the expression of Th2 cell
markers, GATA3 (R=0.145, P=4.60e-03), STAT5A (R=0.255,

P=5.13e-07), and IL13 (R=0.209, P=3.98e-05), and the Treg
cell markers FOXP3 (R=0.233, P=4.75¢-06), CCR8 (R=0.313,
P=4.65e-10), STAT5SB (R=0.19, P=1.96¢-04), and TGF-f1
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Figure 3. Co-expressed profiles and enriched analyses of ADAMI12 in GC. (A) The volcano plot of ADAMI2 co-expressed genes according to LinkedOmics
database analysis. (B) The heatmap of the top 50 genes significantly positively or negatively correlated with ADAM12 expression. (C) Biological process
enrichment analysis for ADAMI2 co-expressed genes by LinkedOmics using GSEA methods. (D) Molecular function enrichment analysis for ADAMI12
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a disintegrin and metalloprotease 12; GC, gastric cancer.

(R=0.45 , P=2.63e-20) (Fig. 6G and H). Therefore, we specu-
lated that ADAMI12 may further promote the polarization of M2
macrophages by regulating the maturation of monocytes, TAMs,
Th2 and Treg cells in the tumor microenvironment (Fig. 6I).

Discussion

Cumulated evidence has demonstrated important roles
for ADAM family proteins in tumor formation and
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progression (44). ADAMI12, an important member of the
ADAM family, promotes the proliferation and metastasis of
tumor cells by participating in biological processes such as
enzyme catalysis, cell-cell binding and cell signal transduc-
tion (8). Although previous studies have shown that ADAM12
is highly expressed in GC (45), the clinical value and biological
function of ADAM12 in GC have not yet been fully elucidated.

In the present study, it was demonstrated that the expression
level of ADAM12 was elevated in GC. Moreover, GC patients
with high ADAMI12 expression demonstrated a poorer prog-
nosis. To determine the potential causes of ADAM1I2 elevation,
the DNA methylation status and ceRNA regulatory network
of ADAMI12 were investigated, respectively. Intriguingly,
two hypomethylation sites were identified in the ADAMI12
promoter region, indicating a potential cause of ADAMI12
overexpression. In addition, we constructed eight vital ceRNA
networks of ADAM12 using bioinformatics analysis. Although
previous studies have shown that ADAMI12 may be regulated
by a ceRNA network (9,46), our newly discovered ceRNA
networks need further experimental verification.

To gain further insights into the biological functions
of ADAMI12 in GC, GO and KEGG enrichment analyses
of ADAMI12 co-expressed genes in GC were conducted.
We found that they were mainly involved in ‘macrophage
activation’, ‘extracellular matrix binding’, ‘immunoglobulin

binding’ and ‘ECM-receptor interaction’, indicating the
potential role of ADAMI2 in tumor metastasis and tumor
immune infiltration. Interestingly, the protein-protein
interaction network revealed that follistatin like 3 (FSTL3)
may be a potential partner of ADAMI2. Previous studies
have emphasized that FSTL3 can enhance tumor cell
metastasis (41,42) and the polarization of macrophages and
fibroblasts by forming an inhibitory immune microenviron-
ment (47). Therefore, it is clear that ADAMI12 and FSTL3
perform similar functions, which may imply a mutual adjust-
ment relationship between them. The subsequent molecular
docking model was used to predict potential binding sites
between them to further determine their interactions.

Next, we attempted to determine whether ADAM12 plays
a crucial role in GC metastasis and tumor immune inva-
sion. A stable overexpression cell line, LV-ADAMI12-AGS,
and a knockdown cell line, sh-ADAMI12-HGC27 were
constructed. As expected, wound healing and Transwell
experiments confirmed that ADAMI12 could enhance the
migration and metastatic abilities of GC cells. In addi-
tion, the expression of epithelial-mesenchymal transition
(EMT)-related markers were assessed and this demonstrated
that ADAMI12 plays an important role in regulating EMT.
This is similar to the results of a previous study conducted
on pituitary tumors (48). Therefore, we speculated that
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ADAMI2 may promote the migration and metastasis of GC
cells by inducing EMT.

The role of ADAMI2 in GC immune infiltration was
another focus of our investigation. In the present study, the
expression level of ADAMI2 was significantly correlated with
multiple immune cell infiltration in GC. Our results based on
data mining indicated that ADAMI12 expression was signifi-
cantly positively correlated with M2 macrophages. In addition,
a positive correlation was demonstrated between ADAM]12
and monocytes, tumor associated macrophages (TAMs), Th2
and Treg cells by analyzing the correlation between immune
cell-specific markers and ADAMI12 expression levels. It is
well known that TAMs derived from circulating monocyte
populations can be differentiated into M2 macrophages under
the stimulation of Treg and Th2 cells (49,50). Therefore,
we speculated that ADAMI12, as a ubiquitously expressed
transmembrane protein in tumor cells, may participate in
the recruitment of various immune cells (including mono-
cytes, TAM, Th2 and Treg cells), which in turn promotes the

polarization and maturation of M2 macrophages. M2 macro-
phages are known to be a necessary factor in favoring tumor
metastasis and immunosuppression. These results suggest the
promoting role of ADAMI12 in tumorigenesis and progression
from another perspective, indicating the complex function of
ADAMI12 in tumors.

There are still some limitations to the present study.
Firstly, the small sample size resulted in an unclear relation-
ship between ADAMI2 expression levels and disease-free
survival (DFS) in gastric cancer patients. The collection of
GC tissue samples and follow-up data in subsequent studies is
required to further analyze the correlation between ADAM12
and DFS. Secondly, the present study was based on public
data mining and bioinformatic analysis. The available data
was limited and the results still require corresponding experi-
mental verification. Furthermore, sufficient data was lacking
to explore the role of ADAMI2 in regulating immune cell
recruitment, and more sophisticated experimental designs are
required to validate these promising results.
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and markers of Treg cells. (I) The schematic diagram for the role of ADAMI2 in immune infiltration cells. ADAM]12, a disintegrin and metalloprotease 12;

GC, gastric cancer.

In the present study, we demonstrated that ADAMI12
expression is frequently upregulated and correlated with a
poor prognosis of GC patients. Promoter hypomethylation
and aberrant ceRNA network regulation may contribute
to the dysregulation of ADAMI2 expression. The results of
enrichment analysis and protein-protein interaction network
indicated that ADAMI2 is probably involved in a variety of
pivotal biological processes regulating GC metastasis and
the immune microenvironment. Through further experi-
mental analysis, we successfully confirmed that ADAMI12

significantly enhances the invasion and metastatic abilities
of GC cells. More importantly, it was found that ADAMI12
potentially plays a crucial role in tumor immune infiltration,
especially the polarization of M2 cells. In conclusion, our
results highlight that ADAM12 is a vital tumor promoter and a
potential therapeutic target for GC.
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