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Abstract

Background A disintegrin and metalloproteinase with thrombospondin motifs 10 (ADAMTS10) plays a role in extracellular
matrix and correlates with Weill-Marchesani syndrome. However, its role in gastric cancer remains unknown. Thus, we
started this research to unveil the role of ADAMTSI10 in gastric cancer (GC).

Methods The expression of ADAMTS10 in GC was analyzed by immunohistochemical staining and quantitative RT-PCR
(qRT-PCR). The effects of ADAMTS10 inhibiting GC cell progression were conducted by functional experiments in vitro
and in vivo. Flow cytometry was used to discover changing of cell cycle, apoptosis and ROS by ADAMTS10 in GC cell.
Western blot was applied to identify targets of ADAMTS10. Western blot, qRT-PCR and flow cytometry were applied to
discover the effect of ADAMT10 on THPI.

Results ADAMTS10 expression was downregulated in GC tissue and patients with low ADAMTS10 levels had poorer over-
all survival. ADAMTS10 overexpression altered cell cycle, promoted apoptosis, and inhibited proliferation, migration, and
invasion in vitro and in vivo. ADAMTS10 regulated TXNIP and ROS through the JAK/STAT/c-MYC pathway. Decreasing
TXNIP and ROS reversed the inhibitory effect of ADAMTS10 on cell migration and invasion in vitro. ADAMTS10 secreted
by GC cells was absorbed by THP1 and regulated TXNIP and ROS in THP1. ADAMTSI10 secreted by GC cells inhibited
macrophage M2 polarization.

Conclusions These results suggest that ADAMTS10 targets TXNIP and ROS via the JAK/STAT/c-MYC pathway and that
may play important roles in GC progression and macrophage polarization which indicates that ADAMTS10 can be a poten-
tial survival marker for gastric cancer.
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Introduction

Gastric cancer (GC) is the fifth most commonly diagnosed can-
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The A Disintegrin and Metalloproteinase with Throm-
bospondin motifs (ADAMTS) family includes 19 members
involved in various important biological processes, such as
hemostasis, extracellular matrix (ECM) remodeling, and reg-
ulation of angiogenesis associated with carcinogenesis and
metastasis [2].Abnormal expression or function of ADAMTS
family members is associated with connective tissue disease,
inflammation, arthritis, cancer, and thrombotic thrombocy-
topenia [3-9]. ADAMTS10 belongs to the secreted protein
superfamily and plays a role in the structure and function of
microfibrils by interacting with fibrillin-1 and 2 and contribut-
ing to ECM formation and conversion [10-12]. ADAMTS10
recessive mutations lead to Weill-Marchesani syndrome,
which is associated with short stature, skin and cornea thick-
ening, heart valve fibrosis, and lens defects [13—15]. However,
the role of ADAMTS10 in cancer, particularly in GC, has not
been studied.

The JAK/STAT pathway is a highly conserved signal
transduction pathway. It regulates a variety of cellular mecha-
nisms associated with the development of multiple diseases.
Continuously aberrant activation of the JAK/STAT pathway
is associated with malignancies such as leukemia, Hodgkin's
lymphoma, myeloproliferative neoplasms, natural killer/T-
cell lymphoma, hepatocellular carcinoma, lung cancer, head
and neck cancer, and prostate cancer. At present, the research
of JAK / STAT pathway in gastric cancer is still insufficient,
therefore, it is very promising to study the role and mechanism
of JAK / STAT pathway in gastric cancer [16].

Thioredoxin-interacting protein (TXNIP), also known
as vitamin D; upregulated protein 1 (VDUP1) [17] and
thioredoxin-binding protein-2 (TBP-2) [18], is known to be
a multifunctional protein [19]. TXNIP binds to thioredoxin,
inhibiting its antioxidant function [20]. It can also promote
insulin secretion, inhibit glucose uptake, and reprogram
metabolism [21-23]. TXNIP is also considered a tumor sup-
pressor protein due to its effects on tumor cell proliferation,
apoptosis, cell cycle, and metastasis [24-26]. However, the
expression and biological functions of TXNIP in GC are
largely unknown.

In this study, we investigated the expression levels of
ADAMTS10 in GC tissue and cells and analyzed the rela-
tionship between ADAMTS10 expression and the clinico-
pathological features of GC. Moreover, we aimed to eluci-
date the relationship between ADAMTS 10 and TXNIP and
the mechanisms of ADAMTS10 in GC.

Materials and methods
Patients and cancer tissue samples

A total of 333 primary GC tissue samples were collected
at the Sixth Affiliated Hospital of Sun Yat-sen University,

Guangzhou, China, from December 2007 to March 2014.
Three MO patients and one M1 patient received R1 resection
were excluded from this database, therefore, 329 patients
received RO resection were included and followed up until
death or March 31, 2019. The interval between the date of
surgery and the date of death or last follow-up was consid-
ered overall survival (OS). The American Joint Committee
on Cancer Staging System (7th edition) was used for GC
staging. Informed consent was obtained from all patients.
Tissue specimens were constructed using immunohisto-
chemical tissue microarrays (TMAs).

Immunohistochemistry

The Biotin-Streptavidin—Horseradish Peroxidase (HRP)
Assay System (ZSGB Bio, Beijing, China) for immuno-
histochemistry (IHC) staining was used as described pre-
viously [27]. The TMAs were incubated with primary
rabbit antibodies against ADAMTS10 (ab230902; 1:100;
Abcam, Cambridge, UK). ADAMTS10 expression scores
were assigned independently by two pathologists. X-tile
software version 3.6.1 (Rimm Laboratories, New Haven,
CT, USA) was then used to select the best cutoff score (6.1)
[28]. Immunohistochemical analysis was performed on 34
pairs of primary GC and adjacent normal mucosal tissues to
assess the differential expression of ADAMTS10. A TMA
containing 329 primary cancer tissue specimens was used to
assess the relationship between ADAMTS10 expression and
the clinicopathological features and prognosis of GC. Based
on the ADAMTSI10 scores, the 329 patients were divided
into two groups: high ADAMTS10 (score >6.1) and low
ADAMTSIO0 (score <6.1).

Public online database and related analyses

The public database TIMER2.0 (http://timer.cistrome.org;
accessed September 25, 2021) was used to estimate the cor-
relation between ADAMTS10 and macrophages in stomach
adenocarcinoma.

Cell lines and cultures

Seven human GC cell lines (MKN1, MKN45, MGC803,
BGC803, HGC27, SGC7901, and AGS), one human normal
gastric mucosal cell line (GES1) and one human monocyte
THP-1 cell line were obtained from the Type Culture Col-
lection Cell Bank of the Chinese Academy of Sciences Com-
mittee (Shanghai, China). AGS was cultured in DMEM/F12,
GES1 and HGC27 were cultured in DMEM, and the other
cell lines were cultured in RPMI 1640. All medium was
supplemented with 10% fetal bovine serum and 1% peni-
cillin—streptomycin. The cells were cultured at 37 °C in a
humidified atmosphere containing 5% CO2.
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THP-1 monocytes were differentiated into macrophages
by incubation with 150 nM phorbol 12-myristate 13-acetate
(Sigma, St. Louis, MO, USA) for 24 h followed by incuba-
tion in RPMI 1640 for 24 h, and then were cultured in condi-
tion medium(CM) for further experiments.

Conditioned medium and overexpression lysate
protein

The ADAMTSI10 overexpression cell lines AGS and
HGC27 and the ADAMTS 10 knockdown cell lines MKN1
and SGC7901 were cultured in a serum-free medium for
48 h. The supernatant was collected as Conditioned medium
(CM), and cell debris was removed by centrifugation at
14,000¢g for 10 min. Over-Expression Lysate Protein (LS-
G92301-20, LSBio, Seattle, WA, USA) was diluted accord-
ing to the manufacturer’s protocol and added into CM
depending on the design of experiments.

Plasmid construction and transfection for gene
silencing and expression

The full-length complementary DNA (cDNA) encod-
ing ADAMTS10, TXNIP, and ¢c-MYC was amplified
from the complete open reading frame of ADAMTS10
(NM_030957.4), TXNIP (NM_006472), and c-MYC
(NM_001354870.1). ADAMTS10 cDNA was then
cloned into pCDH-CMV-MCS-EF1-CopGFP-
T2A-Puro vector with a 3 X FLAG tag. Other plas-
mids, such as pCDNA3.1ADAMTS10-3 X FLAG,
pCDNA3.1TXNIP-3 Xx FLAG, and pCDNA3.lc-
MYC-3 X FLAG were constructed using the same method.
For ADAMTS 10 knockdown, an ADAMTS 10 single guide
RNA (sgRNA) lentiviral vector and a control sgRNA vector
were purchased from Genechem (Shanghai, China). The tar-
get sequences of ADAMTS10 sgRNA were 1S: 5'-caccGGC
GTCGCACGAGTGCACGG-3"; 1AS: 5-aaacCCGTGCACT
CGTGCGACGCC-3"; 2S: 5-caccGAAGAGGCGGGACTC
GGCTG-3', 5'-aaacCAGCCGAGTCCCGCCTCTTC-3'.
For pCDNA3.1 plasmids, transient transfection was
performed using Lipofectamine 3000 reagent (Invitrogen,
Carlsbad, CA, USA). Small interfering RNA (siRNA) for
ADAMTS10, TXNIP and c-MYC (RiboBio, Guangzhou,
China) was transfected into cells using Lipofectamine
RNAiIMAX reagent (Invitrogen, Carlsbad, CA, USA).
The targeting sequences of siRNA were SIADAMTS10-1:
5'-CCGGGAAGCACCGTTAACATCCTCTCGAGAGGA
TGTTAACGGTGCTTCTTTTTT-3" (forward); SiAD-
AMTS10-2: 5'-CCGGGGAGTCAAATCGCGTCAGTC
TCGAGACTGACGCGATTTGACTCCTTTTTT-3’ (for-
ward); SITXNIP-1: 5'-GAAACAAAUAUGAGUACAA-3’
(forward); SiTXNIP-2: 5'-GAGAAUACAUGUUCCCGA
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A-3’ (forward); Sic-MYC: 5'-CCTGAGACAGATCAGCAA
CAA-3' (forward) [29].

Western blot analysis

Cellular protein was extracted with T-PER Tissue Protein
Extraction Reagent (Thermo Fisher Scientific, Massachu-
setts, MA, USA). Equivalent amounts of protein extracts
were separated by SDS-PAGE and transferred to polyvi-
nylidene fluoride membranes (Millipore, Massachusetts,
MA, USA). The membranes were then blocked with 5%
skimmed milk at room temperature for 1 h and incubated
with primary antibodies (Supplementary Table 1) at 4 °C
overnight. This was followed by incubation with the cor-
responding HRP-conjugated secondary antibody (goat anti-
mouse IgG SA00001-1, 1: 10,000, Proteintech, Wuhan,
China; mouse anti-rabbit IgG light chain specific SA00001-
7L, 1: 10,000, Proteintech, Wuhan, China) at room tempera-
ture for 1 h. Bands were then visualized using ChemiDoc
Touch imaging system (Bio-Rad, California, CA, USA).
The bands were quantified using ImageJ software version
1.52v (National Institutes of Health, Bethesda, MD, USA)
and standardized using tubulin.

RNA extraction and qRT-PCR

Total RNA was extracted from tissues using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) and from cells using an
RNA Rapid Purification Kit (ES-RN0O01; Yishan Biotech-
nology, Shanghai, China). Reverse transcription PCR and
gRT-PCR were performed as described previously [30]. To
assess ADAMTS10, 29 pairs of freshly frozen primary can-
cer tissue samples and paracancerous normal tissue samples
were used to assess the levels of messenger RNA (mRNA).
The qRT-PCR primer sequences were: ADAMTSI10,
5'-AGAAACCAAGGCCCAGAGAG-3' (forward) and
5'-ATCACCGGGCTCCTTTTGG-3' (reverse); GAPDH,
5'-GACAGTCAGCCGCATCTTCTT-3' (forward) and
5'-AATCCGTTGACTCCGACCTTC-3' (reverse); TXNIP,
5'-GGTCTTAACGACCCTGAAAAGG-3' (forward) and
5'-ACACGAGTAACTTCACACACCT-3' (reverse); CD163,
5“TTTGTCAACTTGAGTCCCTTCAC-3' (forward) and
5'-TCCCGCTACACTTGTTTTCAC-3' (reverse); Argl,
5'-TGGACAGACTAGGAATTGGCA-3" (forward) and
5'-CCAGTCCGTCAACATCAAAACT-3' (reverse).

Migration and invasion assays

Transwell chambers (353,097; Falcon, New York, NY, USA)
were used with or without Matrigel (356,234; Corning, New
York, NY, USA) to assess GC cell migration and invasion.
Briefly, 4 x 10* cells were transferred to the upper chamber,
containing 100 pL of serum-free medium, while the lower
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Fig.1 ADAMTSI10 was decreased in human gastric cancer (GC). a
Quantitative real-time polymerase chain reaction (QRT-PCR) on 29
paired samples showed that ADAMTS10 mRNA expression levels
were lower in tumor tissue than in adjacent normal tissue. b Immu-
nohistochemistry (IHC) analysis of 34 paired samples showed that
ADAMTS10 expression was lower in tumor tissue than in adjacent
normal tissue. ¢ Representative IHC images of tumor and adjacent
normal tissues. d High ADAMTS10 expression predicted better over-
all survival than low expression in GC patients (the best cutoff score
of 6.1 was obtained using X-tile). e, f ADAMTSI10 protein expression
levels measured in seven GC cell lines (MKN1, MGC803, BGC823,

HGC27, SGC7901, and AGS) and one normal gastric epithelial cell
line (GES1) by western blotting and qRT-PCR. g, h HGC27 and
AGS cells with low endogenous ADAMTS10 expression were cho-
sen to construct stably overexpressed ADAMTS10 cells transfected
with a lentiviral vector, and MKN1 and SGC7901 cell lines with high
endogenous ADAMTS10 expression were stably transfected with
sgRNA using a lentiviral vector. ADAMTS10 expression in stably
transfected cells was confirmed by western blotting and qRT-PCR.
The data are presented as means+standard deviations. *p<0.05;
*#p <0.01; ¥*¥*p <0.001; ****p <0.0001
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Table 1 Association between
ADAMTS10 expression

and clinicopathological
characteristics of gastric
patients (n=329)

Table 2 Univariate and
Multivariate analyses of the
prognostic factors of overall
survival in gastric cancer
patients (n=329)
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Indicator n=329 ADAMTS10 Expression, X P value
n (%)
Low High
(n=154) (n=175)
Age 2.018 0.155
<60 years 159 68 (44.2) 91 (52)
2 60 years 170 86 (55.8) 84 (48)
Gender 0.622 0.43
Male 104 52 (33.8) 52 (29.7)
Female 225 102 (66.2) 123 (70.3)
Histologic type 4.773 0.189
Tubular or papillary adenocarcinoma 276 130 (84.4) 146 (83.4)
Signet-ring cell carcinoma 25 15(9.7) 10 (5.7)
Mucinous adenocarcinoma 24 7 (4.6) 17 (9.8)
Others? 4 2(1.3) 2(1.1)
Differentiation 5.209 0.022
Poor 148 59 (38.3) 89 (50.9)
Well-moderately 181 95 (61.7) 86 (49.1)
Invasion depth 6.85 0.009
T1+T2 91 32 (20.8) 59 (33.7)
T3+T4 238 122(79.2) 116 (66.3)
Lymph node metastasis 5.534 0.019
NO 109 41(26.6) 68 (38.9)
N1/N2/N3 220 113(73.4) 107 (61.1)
Distant metastasis 7.45 0.006
MO 294 130(84.4) 164 (93.7)
Ml 35 24(15.6) 11 (6.3)
tnm stage 10.819 0.001
I+1I 136 49 (31.8) 87 (49.7)
+1v 193 105 (68.2) 88 (50.3)
Perineural invasion 17.701 <0.001
Absent 206 79(51.3) 129 (73.7)
Present 115 75(48.7) 46 (26.3)
Vessel invasion 9.35 0.002
Absent 210 85 (55.2) 125 (71.4)
Present 119 69 (44.8) 50 (28.6)

Statistical analyses were performed by the Pearson X2 test

4Others: hepatoid adenocarcinoma and squamous carcinoma

Variable

Univariate analysis

HR (95% CI)

p value

Multivariate analysis

HR (95% CI)

p value

Invasion depth (T3/T4 vs. T1/T2)
Lymph Node Metastasis (N vs. NO)
Distant metastasis (M1 vs. M0)
Perineural Invasion (present vs. absent)
Vessel Invasion (present vs. absent)
ADAMTS10 expression (high vs. low)

4.896 (2.699-8.881)
4.704 (2.781-7.957)
3.173 (2.028-4.964)
1.809 (1.277-2.564)
1.959 (1.382-2.778)
0.275 (0.188-0.403)

<0.001 2.806 (1.476-5.333) 0.002
<0.001 2.703 (1.533-4.766) 0.001
<0.001 1.727 (1.086-2.747) 0.021

0.001
<0.001

<0.001 0.33 (0.221-0.494)

NA
NA
<0.001
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«Fig.2 ADAMTSI0 inhibited GC cell proliferation, migration, and inva-
sion, promoted apoptosis, and altered the cell cycle in vitro and in vivo.
a—c Colony and proliferation assays showed that ADAMTSI10 over-
expression suppressed GC cell proliferation, whereas ADAMTS10
knockdown promoted GC cell proliferation. d Cell cycle assays showed
that cells with ADAMTSI10 overexpression had increased GO/G1
phase cells and decreased G2/M and S phase cells. e Apoptosis assays
showed that ADAMTS10 overexpression increased GC cell apoptosis.
f, g ADAMTSI10 overexpression suppressed migration and invasion. h
Wound healing assays showed that ADAMTS10 overexpression signifi-
cantly inhibited wound healing in AGS and HGC27. i In vivo experiments
showed that ADAMTS10 overexpression inhibited GC cell proliferation
and promoted apoptosis. The data are presented as means + standard devi-
ations. *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001

chamber was injected with 700 uL of 10% serum medium to
produce a chemoattractant. After sufficient incubation, the
cells on the beneath surface of the upper membrane were
fixed using 4% paraformaldehyde and stained with crystal
violet. Five random fields on the upper membrane surface
were photographed using a microscope (Olympus, Tokyo,
Japan), and the number of migrating and invading cells
was calculated using Image] (National Institutes of Health,
Bethesda, MD, USA).

Wound healing assay

After inoculating 1 x 10° cells in a 12-well plate, wounds
were made using the sterile tips of 200-uL pipettes. The
cells were then incubated with a 1% serum culture medium.
Images of the wound area were acquired every 2 h during
incubation using an Incucyte ZOOM System (Essen Bio-
Sciences, Michigan, MI, USA). The initial wound area was
defined 100%, and the percentage of wound closure at the
end of the culture process was calculated using ImageJ.

Cell apoptosis and cycle assays

Cells were seeded into a 6-well plate and cultured overnight
to adhere. Upon growing to cover 80-90% of the plate, they
were collected and stained using an Annexin V-APC/7-AAD
Apoptosis Kit (MultiSciences Biotech, Hangzhou, China) or
a cell cycle staining kit (MultiSciences Biotech, Hangzhou,
China), and then examined using a flow cytometer (Cyto-
FLEX S, Beckman Coulter, Baker, Montana, USA).

Management and measurement of ROS generation
in cells

We used N-acetyl-L-cysteine (NAC) to decreased ROS of
culture cells and hydrogen peroxide (H,0,) to increased
ROS of culture cells.

Cellular ROS production was measured by flow cytom-
etry using a ROS-sensitive dye. Briefly, 5x 10° cells were
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inoculated in 6-well culture dishes in a normal growth
medium with or without N-acetyl-L-cysteine (NAC) or
hydrogen peroxide (H,0,). The cells were then stained with
10 pM DHE (UElandy, Suzhou, China) at 37 °C for 30 min,
avoiding light. The ROS levels were measured using a flow
cytometer (CytoFLEX S, Beckman Coulter, Baker, Mon-
tana, USA).

RNA sequencing array and bioinformatics analysis

Whole-transcript deep sequencing (RNAseq) was performed
on a BGISEQ-500 platform (BGI, Shenzhen, China). The
analysis was designed using two groups of paired AGS vec-
tor/ADAMTS10 and SGC7901-SgNC/SgADAMTS10 cells.
Heat map analysis of altered genes was performed using the
Sangerbox heat map tool (http://vip.sangerbox.com/home.
html; accessed September 3, 2021). Gene set enrichment
analysis (GSEA) was performed using the GSEA preproc-
essing tool, R version 4.0.3 (R Foundation, New York, NY,
USA), and RStudio version 1.4.1103 (RStudio, Boston, MA,
USA).

Tumor xenotransplantation model

AGS cells (1x 10°) transfected with ADAMTS10 and its
control vectors were stably injected subcutaneously into the
left and right sides of female BALB/c nude mice, respec-
tively, (n=6; 3—4 weeks old; purchased from Beijing Vital
River Laboratory Animal Technology Co., Ltd, Beijing,
China). The tumor volumes were measured on the Sth, 10th,
15th, 20th, and 27th days after injection. On day 27, the mice
were euthanized by cervical dislocation. The tumor volumes
(in cubic mm) and masses (in g) were measured. The tumor
volume was calculated according to the following formula:
volume = length x width® x 0.5.

IHC and TUNEL analyses were performed on the col-
lected subcutaneous tumors. All animal experiments were
approved by the Ethics Committee of the Sixth Affiliated
Hospital of Sun Yet-sen University. Every effort was made
to minimize the suffering of the mice.

TUNEL assay

Mouse tumor tissue samples were embedded in paraf-
fin, sectioned, and subjected to TUNEL analysis using an
In Situ Cell Death Detection Kit (Roche, Basel, Switzerland)
according to the manufacturer’s protocol. The samples were
incubated with fluorescent secondary antibodies at room
temperature for 2 h. Cell nuclei were stained with DAPI.
Digital images of the cells were obtained using a TCS SP8
microscope (Leica, Wetzlar, Germany).
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GAMMA_RESPONSE and other pathways. ¢ Quantitative RT-PCR
and western blotting showed that TXNIP mRNA and protein lev-
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els were affected by ADAMTSI10. d TXNIP ectopic expression and
knockdown did not affect the expression of ADAMTSI10. e, f TXNIP
knockdown reversed the inhibition of cell proliferation and invasion
by ADADAMTSI10 in AGS and HGC27 cells. g, h TXNIP ectopic
expression reversed the promotion of cell proliferation and invasion
by ADAMTS10 knockdown in MKN1 and SGC7091 cells. The data
are presented as means =+ standard deviations. *p <0.05; **p<0.01;
*#%p <0.001; *#*+*p <0.0001
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Statistical analysis

IBM SPSS Statistics Version 21.0 (IBM, New York, NY,
USA) and GraphPad Prism (GraphPad Software, San Diego,
CA, USA) were used for statistical analysis. Continuous
variables were assessed using Student’s 7 test and reported
as means + standard deviations. Categorical variables were
analyzed using the chi-squared test or the Wilcoxon signed-
rank test as appropriate. Overall survival was calculated
using the Kaplan—Meier method and compared between the
high and low ADAMTS10 score groups using the log-rank
test. Cox proportional hazards regression was used to assess
the potential prognostic factors of survival in multivariate
analyses during backward elimination. P values less than
0.05 were considered statistically significant.

Results
ADAMTS10 is downregulated in human GC

ADAMTS10 mRNA levels were significantly lower in can-
cerous tissue than in normal tissue. Similar results were
obtained by qRT-PCR on 29 pairs of cancerous and normal
tissues (Fig. 1a) and IHC on 34 pairs of cancerous and nor-
mal tissues (Fig. 1b). Representative IHC images are shown
in Fig. lc.

High expression of ADAMTS10 is associated
with better OS in GC

We evaluated the correlations between ADAMTS 10 expres-
sion and clinicopathological features in 329 GC samples.
ADAMTSI10 protein expression did not significantly cor-
relate with age, gender and histological type. ADAMTS10
protein expression significantly correlate with differentia-
tion, T stage, N stage, M stage, TNM stage, perineural inva-
sion and vessel invasion (Table 1). Survival analysis of 329
patients showed significantly better OS among patients with
high ADAMTS10 expression than among those with low
expression (Fig. 1d). Multivariate analysis identified four
prognostic indicators of survival: invasion depth, lymph
node metastasis, distant metastasis and ADAMTS10 expres-
sion. ADAMTS10 was an independent prognostic factor in
multivariate analysis (HR =0.338, p <0.001, Table 2).
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ADAMTS10 inhibits GC cell proliferation, migration,
and invasion, promotes apoptosis, and alters
the cell cycle

We identified the expression of ADAMTS10 in GC cell lines
and found that ADAMTS10 was low endogenous expressed
in AGS, HGC27 and MGC803, and was high endogenous
expression expressed in MKN1, SGC7901 and BGC823.
(Fig. le, f). We transfected AGS and HGC27 with lentiviral
vectors to induce stable ADAMTS10 overexpression. We
transfected MKN1 and SGC7901 with lentiviral vectors to
induce stable ADAMTS 10 knockdown (Fig. 1g, h).

Colony formation assays showed that ADAMTS10
ectopic expression inhibited cell growth (Fig. 2a). Prolif-
eration assays showed that ADAMTS10 inhibited cell pro-
liferation (Fig. 2c1; Supplementary Fig. 1al). Cells with
ADAMTS10 overexpression had increased GO/G1 phase
cells and decreased G2/M and S phase cells (Fig. 2d and
Supplementary Fig. 1b). Flow cytometry showed that
ADAMTS10 promoted apoptosis (Fig. 2e). Migration assays
showed that ADAMTS10 ectopic expression inhibited cell
migration (Fig. 2f). Similarly, invasion analysis showed
that ADAMTS 10 ectopic expression inhibited cell invasion
(Fig. 2g). Wound healing assays showed that ADAMTS10
overexpression inhibited wound healing (Fig. 2h and Sup-
plementary Fig. 1c). In contrast, ADAMTS10 knockdown
promoted cell proliferation, migration, invasion, and wound
healing, inhibited apoptosis, decreased GO/G1 phase cells,
and increased G2/M and S phase cells (Fig. 2b, c2, Supple-
mentary Fig. 1a2, d-h). The results of the in vivo experiment
were similar to the in vitro results. Vector tumors grew faster
and larger than ADAMTS 10 tumors (Fig. 2i1-i3 and Sup-
plementary Fig. 1i). Ki67 analysis showed that ADAMTS10
inhibited tumor cell proliferation, and TUNEL assays
showed that ADAMTS10 promoted tumor cell apoptosis
(Fig. 2i4).

TXNIP is downstream of ADAMTS10 and inhibits
tumor proliferation and invasion

Heat map analysis based on RNAseq revealed distinct genes
after ADAMTS10 overexpression and knockdown (Fig. 3a;
for the genes involved, see Supplementary Table 2). HALL-
MARK_INTERFERON_GAMMA_RESPONSE and other
pathways were enriched in GSEA (Fig. 3b). Among the
positively correlated genes, TXNIP stood out for its highly
correlation with ADAMTSI10 and greatly change accord-
ing to ADMATS10. Western blotting and qRT-PCR showed
that TXNIP expression was influenced by ADAMTSI10
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«Fig.4 ADAMTSI10 upregulated TXNIP by inhibiting the JAK/
STAT/c-MYC pathway. ADATMTS10 inhibited GC cell proliferation
and invasion via the JAK/STAT/c-MYC/TXNIP/ROS axis. a West-
ern blotting showed the JAK/STAT/c-MYC pathway were affected by
ADAMTS10. b Western blotting showed that TXNIP protein levels
were affected by c-MYC. ¢ Flow cytometry showed that ROS lev-
els were affected by ADAMTS10 in AGS and HGC27 cells. d Flow
cytometry showed that ROS levels were affected by TXNIP in AGS,
HGC27, MKN1, and SGC7901 cells. e-g Colony and invasion assays
showed that decreased ROS levels reversed the inhibition of cell pro-
liferation and invasion by ADAMTS10 in AGS and HGC27 cells.
The data are presented as means+standard deviations. *p<0.05;
*#p <0.01; ¥**p <0.001; ****¥p <0.0001

expression (Fig. 3c). In contrast, western blotting showed
that TXNIP expression did not affect ADAMTS10 expres-
sion (Fig. 3d). Western blotting and IHC showed that TXNIP
was positive correlated with ADAMTS10 in GC cell lines
and GC specimens (Supplementary Fig. 2a, b). We also
investigated the role of TXNIP using in vitro functional
assays. TXNIP overexpression inhibited cell proliferation
(Fig. 3e) and invasion (Fig. 3f), which were promoted by
ADAMTS10 downregulation. Conversely, TXNIP silencing
reversed the suppression effect on cell proliferation (Fig. 3g)
and invasion (Fig. 3h) by ADAMTS10 overexpression.

ADAMTS10 inhibits GC cell proliferation
and invasion via ROS regulation through the JAK/
STAT/c-MYC/TXNIP axis

We further explored the potential ADAMTS 10-TXNIP mech-
anism. ADAMTS10 overexpression downregulated JAK1,
JAK?2, STATI1, STAT3, and c-MYC, whereas ADAMTS10
knockdown significantly upregulated them (Fig. 4a). Moreover,
TXNIP was upregulated and downregulated when c-MYC was
silenced and overexpressed, respectively (Fig. 4b). The changes
in TXNIP expression were followed by changes in ROS lev-
els. In ADAMTS10 overexpression cells, TXNIP was elevated,
and ROS levels were also increased (Fig. 4c). Conversely,
TXNIP silencing resulted in decreased ROS levels (Fig. 4d). In
ADAMTS10 knockdown cells, TXNIP was reduced, and ROS
levels were also decreased. In contrast, TXNIP overexpression
resulted in increased ROS levels (Supplementary Fig. 2a, b).
Next, we increased and decreased the ROS levels (Fig. 4e, Sup-
plementary Fig. 2¢). Elevated ROS levels prevented GC cell pro-
liferation (Fig. 4f) and invasion (Fig. 4g). Conversely, reduced
ROS levels promoted GC cell proliferation and invasion (Sup-
plementary Fig. 2d, e).

ADAMTS10 secreted by GC cells alters ROS
in macrophages and inhibits macrophage M2
polarization

We explored the relationship between ADAMTSI10
and macrophages using TIMER2.0 and found that
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ADAMTS10 was positively related to macrophages
(Fig. 5a). Next, we cultured THP1 with CM collected
from the ADAMTS10 overexpression cell lines AGS and
HGC27. We found that Flag—ADAMTS10 appeared in
THP1, suggesting that ADAMTS10 secreted by GC cells
was absorbed by THP1 (Fig. 5b), resulting in increased
THP1 TXNIP (Fig. 5b, c) and ROS levels (Fig. 5d). In
contrast, ROS levels decreased when we cultured THP1
with a supernatant collected from the ADAMTS10
knockdown cell lines MKN1 and SGC7901 (Fig. 5e).
Furthermore, we increased and decreased the expression
of ADAMTSI10 in THP1 and found that ADAMTSI10
inhibited the JAK/STAT/c-MYC pathway and increased
the expression of TNXIP (Fig. 5f), thereby raising the
levels of ROS (Fig. 5g). When THP1 was cultured in
CM with exogenous ADAMTS10 protein, JAK/STAT/c-
MYC pathway in it was also inhibited and TXNIP was
also increased (Fig. 5h, i). Moreover, we found that
ADAMTSI10 from GC cells downregulated CD163 and
Argl in THP1, suggesting that it can inhibit macrophage
M2 polarization (Fig. 5j, Supplementary Fig. 3a). The
same phenomenon was observed when THP1 culture in
CM with exogenous ADAMTS10 protein (Fig. 5k, Sup-
plementary Fig. 3b).

Discussion

The ADAMTS family has been shown to be related to several
cancers. ADAMTS genes can act as either cancer promot-
ers or inhibitors. For instance, ADAMTSI is overexpressed
in pancreatic cancer and fibrosarcoma and is involved in
promoting tumor growth and invasion [31]. ADAMTS4
can increase the invasion of glioblastoma cancer cells and
head and neck squamous cell carcinoma [32]. ADAMTSS
can act as a tumor suppressor by inhibiting angiogenesis in
human GC [33]. ADAMTS9 has also been found to act as
a tumor suppressor by inhibiting angiogenesis [34]. High
ADAMTS15 expression is associated with better relapse-
free survival and may prevent colorectal and breast cancer
metastasis [35]. ADAMTS19 suppresses GC via the NF-xB
pathway [30]. Previous studies on ADAMTS 10 have focused
on its relationship with genetic diseases [14, 15, 36, 37], but
none have investigated its relationship with cancers. This is
the first study to explore its role in GC.

Using qRT-PCR and IHC, we found that ADAMTS 10 expres-
sion was downregulated in GC tissue compared to adjacent normal
tissue. ADAMTS10 protein was associated with with differentia-
tion, T stage, N stage, M stage, TNM stage, perineural invasion
and vessel invasion in GC. Survival analysis showed that patients
with low ADAMTS10 expression had worse OS than those with
high expression. Overall, the results suggest that ADMTS10 may
be a GC prognostic marker. Cell function analysis showed that
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«Fig.5 ADAMTSI10 secreted by GC cells altered ROS through
the JAK/STAT/c-MYC/TXNIP axis in macrophages and inhibited
macrophage M2 polarization. a The positive correlation between
ADAMTS10 and macrophages was predicted using TIMER?2.0.
The red indicates a statistically significant positive association, the
blue indicates a statistically significant negative association, and the
gray denotes a non-significant result. The EPIC, TIMER and MCP-
COUNTER algorithms predicted that the expression of ADAMTSI10
was positive associated with macrophage infiltration. The CIBER-
SORT-ABS algorithm predicted that the expression of ADAMTS10
was positive associated with MO, M1 and M2 macrophage infiltra-
tion. The CIBERSORT and QUANTISEQ algorithms predicted that
overexpression of ADAMTS10 was positive associated with M2
macrophage infiltration. b Western blotting showed that ADAMTS10
secreted by GC cells was absorbed by THP1 and affected the expres-
sion of TXNIP in THP1. ¢ Quantitative RT-PCR analysis showed that
ADAMTSI1O0 affected the expression of TXNIP in THPI. d, e Flow
cytometry showed that ADAMTS10 secreted by GC cells affected the
ROS levels in THPI1. f Western blotting showed that ectopic expres-
sion and knockdown of ADAMTS10 in THP1 altered the JAK/STAT/
¢-MYC/TXNIP axis. g Flow cytometry showed that ADAMTSI10
ectopic expression and knockdown altered the ROS levels in THP1. h
Western blotting showed that exogenous ADAMTS10 protein inhib-
ited JAK/STAT/c-MYC pathway and increased TXNIP in THPI. i
Quantitative RT-PCR showed that exogenous ADAMTSI10 protein
increased TXNIP in THP1. j Quantitative RT-PCR analysis showed
that ADAMTS10 secreted by GC cells inhibited macrophage M2
polarization. k Quantitative RT-PCR analysis showed that exogenous
ADAMTS10 protein inhibited macrophage M2 polarization. The data
are presented as means =+ standard deviations. *p <0.05; **p<0.01;
*#%p <0.001; *#*+*p <0.0001

high ADAMTS10 inhibited GC cell migration, invasion, and pro-
liferation, promoted cell apoptosis, increased GO/G1 phase cells,
and decreased G2/M and S phase cells. We also demonstrated the
tumor growth—inhibiting effect of ADAMTS10 in vivo. Previous
studies have shown that JAK/STAT/c-MYC is a cancer-promoting
pathway and is associated with tumor proliferation and invasion
[38—40]. However, the relationship between ADAMTS10 and the
JAK/STAT/c-MYC pathway has not been previously investigated.
Although some studies have used bioinformatics to determine
the association between TXNIP and the JAK/STAT pathway, no
studies have directly examined whether TXNIP is upstream or
downstream of the JAK/STAT pathway [40]. Several studies have
reported that c-MYC is an upstream molecule of TXNIP and can
regulate TXNIP expression [41, 42]. In this study, we found that
ADAMTS10 inhibited the JAK/STAT/c-MYC pathway, thereby
upregulating TXNIP.

Although evidence suggests that TXNIP is associated
with ROS, it is not so clear which one is upstream of which.
In the KEGG pathway map (https://www.kegg.jp/pathway/
map04621+K20910; accessed September 25, 2021), TXNIP
is considered downstream of ROS [43], while a previous
study found that TXNIP acted as an upstream factor of ROS
and regulated its levels [44]. In this study, we increased
and decreased the expression of ADAMTS10 and observed
alterations in TXNIP and ROS. Through rescue experiments,
we confirmed that TXNIP is an upstream molecule of ROS
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and that ADAMTS 10 regulates downstream ROS through
TXNIP and inhibits tumor proliferation and invasion by
upregulating ROS.

We investigated the relationship between ADAMTS10
and macrophages using TIMER2.0. Previous studies have
shown that ADAMTS 10 degrades FBN extracellularly [11,
12]. However, the role of ADAMTS10 in immune cells has
not been previously documented. Our experiments demon-
strate for the first time the effect of ADAMTS10 on mac-
rophages, showing that ADAMTS10 secreted by GC cells
can enter THP1 and regulate downstream TXNIP through
the JAK/STAT/c-MYC pathway, affecting the levels of ROS.
Our findings also show that ADAMTSI10 can inhibit mac-
rophage M2 polarization.

To our knowledge, our study not only reveals for the first
time the role of ADAMTS10 and TXNIP in GC but also
elucidates for the first time the regulatory mechanism of
ADAMTS10-TXNIP. Next, we plan to conduct a direct
mechanistic study on the role of ADAMTSI10 in regulating
the JAK/STAT/c-MYC pathway and modulating TXNIP to
further explore its role in GC cell migration and invasion.
Moreover, we plan to further investigate the specific mecha-
nism of ROS elevation and M2 polarization inhibition in
THP driven by ADAMTS10.

Conclusions

In this study, we found that ADAMTS10 expression was
downregulated in GC and correlated with the prognosis
of GC. Patients with elevated ADAMTS10 had better OS.
In vitro, ADAMTS10 functionally altered the cell cycle, pro-
moted apoptosis, and inhibited proliferation, migration, and
invasion. Mechanistically, ADAMTS10 regulates TXNIP
and ROS via the JAK/STAT/c-MYC pathway, thereby inhib-
iting cell proliferation and invasion. ADAMTS10 secreted
by GC cells could enter THP1, affecting its ROS level and
inhibiting the M2 polarization of macrophages. The clini-
cal and biological significance of the ADAMTS10/JAK/
STAT/c-MYC/TXNIP/ROS axis suggests that ADAMTS10
could be used as a prognostic biomarker of GC.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10120-022-01319-4.
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