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Purpose: Gene mutations play important roles in tumour metastasis, which significantly
affect the prognosis of gastric cancer (GC) patients. This study aimed to compare lymph
node (LN) metastasis of GCs with different microsatellite instability (MSI) statuses and
explore the effect of ACVR24 mutations on GC LN metastasis.

Materials and Methods: The association between clinicopathologic characteristics and MSI
status or ACVR2A mutational status was analysed based on a GC dataset from The Cancer
Genome Atlas (TCGA). The association of ACVR2A mutations with MSI status was assessed.
Whole-exome sequencing data of 157 GCs from Chinese patients at Fudan University Shanghai
Cancer Center were used to validate the association of mutated ACVR24 and MSI status.
Survival plots were obtained from the KMPlot and cBioPortal databases. The roles of
ACVR2A and its common mutants in GC cell migration and proliferation were assayed in vitro.
Results: LN metastasis was significantly decreased in MSI-H GCs compared with microsatel-
lite instability-low or microsatellite stable (MSI-L/MSS) GCs (P=0.016). As the most frequently
mutated gene in MSI-H GCs, mutated ACVR2A4 was significantly associated with MSI-H
(P<0.001) and a higher mutation frequency (P<0.001). Additionally, a tendency toward
decreased LN metastasis was observed in GCs with mutated ACVR24, although the P value
was not statistically significant (P=0.052). Higher expression of ACVR2A predicted a poor
prognosis, but patients with 4CVR24 mutations had slightly better disease-free survival. Two
polyadenine microsatellite loci in the ACVR2A4 coding region were hotspot mutation sites. In
vitro experiments demonstrated that wild-type ACVR2A promoted GC cell migration probably
via the Snail/Slug-EMT pathway, while ACVR2A truncated mutants lost this function.
Conclusion: MSI-H GCs had lower LN metastasis partially due to ACVR2A4 mutations.
Mutated ACVR2A was significantly associated with MSI-H in GC, making it a potential
biomarker that could be useful in choosing candidates for immunotherapy.

Keywords: microsatellite instability, activin A receptor type 2A, gene mutation, stomach

neoplasms, neoplasm metastasis

Introduction

Gastric cancer (GC), as the 6th most commonly diagnosed cancer and the 3rd most
common cause of cancer death worldwide; GC led to almost 0.8 million cancer deaths
and over one million new patients in 2018, making it one of the deadliest cancers
worldwide.' The direct cause of death in advanced GC patients is a series of complica-
tions caused by tumour metastasis.” Therefore, an improved understanding of the
process of tumour metastasis is essential for the treatment of GC patients.
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Tumour metastasis is a very complex process involving
both the intrinsic properties of tumour cells and the host
response.” Traditional thought holds that the more gene
mutations accumulate in cancer cells, the more heteroge-
neous and divergent the cancer cells are, hence the
increased possible emergence of metastatic cancer cell
clones.*> Impairment of mismatch repair genes, which
are important for maintaining human genome stability,
leads to microsatellite instability (MSI) in various types
of cancers.® Microsatellites are short tandem repeats of
nucleotides that are mostly located in the noncoding
regions of genes or near the telomeric regions of chromo-
somes, and loss or gain of nucleotide repeats is called
MSI, which is a powerful predictive biomarker for
immunotherapy.®’ Depending on the degree, MSI can be
divided into three groups: MSI-H (microsatellite instabil-
ity-high), MSI-L (microsatellite instability-low), and MSS
(microsatellite stable).® As previously reported, the tumour
mutation burden (TMB) of MSI-H-related tumours is sig-
than that of their MSI-L/MSS
counterparts,” which suggests the possible emergence of

nificantly higher

metastatic cancer cell clones in MSI-H cancers according
to the traditional thinking mentioned above. However,
previous reports revealed that MSI-H GCs showed
a lower tendency of lymph node (LN) metastasis and
better survival than MSI-L/LMSS GCs,'” which contra-
dicted the speculation that MSI-H tumours are more likely
to migrate to other sites.

GC is one of the malignancies with the highest propor-
tion of MSI-H. A previous study reported that activin
A receptor type 2A (ACVR2A4) was one of the most fre-
quently mutated genes in MSI-H gastrointestinal
cancers.'" ACVR24 contains two polyadenine (A8) micro-
satellite loci, which are located in exon 3 and exon 10; it is
there that most mutations occur in MSI-H tumours, and the
mutation types are truncations because of frameshifts
induced by nucleotide deletion.'?

ACVR2A4 encodes a transmembrane type 2 receptor that
mediates the functions of activin, which is a member of
the transforming growth factor-beta (TGF-B) superfamily
involved in diverse biological processes, including epithe-
lial-mesenchymal transition (EMT).'® In addition to major
ligand activin, inhibin A and some bone morphogenetic
proteins (BMPs) are potential ligands for ACVR2A. The
activin signalling pathway has been reported to play
important roles in regulating cell differentiation, prolifera-
tion, and apoptosis in various cancer cells.'*'> Previous
studies showed that mutated ACVR2A lost the function of

promoting migration mediated by wild-type ACVR2A
through activin signalling in colon cancer and attenuated
activin signalling in prostate cancer cells.'®!”

Hence, we speculate that a lower tendency of LN
metastasis in MSI-H GCs may be associated with the
ACVR24 mutation. In the present study, we compared
clinicopathological features and gene mutations in GCs
with different MSI statuses, analysed the association of
ACVR2A mutations with MSI status, mutation frequency,
and LN metastasis using data downloaded from a dataset
from The Cancer Genome Atlas (TCGA), and detected
gene mutations in Chinese GC patients by whole-exome
sequencing (WES) technology. We also generated stable
GC cell lines overexpressing wild-type ACVR2A and
three ACVR2A mutants and explored the function and
possible mechanism of wild-type ACVR2A and its
mutants in regulating GC cell migration and proliferation.

Materials and Methods

Clinical Samples

A total of 157 fresh frozen primary site specimens of GC
were obtained from the tissue bank of Fudan University
Shanghai Cancer Center (FUSCC). Genomic DNA was
extracted from these specimens, and WES was applied to
detect gene mutations. The MSI status of these patients
was derived from tumour-normal paired sequence data
using MSIsensor,'® which calculated MSI scores using
a Ct++ program that detected somatic microsatellite
changes, and samples with MSI score >3.5 were consid-
ered MSI-H, while MSI score <3.5 were considered MSS.
Tumour mutation burden was defined as the number of
somatic mutations per mega-base (Mb). Our study was
approved by the Institutional Medical Ethics Committee
of FUSCC. All samples were collected with written
informed consent from patients, and our study protocol
was conducted in accordance with the Declaration of
Helsinki.

Data Acquisition and Analysis

The mutation data (n=395) of TCGA GC samples were
downloaded from the cBioPortal database (https://www.
cbioportal.org/), and gene expression data, clinical infor-
mation and MSI status information (n=443) of TCGA
samples were downloaded from the FireBrowse database
(https://www.firebrowse.org/). The survival analysis of

593 GC patients from the Gene Expression Omnibus
(GEO) dataset (GSE14210, GSE15459, GSE22377, GSE
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29272 and GSE51105; n=593) and 375 GC patients from
the TCGA dataset were obtained from the KMPlot data-
base (https://kmplot.com). Survival analysis of ACVR2A4-
mutated GCs and wildtype GCs was obtained from the

cBioPortal database based on TCGA data (https://www.
cbioportal.org/).

Gastric Cancer Cell Lines and Culture
Two strains of human GC cell lines (MKN28 and AGS)
were obtained from the Surgical Institution of Ruijin
Hospital Affiliated to Medical College of Shanghai
Jiaotong University. Another two strains of human GC cell
lines (HGC27 and MGC803) and a normal human immor-
talized gastric mucosal cell line (GES-1) were obtained from
the Chinese Academy of Sciences, Shanghai Cell Institution.
The use of MKN28 and AGS cell lines was approved by the
Institutional Medical Ethics Committee of FUSCC. The
MKN?28 cell line, which was chosen for the in vitro experi-
ments, was authenticated by the STR profile. All the cell
lines were cultured in DMEM with high glucose (HyClone,
Utah, USA) except GES-1, which was cultured in RPMI-
1640 medium (HyClone, Utah, USA). The two kinds of
culture medium were both supplemented with 10% foetal
bovine serum (FBS) and antibiotics.

Cell Line Genomic DNA Extraction and

Sequencing

Genomic DNA from the five cell lines mentioned above
was extracted using a DNA extraction kit (Tiangen,
Beijing, China). Then, exon 3 and exon 10 of ACVR2A4
were sequenced at TsingKe Biological Technology
Company (Nanjing, China). Exon-specific primers for
ACVR2A4 are as follows: Exon 3F 5-TAGTAACAGG
AATCCAGGAAC-3', Exon 3R 5- CCATCTTGTGAT
GCCTGTAC-3'; Exon 10F 5-GTTCCTTATGTCCTCTG
TGC-3', Exon 10R 5-GAATATCCTGTGTGAAGATC

AC-3".

Plasmids, Lentivirus, and Infection

Lentiviral vectors carrying wild-type ACVR2A and three
of ACVR24 (c.1309-1310delAA,
c.1310delA, and c.285delA) as well as a puromycin resis-

mutated versions

tance cassette were obtained from Hanyin Biotechnology
Company (Shanghai, China). Stable cell lines overexpres-
sing ACVR2A and the ACVR2A mutants were generated
by infection with the lentiviruses. Successfully infected
cells were selected by adding puromycin to the culture

medium. Overexpression efficiency was assayed by RT-
PCR and Western blotting.

RNA Extraction and Quantitative
Real-Time PCR Analysis

Total RNA was extracted with TRIzol reagent (Invitrogen,
Carlsbad, CA, USA). A PrimeScript reagent Kit with
gDNA Eraser (Takara, Dalian, China) was used to reverse
transcribe RNA into ¢cDNA, and then quantitative real-
time PCR was performed using TB Green Ex Taq™
(Takara, Dalian, China) with an Applied Biosystems
Prism 7900 system (Life Technologies, Carlsbad, CA,
USA). The sequences of the primers were as follows:
ACVR2A-Forward: AGTTGGCGTTTGCCGTCTT, ACVR
24-Reverse: GCCGCCGTTTATCTTTGTCAC; GAPDH-
Forward: ACCCAGAAGACTGTGGATGG, and GAPDH-
Reverse: TTCTAGACGGCAGGTCAGGT.

Western Blotting

Total cellular proteins were extracted using RIPA cell lysis
buffer (Beyotime, Shanghai, China) supplemented with
protease inhibitors and phosphatase inhibitors (Bimake,
Shanghai, China), and protein concentrations were quanti-
fied by a BCA protein assay kit (Beyotime, Shanghai,
China). Then, Western blot analysis was performed as
described previously,'” and a total of 30 pg of protein
from each sample was used to detect proteins of interest.
The primary antibodies for Western blotting were as fol-
lows: anti-ACVR2A (Abcam, Cambridge, UK), anti-Snail
(CST, Danvers, MA, USA), anti-Slug (CST, Danvers, MA,
USA), anti-Vimentin (CST, Danvers, MA, USA), anti-
Smad2/3 (CST, Danvers, MA, USA), anti-phospho-
Smad2 (Ser465/467)/Smad3 (Serd423/425) (CST, Danvers,
MA, USA), anti-E-cadherin (BD Biosciences, NJ, USA),
anti-Flag (MBL, Japan), anti-GAPDH (Proteintech,
Wuhan, China) and anti-p-actin (Proteintech, Wuhan,
China).

Cell Migration Assay

A transwell chamber assay was used to detect the migra-
tion of gastric cancer cells. Briefly, 2x10* cells were sus-
pended in 200 pL serum-free medium and plated on the
membrane of the upper chamber (24-well insert, pore size:
8 um; BD Falcon™, NJ, USA), and 600 uL medium with
20% FBS was added to the lower chamber. Twenty-four
hours later, the membranes of the upper chamber were
fixed in 4% paraformaldehyde for 30 minutes and then
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were stained with 1% crystal violet for 30 minutes. Cells
in the upper chamber were gently wiped off with cotton
swabs, and cells that migrated to the opposite side of the
membrane were counted.

Cell Proliferation Assay

Cell Counting Kit-8 (CCK8) assays, plate colony forma-
tion assays and cell cycle analyses were used to detect cell
proliferation. For the CCK8 assay, cells were plated into
96-well plates (2000 cells per well), and relative cell
numbers were detected by CCKS8 reagent according to
the manufacturer’s instructions on day 1, day 2, day 3,
and day 4. For the plate colony formation assay, cells were
plated into 6-well plates (1000 cells per well) and then
were cultured for two weeks. Colonies were washed with
PBS twice, fixed with 4% paraformaldehyde for 30 min-
utes and stained with 1% crystal violet for 30 minutes.
Finally, crystal violet was washed away, and colonies were
photographed and counted. For cell cycle analysis, cells
were grown in 6-cm dishes until they reached 50% con-
fluence. After 24 hours of serum starvation, cells were
cultured with complete medium containing 10% FBS for
48 hours. Then, the cells were harvested and washed twice
with PBS and fixed with 70% ethanol overnight at 4°C.
The next day, the cells were washed with PBS twice and
then were stained with propidium iodide containing ribo-
nuclease A at room temperature for 30 minutes. Finally,
cells were analysed with flow cytometry for cell cycle
analysis.

Statistical Analysis

All statistical analyses were performed using SPSS
Statistics software version 20.0 (IBM Corp., NY, USA)
or R language (version 3.5.1). Analysis of differentially
mutated genes in MSI-H GCs and MSI-L/MSS GCs was
processed by R language and assayed by chi-square tests.
The correlation between MSI status and LN metastasis
was analysed by chi-square or Fisher’s exact tests, and chi-
square tests were also used to analyse the correlation
between ACVR2A mutation and MSI status or clinico-
pathological variables. The difference in MSI score or
TMB between the ACVR2A-mutated group and the
ACVR2A4 wild-type group of our sequenced samples was
assayed by an unpaired 7-test. One-way ANOVA was
applied to test the migration, colony formation, prolifera-
tion ability and cell cycle of ACVR2A wild-type or mutant-
overexpressing cells. Unless stated otherwise, all p values

were two-sided, and p<0.05 was considered statistically
significant.

Results

Mutated ACVR2A is Strongly Associated
with MSI-H and High TMB, and

MSI-H GCs Had Lower LN Metastasis,

Probably Due to ACVR2A Mutation

Analysis of TCGA data revealed that ACVR2A is the gene
with the most dramatically different mutation rate between
the MSI-H group of GCs and MSI-L/MSS group of GCs
(75.34% VS 1.24%, p<0.001) (Table 1). The MSI-H GCs
less commonly had LN metastasis than their MSI-L/MSS
counterparts (n=443, p=0.016), and it was more likely to
occur in elderly and female gastric cancer patients
(Table 2). We also analysed the association between MSI
status and clinical variables in our sequenced patients
(Supplemental Table 1) and validated that MSI-H was
more likely to occur in elderly patients. However, the

association of N staging with MSI status was not observed,
which we thought was due to the relatively smaller sample
size and to having fewer MSI-H patients. In the cohort

Table | Top 20 Genes Frequently Mutated in MSI-H GCs vs MSI-
L/MSS GCs in TCGA Dataset

Gene Mutation Rate Mutation Rate in P value
Symbol in MSI-H MSI-L/MSS

ACVR2A 75.34% 1.24% 1.30E-56
KMT2D 73.97% 4.66% 5.38E-44
DOCK3 61.64% 1.86% 6.98E-42
XYLT2 52.05% 0.31% 1.42E-39
TVP23C 53.42% 0.62% 1.87E-39
RPL22 54.79% 1.24% 3.27E-38
UBR5 57.53% 2.48% 2.83E-36
PLEC 61.64% 3.73% 5.11E-36
TTK 54.79% 1.86% 5.29E-36
RNF43 56.16% 2.48% 4.02E-35
KMT2B 53.42% 1.86% 7.52E-35
ZBTB20 47.95% 0.62% 8.32E-35
PGM5 49.32% 0.93% 9.67E-35
RNF213 53.42% 2.48% 7.61E-33
PHF2 43.84% 0.31% 1.18E-32
ARIDIA 80.82% 13.35% 7.60E-32
WDTCI 39.73% 0.00% 1.30E-30
LRPI 46.58% 1.55% 3.11E-30
TRIO 47.95% 2.17% 2.48E-29
MSH3 42.47% 0.93% 4.44E-29

Abbreviations: MSI-H, microsatellite instability-high; MSI-L, microsatellite instabil-
ity-low; MSS, microsatellite stable; GC, gastric cancer; and TCGA, The Cancer
Genome Atlas.
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Table 2 Clinicopathologic Characteristics of TGCA GC Patients
with MSI-H vs MSI-L/MSS

Characteristics No. of Cases (%)
MSI-H MSI-L/ P value
MSS
All subjects 85 (100) | 358 (100)
Age
<60 12 (14.1) | 130 (36.3) <0.001°
>60 72 (84.7) | 224 (62.6)
Missing I (1.2) 4 (1.1)
Sex
Female 45 (52.9) | 113 (31.6) <0.001
Male 40 (47.1) | 245 (68.4)
Pathological types 0.922*
Papillary adenocarcinoma 2 (24) 6 (1.6)
Tubular adenocarcinoma 13 (15.3) | 66 (18.4)
Mucinous adenocarcinoma 4 (4.7) 18 (5.0)
Signet ring cell carcinoma 2 (24) Il (3.0)
Stomach adenocarcinoma, 64 (75.3) | 254 (70.9)
NOS
Missing 0 (0.0) 3 (0.8)
T Stage
TI-T2 24 (28.2) | 92 (25.7) 0.6167
T3-T4 57 (67.1) | 260 (72.6)
Missing 4 (4.7) 6 (1.7)
N Stage
N negative 34 (40.0) | 98 (27.4) 0.016*
N positive 45 (52.9) | 248 (69.3)
Missing 6 (7.1) 12 (3.3)
M Stage
MO 77 (90.6) | 314 (87.7) 0.541°
Ml 4 (4.7) 26 (7.3)
Missing 4 (4.7) 18 (5.0)
TNM Stage
Stage |-l 42 (49.4) | 147 (41.1) o.r®
Stage IlI-IV 36 (42.4) | 194 (54.2)
Missing 7 (8.2) 17 (4.7)

Notes: The results are in bold, if the P value is less than 0.05. *Excluding those with
missing data.

Abbreviations: TCGA, The Cancer Genome Atlas; GC, gastric cancer; MSI-H,
microsatellite instability-high; MSI-L: microsatellite instability-low; MSS: microsatel-
lite stable; and NOS: not otherwise specified.

from TCGA, further analysis revealed that the rate of MSI-
H in the ACVR2A mutation group was significantly higher
than that in the ACVR24 wild-type group (93.22% vs
5.36%, p<0.001) (Figure 1A). In addition, we found that
patients with mutations of ¢.1310delA/1309-1310delAA or
c.285delA were all MSI-H GCs. Our own sequence data
also verified that most patients with mutated 4CVR24

were MSI-H (80% vs 4.76%, p<0.001) (Figure 1B), and
ACVR2A4 mutations were correlated with high mutation
frequency and a high MSI score or TMB (Figure 1C-E).
In TCGA cohort, only two patients carried silent muta-
tions, but they simultaneously carried nonsilent mutations,
so we classified them as patients with nonsynonymous
mutations.

We investigated the correlation of ACVR2A4 mutation
and clinical variables using data downloaded from TCGA
and found that mutated ACVR2A4 was associated with age
(»=0.001), sex (p=0.024), and mutation frequency
(»<0.001). GCs with mutated ACVR2A had lower
N stage, although the difference was not statistically sig-
nificant (p=0.052) (Table 3). However, we did not observe
an association in the FUSCC cohort owing to the small
sample size and the small number of patients with
ACVR24 mutations (Supplemental Table 2).

The above results indicated that mutated ACVR24 may
be an important reason for decreased LN metastasis in
MSI-H GCs.

High ACVR2A Expression is Associated
with Poor Prognosis, but Patients with
ACVR2A Mutations Had Slightly Better

Disease-Free Survival Than Patients with
Wild-Type ACVR2A

To investigate the clinical significance of ACVR24 in
GCs, we analysed the effect of ACVR2A4 expression or
mutation on survival. Higher ACVR2A expression is asso-
ciated with worse overall survival (OS) and progression-
free survival (PFS) of GC patients (Figure 2A and B).
Mutated ACVR2A did not affect overall survival, but
patients with mutated ACVR2A4 had slightly better dis-
ease-free survival than patients with wild-type ACVR24
(p=0.187) (Figure 2C).

Two Polyadenine (A8) Tracts in Exon 3
and Exon 10 of the ACVR2A Coding

Region are Frequent Sites of Mutation

To clarify mutations of ACVR2A in different populations,
we detected gene mutations in 157 Chinese GC patients by
WES and downloaded mutational and clinical data from
the TCGA database. Our sequencing data showed that the
mutation rate of ACVR2A4 in the Chinese population is
6.37% (10/157); four out of ten patients had nonsynon-
ymous mutations in the coding region that led to ACVR2A

OncoTargets and Therapy 2020:13

3813


http://www.dovepress.com/get_supplementary_file.php?f=247757.docx
http://www.dovepress.com
http://www.dovepress.com

Zhao et al Dove
A TCGA cohort B
ks FUSCC cohort
<0.001
100 P 100 p<0.001
Hm MSI-H
80 80 . MSI-H
MSI-L/MSS MSI-LMSS
i) ]
€ =
S 60 S 60|
© ©
Q Q
s s
= =
40 404
20 20
od I 0 I
ACVR2A MUTATED ACVR2A WILDTYPE ACVR2A MUTATED ACVR2A WILDTYPE
TCGA cohort
FUSCC cohort FUSCC cohort
10000 - p<0.001 50
p=0.029
- . p<0.001 1000 4
8000 . 0 : g .
i . =
3 " "
g o000 . S 600 .
E . . © 30 . E
§ 4000 = § E
S . . @ ‘e 2 400
= il =204 8
S uy . . =1
S 2000 = ¥ £
= u 4 T
. < . = g
0 L] = u L
.
L
¢ . "a ® .
-2000 0 — 0 =

T
ACVR2A WILDTYPE
= silent mutation or mutation in non-coding region
= non-silent mutation

T
ACVR2A MUTATED

Figure | Mutated ACVR2A is strongly associated with MSI-H and high TMB.

T
ACVR2A MUTATED

= silent mutation or mutation in non-coding region
= non-silent mutation

T
ACVR2A MUTATED ACVR2A WILDTYPE
= silent mutation or mutation in non-coding region

= non-silent mutation

ACVR2A WILDTYPE

Notes: (A) The proportion of MSI-H in the ACVR2A mutation group was significantly higher than that in the ACVR2A wild-type group (p<0.001). (B) Our WES data also
verified that there was a high proportion of MSI-H in the ACVYR2A-mutated group (p<0.001). (C) In TCGA cohort, patients carried mutated ACVR2A had higher mutation
frequency than patients carried wild-type ACVR2A. (D, E) Compared to the wild-type, mutated ACVR2A correlated with higher MSI scores and TMB derived from our data

(p<0.001 and p=0.029, respectively).

Abbreviations: ACVR2A, activin A receptor type 2A; MSI-H, microsatellite instability-high; TMB, tumour mutation burden; and WES, whole-exome sequencing.

protein change, and the other six patients had either silent
mutations or mutations in the noncoding region that would
not change ACVR2A protein. Some patients had two or
more mutations in the 4CVR2A4 gene, and most of the
nonsynonymous mutations in the coding region were fra-
meshift truncating mutations caused by nucleotide deletion
(Figure 3A, Supplemental Table 3). In a TCGA
Provisional dataset, ACVR2A mutations occurred in
14.94% (59/395) of patients, and 3.04% (12/395) of
patients had more than one mutation in the ACVR2A4

gene. Similarly, the most frequent mutation type was fra-
meshift truncation, and ¢.1309-1310delAA/1310delA and
c.285delA were hotspot mutations (Figure 3B). According
to the sequence of the ACVR2A coding region (Figure 3C),
we discovered that the hotspot mutation sites are located in
two polyadenine (AS8) tracts, which are known as micro-
satellite loci.'” The top two most frequent mutations
in ACVR24 in GC were ¢.1309-1310delAA/1310delA
(p. K437Efs*19/Rfs*5, c.285delA

exon 10) and

(p. D96Tfs*54, exon 3), which were changed from A8
tracts to A7/A6 tracts.

Mutations That Occurred in Exon 10
Were Resistant to Nonsense-Mediated

Decay and Could Produce Truncated
ACVR2A Protein

We conducted in vitro experiments to verify the role of
ACVR24 in the migration and proliferation of GC cells.
First, we sequenced exon 3 and exon 10 of the ACVR2A4
gene in one human normal immortalized gastric mucosal
cell line (GES-1) and four human GC cell lines (MGC803,
HGC27, AGS, and MKN28), and we found no mutation in
the two A8 tracts of ACVR24 in any of the cell lines
(Supplemental Figure 1). Then, we detected the expression
of ACVR2A in the five cell lines by PCR and Western
blotting (Figure 4A and B). The MKN28 cell line, which
showed relatively low expression of ACVR2A, was chosen
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Table 3 Clinicopathological Features in ACVR2A-Mutated and
Wild-Type Groups of TCGA GC Patients

Characteristics No. of Cases (%)
Mutated | Wild- P value
ACVR2A Type
ACVR2A
All subjects 59(100) 336(100)
Age 0.001*
<60 8 (13.6) 122 (36.3)
>60 50 (84.7) 210 (62.5)
Missing 1 (1.7) 4(1.2)
Sex 0.024
Male 29 (49.2) 220 (65.5)
Female 30(50.8) 116(34.5)
Pathological types 0.994*
Papillary adenocarcinoma 1 (1.7) 5 (1.5)
Tubular adenocarcinoma 8 (13.6) 53 (15.8)
Mucinous adenocarcinoma | 3 (5.1) 18 (5.4)
Signet ring cell carcinoma 1 (1.7) 7 (2.1)
Stomach adenocarcinoma, | 46 (78.0) 251 (74.7)
NOS
Missing 0 (0.0) 2 (0.6)
T stage 0.6007
TI-T2 19 (32.2) 95 (28.3)
T3-T4 38 (64.4) 234 (69.6)
Missing 2 (34) 7 (2.1)
N stage 0.052*
N negative 24 (40.7) 95 (28.3)
N positive 31 (52.5) 228(67.8)
Missing 4 (6.8) 13 3.9)
M stage 0.783°
MO 52 (88.1) 296 (88.1)
Ml 3(5.1) 26 (7.7)
Missing 4 (6.8) 14 (4.2)
TNM stage 0.310°
Stage |-l 30 (50.8) 147 (43.7)
Stage IlI-IV 25 (42.4) 172 (51.2)
Missing 4 (6.8) 17 (5.1)
Mean of mutation frequency® | 36.4 6.0 (15.1) <0.001
+ SD (26.6)

Notes: The results are in bold, if the P value is less than 0.05. *Excluding those with
missing data. ®Mutation frequency is defined as total number of mutations for every
patient.

Abbreviations: ACVR2A, activin A receptor type 2A; TCGA, The Cancer
Genome Atlas; GC, gastric cancer; GEJ, gastroesophageal junction; SD, standard
deviation; and NOS: not otherwise specified.

for subsequent experiments. Stable cells overexpressing
wild-type ACVR2A or one of three ACVR2A mutants
(c. del1309-1310AA, c. del1310A, and c. del285A) were

constructed by infecting MKN28 cells with the corre-
sponding lentivirus. ACVR24 mRNA was significantly
overexpressed in stable cells compared to the negative
control (Figure 4C). We discovered that ACVR2A protein
was overexpressed in cells transfected with wild-type
ACVR24; truncated ACVR2A protein was overexpressed
in cells transfected with two mutants at exon 10, and two
protein bands in each sample were detected. However, no
protein band was found in the mutant of ¢.285delA, which
is in exon 3 (Figure 4D). The protein patterns are shown in
Figure 4E. Previous studies discovered that frameshift
mutations occurring prior to the last exon of a gene lead
to degradation of gene products through the process of
nonsense-mediated decay (NMD),?*! but nonsense tran-
scripts with a coding microsatellite in the last exon or near
the last exon-exon junction have intrinsic resistance to
nonsense-mediated decay, leading to a source of truncated
proteins in MSI-H tumours.”? 4ACVR24 is comprised of 11
exons; hence, our results coincide with previous findings.
For the two protein bands in each sample, the upper band
may be a glycosylated form of the ACVR2A protein, as
the ACVR2A protein contains many glycosylation sites.

Wild-Type ACVR2A Probably Enhances

the Migration of Gastric Cancer Cells by
Activating Smads-Snail/Slug Signalling and
Promoting EMT, but Truncated ACVR2A

Lost This Function

To assess the potential effect of ACVR2A and its mutants
on cell migration, we conducted a transwell chamber
assay, which indicated that wild-type ACVR2A promoted
the migration of gastric cancer cells, while none of the
mutants could (Figure 5A). Meanwhile, we assessed the
effect of ACVR2A and three mutants on gastric cancer cell
proliferation and found that both wild-type ACVR2A and
its mutants had no effect on cell proliferation, colony
formation, or cell cycle (Figure SB-D). To further explore
the mechanism, we detected downstream Smad2/3 protein
and its phosphorylation status; it is in the activin signalling
pathway. We also detected important proteins involved in
the EMT process (E-cadherin, Vimentin, Snail, and Slug),
as activin signalling is similar to TGF-f signalling, which
may induce EMT. The results showed that overexpression
of wild-type ACVR2A but not ACVR2A mutants could
upregulate p-Smad2/3, Snail, Slug, and Vimentin and
downregulate E-cadherin, which showed that wild-type
ACVR2A could activate the Smads-Snail/Slug pathway
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Figure 2 High ACVR2A expression is associated with poor prognosis, while patients with mutated ACVR2A had slightly better PFS.

Notes: (A) Survival analysis derived from the GEO dataset revealed worse OS (n=593) and PFS (n=359) in patients with high ACVR2A expression compared to those with
low ACVR2A expression. (B) Survival analysis derived from the dataset from TCGA also revealed relatively poor OS (n=371) and PFS (n=215) in high ACVR2A expression
patients. (C) Kaplan-Meier survival curves obtained from cBioPortal based on TCGA sequence data showed no difference in OS between the ACVR2A-mutated group and

the wild-type group, but patients with mutated ACVR2A had slightly better PFS than patients with wild-type ACVR2A (p=0.187).

Abbreviations: ACVR2A, activin A receptor type 2A; PFS, progression-free survival; OS, overall survival; GEO, Gene Expression Omnibus; and TCGA, The Cancer

Genome Atlas.
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accacagaggacattgtaacagtggtcacaatggtgacaaatgttgactttcctcccaaagaatctagtctatga

Figure 3 Two polyadenine (A8) tracts in the ACVR2A coding region are hotspot mutation sites.
Notes: (A) In our sequenced samples, four patients had nonsilent mutations in the ACYR2A coding region, and three mutations were located in the two A8 tracts. (B) Fifty-
nine out of 395 samples had nonsilent ACVR2A mutations in the provisional dataset from TCGA. Similarly, most mutations occurred in the two A8 tracts. (C) The coding
sequence of ACVR2A contains two polyadenine (A8) tracts marked in red.

Abbreviations: ACVR2A, activin A receptor type 2A; and TCGA, The Cancer Genome Atlas.
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Figure 4 Mutants that occurred in exon 10 were resistant to nonsense-mediated decay, leading to the production of truncated ACVR2A protein.

Notes: (A, B) The expression of ACVR2A in the MKN28 cell line is lower than that in GES-1 and other gastric cancer cell lines. (C) ACVR2A mRNA was overexpressed in
four cell lines infected with a lentivirus carrying wild-type ACVR2A or mutated ACVR2A. (D) Truncated ACVR2A proteins were detected in c.1310delA/1309-1310delAA
mutants but not the c.285delA mutant. (E) Putative protein patterns of wild-type ACVR2A and three ACVR2A mutants are shown.

Abbreviation: ACVR2A, activin A receptor type 2A.

and promote EMT, while ACVR2A mutants lost this func-
tion (Figure SE).

Discussion

MSI-H GCs have unique features, such as lower LN
metastasis, resistance to fluorouracil-based chemotherapy,
and the patients have better survival than those with MSI-
L/MSS GCs.'*'"%3 Our study also confirmed that MSI-H
GCs have lower LN metastasis than MSI-L/MSS GCs.
This phenomenon was partially attributed to mutated
ACVR24, as GC patients with ACVR2A mutations had
a lower tendency toward LN metastasis, although the

p value was slightly over 0.05. In addition, in vitro

experiments verified that wild-type ACVR2A promoted
the migration of gastric cancer cells, while mutated
ACVR2A lost this function.

ACVR24 is located on chromosome 2 and comprises
11 exons; it contains two eight polyadenine DNA micro-
satellite sites in exon 3 and exon 10, which makes it highly
predisposed to mutation in MSI-H GCs. The ACVR2A
protein is a transmembrane receptor that is divided into
an extracellular receptor region, a transmembrane region,
and an intracellular kinase region, and the binding of
activin to ACVR2A leads to the phosphorylation of down-
stream Smad and non-Smad signal transduction proteins.**
The truncating mutations occurring in ACVR2A exon 3 and
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Figure 5 Mutated ACVR2A lost the ability to promote gastric cancer cell migration, which is mediated by wild-type ACVR2A through the Snail/Slug-EMT pathway.
Notes: (A) Overexpression of wild-type ACVR2A but not ACVR2A mutants promoted GC cell migration (crystal violet staining, 100X). (B—-D) Overexpression of wild-
type ACVR2A and mutated ACVR2A did not affect colony formation, cell proliferation, or the cell cycle. (E) Overexpression of wild-type ACVR2A but not ACVR2A
mutants increased phosphorylation of downstream Smad2/3 and upregulated Snail and Slug, ultimately promoting EMT. *P<0.05.

Abbreviations: ACVR2A, activin A receptor type 2A; GC, gastric cancer; and EMT, epithelial-mesenchymal transition.

exon 10 polyadenine tracts result in early termination of its
messenger RNA translation, leading to protein degradation
or generation of truncated ACVR2A proteins; further,
none of the three mutants could activate downstream sig-
nalling pathways.

Previous studies have found that ACVR2A promotes
the migration of colorectal cancer cells through the activin/
Smad signalling pathway, leading researchers to believe
that an ACVR2A truncation product produce by a mutation
in exon 10 significantly reduced the expression of the
ACVR2A protein, which weakens the function of
ACVR2A in promoting cell migration.'>'® Our study
also revealed that in gastric cancer, truncated ACVR2A
lost its ability to promote cell migration. However, we
found that frameshift mutants in exon 10 were resistant
to nonsense-mediated decay and could produce truncated

proteins. We thought the reason why previous studies
hardly detected ACVR2A protein in most MSI-H colon
cancers was that the anti-ACVR2A antibody used in that
study targeted the C-terminus of the protein, which could
not detect truncated ACVR2A protein.

Our mechanistic study showed that overexpression of
wild-type ACVR2A could activate Smad-Snail/Slug sig-
nalling and promote EMT. The activin signalling partici-
pates in a variety of biological processes and activates
signalling pathways in addition to the Smad protein-
mediated pathway, including the MEKKI1-JNK, p38-
MAPK and ERK1/2 pathways.'**3?® Further exploration
is needed to confirm whether ACVR2A could enhance cell
migration through non-Smad signalling pathways.

Our study demonstrated that LN metastasis was sig-
nificantly decreased in MSI-H GC patients, and ACVR24
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was the most vulnerable gene affected by mismatch repair
deficiency in MSI-H GCs. As MSI-H emerged as
a specific GC subtype that can significantly benefit from
immune checkpoint inhibitor therapy, our research showed
that ACVR2A can act as a solid diagnostic biomarker and
provided insights into the mechanism underlying the
unique clinical characteristics.

Conclusions

In summary, we demonstrated that the decreased LN
metastasis of MSI-H GCs is partially due to the truncating
mutation of ACVR24, as wild-type ACVR2A could pro-
mote GC cell migration by activating the Smad-Snail
/Slug-EMT pathway, but truncated ACVR2A lost this
function. In addition, the rates of MSI-H and TMB in
ACVR2A4-mutated GCs were significantly higher than
they were in MSI-L/MSS GCs, making the ACVR24 muta-
tion a potential biomarker for identifying MSI-H and
choosing patients suitable for immunotherapy in GC.

Abbreviations

ACVR2A, activin A receptor type 2A; LN, lymph node;
TCGA, The Cancer Genome Atlas; MSI, microsatellite
instability; MSI-H, microsatellite instability high; MSI-L,
microsatellite instability low; MSS, microsatellite stable;
GC, gastric cancer; TMB, tumour mutation burden; TGF-
EMT,
mesenchymal transition; WES, whole-exome sequencing;

B, transforming growth factor-beta; epithelial
DFS, disease-free survival; OS, overall survival; CDS, cod-
ing sequence; NMD, nonsense-mediated decay; 3'UTR, 3’
untranslated region; SNP, single nucleotide polymorphism;
and FUSCC, Fudan University Shanghai Cancer Center.
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