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Abstract
Background Signet ring cell carcinoma (SRCC) is a particular histologic variant of gastric cancer (GC). However, the criti-
cal factor related to the aggressive characteristics of SRCC has not been determined.
Methods We collected surgically resected tissues from 360 GC patients in the Kumamoto University cohort and generated 
survival curves via the Kaplan–Meier method. In vitro, we identified the specific transcript variant of MUC20 in SRCC 
cells by direct sequencing and investigated the role of MUC20 in GC progression using GC cells with MUC20 silencing and 
forced expression. In vivo, we examined chemoresistance using MUC20 variant 2 (MUC20v2)-overexpressing non-SRCC 
cells to construct a xenograft mouse model.
Results We analyzed a comprehensive GC cell line database to identify the specifically expressed genes in gastric SRCC. 
We focused on MUC20 and investigated its role in GC progression. Survival analysis revealed that GC patients with high 
MUC20 expression exhibited a poor prognosis and that MUC20 expression was significantly correlated with SRCC histologi-
cal type. Moreover, we found that gastric SRCC cells specifically expressed MUC20v2, which was dominantly expressed 
in the cytoplasm. Silencing MUC20v2 caused cell death with characteristic morphological changes in gastric SRCC cells. 
To further determine the types of cell death, we examined apoptosis, pyroptosis and ferroptosis by detecting cleaved PARP, 
gasdermin E-N-terminal (GSDME-N), and lipid reactive oxygen species (ROS) levels, respectively. We found that apoptosis 
and pyroptosis occurred in MUC20-silenced gastric SRCC cells. In addition, MUC20v2-overexpressing GC cells exhibited 
chemoresistance to cisplatin (CDDP) and paclitaxel (PTX). RNA sequencing revealed that the pathways involved in intracel-
lular calcium regulation were significantly upregulated in MUC20v2-overexpressing GC cells. Notably, forced expression 
of MUC20v2 in the cytoplasm of GC cells led to the maintenance of mitochondrial calcium homeostasis and mitochondrial 
membrane potential (MMP), which promoted cell survival and chemoresistance by suppressing apoptosis and pyroptosis. 
Finally, we investigated the significance of MUC20v2 in a xenograft model treated with CDDP and showed that MUC20v2 
overexpression caused chemoresistance by inhibiting cell death.
Conclusion These findings highlight the novel functions of MUC20v2, which may confer cell survival and drug resistance 
in GC cells.
Significance MUC20v2 protects GC cells from apoptosis and pyroptosis by maintaining mitochondrial calcium levels and 
mitochondrial membrane potential and subsequently induces drug resistance.
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PARP  Poly-ADP ribose polymerase
GSDME  Gasdermin
Lipid ROS  Lipid-based reactive oxygen species
CASP3  Caspase3
OE  Overexpression

Introduction

Gastric cancer (GC) is the most common malignancy in East-
ern Asia and the fifth most frequently diagnosed cancer world-
wide, accounting for over 1,000,000 new cancer cases in 2018. 
Due to its high mortality rate, GC remains the third leading 
cause of cancer-related death worldwide [1]. Histologically, 
GC is classified into intestinal and diffuse types according to 
Lauren’s classification, and the diffuse type shows a worse 
prognosis than the intestinal type [2, 3]. However, with the fur-
ther classification of GC types by microscopic characteristics, 
the World Health Organization (WHO) classification divides 
GC into well-differentiated, moderately differentiated, poorly 
differentiated adenocarcinoma, and signet ring cell carcinoma 
(SRCC) [4]. Notably, the WHO classification defines SRCC 
as GC containing at least 50% of SRCC cells in pathologic 
specimens [5, 6]. Although declines in GC incidence have 
been reported, the proportion of GC cases classified as gastric 
SRCC has increased worldwide [7]. In addition, patients with 
advanced gastric SRCC show a worse prognosis and lower 
chemosensitivity than those with other GC types [8–10].

In terms of histological imaging, SRCC cells are uniquely 
characterized as rounded cells with intracellular abundant 
mucin (MUC), misplaced nuclei, and crescent-shaped hyper-
chromatic nuclei. Additionally, the cohesion of SRCC cells 
is worse than that of the other types. In particular, MUC pro-
duction is a specific biological hallmark of SRCC. Although 
MUC2 and MUC5AC have been used for the differential 
diagnosis of histological types in various cancers [11–13], 
mucin staining is insufficient to distinguish between gas-
tric SRCC and non-SRCC [14]. In addition, comprehensive 
genomic analysis revealed that CLDN18-ARHGAP26/6 
fusion has been frequently observed in SRCC patients, and 
this fusion is correlated with chemotherapy resistance and 
a poor prognosis [15]. However, the highly expressed mol-
ecules and intracellular signaling related to the aggressive 
characteristics of SRCC have not been determined. There-
fore, our study aimed to identify the critical molecule regu-
lating the unique characteristics of SRCC cells.

Materials and methods

Cell lines and cell culture

Human GC cell lines were purchased from the RIKEN 
BioResource Center Cell Bank (MKN1, MKN7, KATO III, 

MKN45) and the Japanese Collection of Research Biore-
sources Cell Bank (NUGC3, NUGC4). All the cell lines 
tested negative for Mycoplasma using the e-Myco Myco-
plasma PCR Detection Kit (#25,235, Cosmo bio, Japan) dur-
ing the period of this study. These cell lines were cultured 
in RPMI 1640 medium containing 10% fetal bovine serum 
(FBS) and maintained at 37 °C in a humidified atmosphere 
containing 5% CO2.

TIMER 2.0

TIMER 2.0 (http:// timer. cistr ome. org/) is an online tool for 
analyzing gene expression between tumor tissue and normal 
tissue in the TCGA portal [16].

Kaplan–Meier plotter

Kaplan–Meier plotter (http:// www. kmplot. com/ analy sis/) 
was used to analyze the impact of 54,675 genes on survival 
in 21 cancer types. Sources of the system database include 
the Gene Expression Omnibus (GEO), The European 
Genome-Phenome Archive (EGA), and the TCGA. This 
tool can be applied to perform survival curve analysis [17]. 
The database includes KLK7 expression data for 875 GC 
patients and MUC20 expression data for 631 GC patients. 
We used the median expression levels as the cut-off values 
for these patients.

Quantitative real‑time reverse transcription 
polymerase chain reaction (qRT‑PCR)

RNA was extracted from cultured cells using the RNeasy 
Mini Kit (#74,106, Qiagen, Hilden, Germany) according to 
the protocol recommended by the manufacturer. Complemen-
tary DNA (cDNA) was reverse transcribed from total RNA 
using SuperScript III, RNaseOUT, Recombinant Ribonucle-
ase Inhibitor, Random Primers and Oligo(dT)12–18 Primer 
(Thermo Fisher Scientific, Tokyo, Japan). Quantitative reverse 
transcriptase (qRT)-PCR was performed using the TaqMan 
Probe method. mRNA expression was measured by qRT-PCR 
using the TaqMan probe (Roche Diagnostics, Basel, Switzer-
land), and the value for each gene was normalized to that for 
β-actin. mRNA expression was measured by qRT-PCR using 
the TaqMan probe (Roche Diagnostics, Basel, Switzerland), 
and the value for each gene was normalized to that for β-actin. 
All qRT-PCR experiments were performed using a LightCy-
cler 480 System II (Roche Diagnostics). All qRT-PCR data are 
shown as the mean ± standard error of the mean. The MUC20 
forward primer sequence was 5'-AGT GGG CAA AAC AAC 
TTC CTT-3′; the MUC20 reverse primer sequence was 5′-GCT 
TCC GAG GGG CTG TAG -3′ (Universal Probe Library Probes: 
38#). The β-actin forward primer sequence was 5′-ATT GGC 
AAT GAG CGGTT-3′, and the β-actin reverse primer sequence 

http://timer.cistrome.org/
http://www.kmplot.com/analysis/
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was 5′-CGT GGA TGC CAC AGG ACT -3′ (Universal Probe 
Library Probes: #11).

siRNA transfection

MUC20 expression was downregulated by predesigned 
Silencer Select siRNAs directed against MUC20 (#1, 
s47302; #2, s47304; Cat# 4,427,037, Thermo Fisher Scien-
tific), and a nontargeting siRNA (#4,390,843, Thermo Fisher 
Scientific) was used as a negative control. SRCC cells were 

transfected with annealed siRNAs using Lipofectamine 
RNAiMAX (#13,778–150, Thermo Fisher Scientific).

IF cytochemical analysis for MUC20

GC cells were cultured in 35 mm glass-bottomed dishes 
(Matsunami Glass Industry, Japan) for 24 h. After treatment 
with normal medium, MUC20 siRNA and antitumor drug 
were added for 24 h at 37 °C. For MUC20 staining, GC cells 
were stained with the membrane dye wheat germ agglutinin 

Fig. 1  MUC20 is dominantly 
expressed in SRCC cells and is 
correlated with a poor prognosis 
in GC patients. A Genome-wide 
mRNA expression analysis 
of GC cell lines revealed sig-
nificant DEGs in SRCC cells. B 
Overall survival curve analysis 
of GC patients stratified by 
KLK7 and MUC20 expression 
levels with the Kaplan–Meier 
plotter online database. P values 
indicating the significance of 
differences between the high 
and low expression groups were 
calculated using the log-rank 
test. C Representative IHC 
staining of KLK7 and MUC20 
and quantification of KLK7-
positive and MUC20-positive 
cells. D Overall survival curves 
of all patients with GC based 
on their KLK7 and MUC20 
status. E Overall survival curves 
of patients with stage IV GC 
treated with chemotherapy 
based on their MUC20 status. 
F MUC20 expression levels 
in GC cell lines were assessed 
by qRT-PCR. G The expres-
sion of MUC20 in the NUGC3, 
MKN45 and NUGC4 cell lines 
was evaluated by Western 
blotting analysis. β-Actin was 
similarly analyzed as a loading 
control. H IF staining for mark-
ers of MUC20 and membrane 
dye wheat germ agglutinin 
together with nuclear staining 
with DAPI. I Cell death assay of 
GC cells treated with cisplatin 
for 24 h. Then, the cells were 
stained with annexin V and 
7-AAD (#420,403, BioLegend). 
(n = 3 (F); scale bars, 200 um 
(C), 25 μm (D))
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Fig. 2  Silencing of MUC20 causes SRCC cell death. A Measure-
ment of MUC20 expression in NUGC4 and KATOIII cells for 24 h 
after transfection with MUC20 siRNAs (#1 or #2) and control siRNA 
by qRT-PCR. B Western blot analysis of MUC20 in NUGC4 and 
KATOIII cells for 48  h after transfection with MUC20 siRNAs (#1 
or #2) and control siRNA. β-Actin was similarly analyzed as a load-
ing control. C Cytotox green dye staining of NUGC4 and KATOIII 
cells for 72  h after treatment with MUC20 siRNAs (#1 or #2) and 
control siRNA. The graph shows the percentage of Cytotox green 
dye-positive staining area with respect to the total area. D NUGC4 
and KATOIII cells were costained with 7-AAD and annexin V for 
the specific identification of dead cells for 24 h after transfection with 

MUC20 siRNAs (#1 or #2) and control siRNA and then analyzed by 
flow cytometry. E Western blot analysis of caspase-3, cleaved cas-
pase-3, cleaved PARP, GSDME full length (GSDME), GSDME-N-
terminal (GSDME-N) and GSDME-C-terminal (GSDME-C) expres-
sion in NUGC4 and KATOIII cells for 48  h after transfection with 
MUC20 siRNAs (#1 or #2) and control siRNA. β-Actin was similarly 
analyzed as a loading control. F Lipid peroxidation was measured by 
C11-BODIPY 581/591. Histograms show the fluorescence intensity 
of C11-BODIPY 581/591 in NUGC4 and KATOIII cells 48 h after 
transfection with MUC20 siRNAs (#1 or #2) and control siRNA. 
(*p < 0.05, **p < 0.01, ***p < 0.005; n = 3 (A, D); n = 6 (C); scale 
bars, 200 μm)
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for 30 min in the dark at 37 °C, fixed with acetone for 10 min 
and blocked in 5% low-fat dry milk for 30 min. The cells 
were stained with primary antibodies against MUC20 over-
night at 4 °C. For calcium staining, the cells were stained 
with Fluo-4 AM first for 15 min in dark at 37 °C. After 3 
washes with PBS, the cells were stained with Rhod-2 AM 
for 15 min in the dark at 37 °C. Alexa Fluor 488-conju-
gated antibody was used as the secondary antibody, and the 
nuclei were counterstained with DAPI. The antibodies used 
are listed in (Supplementary Table 3). The stained cells were 
observed with an FV1200 laser scanning confocal micro-
scope (Olympus, Japan). The cells with MUC20-positive 

expression (at least one-third of the cellular membrane) were 
quantified by counting the stained nuclei in five fields of 
view. The cells with calcium expression were also quantified 
by counting the cells in five fields of view.

Cytotoxicity assay

For cytotoxicity assays, cells were co-cultured with 
 Incucyte® Cytotox Green Dye (Supplementary Table 3) 
for 72–96 h according to the manufacturer’s instructions. 
Images of stained cells were taken with an Incucyte S3 Live-
Cell Analysis System (Essen BioScience, Germany). The 

Fig. 3  MUC20v2 overex-
pression in GC cells induces 
chemoresistance. A Measure-
ment of MUC20v2 expression 
in NUGC3 and MKN45 cells 
transfected with control vector 
and MUC20v2 overexpression 
vector. B Western blot analysis 
of MUC20v2 in NUGC3 and 
MKN45 cells transfected with 
control vector and MUC20v2 
overexpression vector. The 
expression of β-actin was 
similarly analyzed as a load-
ing control. C IF staining for 
MUC20v2 and wheat germ 
agglutinin combined with DAPI 
staining. D Growth assay for 
NUGC3 and MKN45 cells 
transfected with control vector 
and MUC20v2 overexpres-
sion vector. E Cytotox green 
dye staining for NUGC3 and 
MKN45 cells transfected with 
control vector and MUC20v2 
overexpression vector. (F-G) 
Viability of NUGC3 and 
MKN45 cells transfected with 
control vector and MUC20v2 
overexpression vector with 
cisplatin (5 µg/ml) or paclitaxel 
(6 µg/ml) treatment for 24 h 
and then cultured with normal 
medium. (*p < 0.05, **p < 0.01, 
***p < 0.005, n.s not signifi-
cant, n = 3 (A, D, F, G), n = 5 
(E), scale bars, C, 25 μm; E, 
200 μm)
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green cells were quantified by Incucyte software, all groups 
included triplicate measurements, and the data are presented 
as the mean ± standard error of the mean.

Protein extraction from whole‑cell lysates 
and western blotting

Protein extraction from whole-cell lysates and Western 
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blotting were performed as previously described with minor 
modifications [18]. The cultured cells were washed twice 
with cold PBS and lysed in RIPA buffer containing 1 × Halt 
Protease and Phosphatase Inhibitor Cocktail (#78,442, 
Thermo Fisher Scientific). The lysate was sonicated for 1 s 
at 1 s intervals for a total period of 1 min and centrifuged 
at 15,000×g and 4 °C for 15 min. The supernatant was then 
collected as the whole-cell lysate. The protein samples were 
subjected to sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (SDS-PAGE) and transferred to nitrocellu-
lose membranes. For Western blotting, the membranes were 
blocked with 5% low-fat dry milk and incubated overnight 
at 4 °C with primary antibodies against MUC20, β-actin, 
caspase-3, cleaved caspase-3, cleaved PARP, and GSDME-
N diluted in TBST. The signals were detected by incubation 
with rabbit secondary antibodies at room temperature for 
1 h using an enhanced chemiluminescence (ECL) detection 
system (GE Healthcare, Chicago, Illinois, US). The antibod-
ies used are listed in (Supplementary Table 3).

Flow cytometric analysis

The cell concentration was adjusted to 1 × 106 cells/mL 
in PBS containing 1% BSA. The cell suspensions were 
incubated with antibodies for 30 min at room temperature, 

washed with PBS containing 1% BSA and centrifuged twice, 
and the cell pellet was suspended in PBS. The antibodies 
used are listed in Supplementary Table 3. Flow cytometry 
was performed with FACSVerse and FACSAria III instru-
ments (BD Biosciences, New Jersey, US). The flow cytome-
try data were analyzed using FlowJo 3.3 software (TreeStar).

Cell death assay

Supernatants containing floating apoptotic cells were col-
lected, and the adherent cells were pelleted and combined 
with the floating cells. The collected cells were washed twice 
with PBS, and each pellet was resuspended in annexin V 
binding buffer at 1 × 107 cells/mL. The cells were stained 
with annexin V and 7-AAD and incubated in the dark at 
room temperature for 15 min. Annexin V binding buffer was 
added to each sample, and the cells were analyzed using a 
FACSVerse instrument (BD Biosciences). The antibodies 
used are listed in (Supplementary Table 3).

Lipid peroxidation assay

After cell seeding and treatment, the cells were harvested 
by trypsinization and preloaded with 5 µM C11-BODIPY 
581/591 (Supplementary Table 3) in PBS for 1 h at 37 °C. 
The cells were assessed using a FACSVerse instrument with 
a 488 nm laser on a FITC detector.

Semiquantitative PCR and sequencing

RNA extraction and quantitative reverse transcription PCR 
followed the previous protocol that we described. The cDNA 
of GC cells was amplified by PCR using MUC20 primers 
(forward: 5'-ATT GGC TCA CAC CTC CAC AG-3'; reverse: 
5'-CTG TGA CCA GAG CTC CAC TG-3'). The PCR products 
were analyzed by electrophoresis on agarose gels. Detected 
bands were extracted by the QIAquick Gel Extraction Kit 
(QIAGEN, Hilden, Germany) according to the manufac-
turer’s instructions. The purified DNA was sent for DNA 
sequencing on an ABI PRISM 3130 (Applied Biosystems™) 
using a BigDye Terminators ver. Cycle Sequencing Kit 
(Applied Biosystems™). The sequencing results were ana-
lyzed with GENETYX Ver. 13 software (Genetyx Corpora-
tion, Japan).

Construction of a stable cell line expressing MUC20

A plasmid containing the MUC20v2 precursor (Supplemen-
tary Table 3) was punched from ORIGENE (OriGene Tech-
nologies, Rockville, MD, USA). The open reading frame 
(ORF) of MUC20 was amplified by PCR using a forward 

Fig. 4  MUC20v2 enhances chemoresistance by regulating mito-
chondrial calcium homeostasis. A Functional and pathway enrich-
ment analysis of RNA-seq data for NUGC3 and MKN45 cells trans-
fected with control vector and MUC20v2 overexpression vector. B 
Heatmap showing specific genes that regulate calcium homeosta-
sis, which were expressed at higher and lower levels in MUC20v2-
OE cells (NUGC3 and MKN45) than in MOCK cells (NUGC3 and 
MKN45). C After culture of the MOCK cells (NUGC3 and MKN45) 
and MUC20v2-OE cells (NUGC3 and MKN45) under different con-
ditions (normal medium and 5  µg/ml CDDP) for 18  h, intracellular 
Ca2 + and mitochondrial Ca2 + levels were examined by IF staining 
with Fluo-4 and Rhod-2. The graph shows the percentage of red- and 
green-positive cells. D After culture of MOCK cells (NUGC3 and 
MKN45) and MUC20v2-overexpressing cells (NUGC3 and MKN45) 
under different conditions (5 µg/ml CDDP or 6 µg/ml PTX) for 24 h, 
mitochondrial Ca2 + levels were examined by Rhod-2 staining. E 
After culture of MOCK cells (NUGC3 and MKN45) and MUC20v2-
OE cells (NUGC3 and MKN45) under different conditions (5  µg/
ml CDDP or 6  µg/ml PTX) for 24  h, MMP was examined by JC-1 
staining. The graph shows the proportion of JC-1-red and JC-1-green 
staining. F Western blot analysis of MUC20, caspase-3, cleaved cas-
pase-3, cleaved PARP, GSDME, GSDME-N and GSDME-C expres-
sion in MOCK cells (NUGC3 and MKN45) and MUC20v2-OE 
cells (NUGC3 and MKN45) subjected to different conditions (5 µg/
ml CDDP or 6 µg/ml PTX) for 24 h. β-Actin was similarly analyzed 
as a loading control. G MOCK cells (NUGC3 and MKN45) and 
MUC20v2-OE cells (NUGC3 and MKN45) were costained with 
7-AAD and annexin V for the specific identification of dead cells 
for 24 h after treatment with anticancer drugs (5 µg/ml CDDP) and 
then analyzed by flow cytometry. The graph shows the percentage of 
dead cells. (*p < 0.05, **p < 0.01, n.s not significant, n = 3; scale bars, 
25 μm)

◂
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primer containing the Sgf I site (5’-GAG GCG ATC GCC 
ATG GCC AAA CCA GCA CAG GGTGC-3’) and a reverse 
primer containing the MIuI site (5’-

GCG ACG CGT GTC CTC ACC ACC ACA GAG AGC CAG-
3’) to append the cloning sites. The ORF was cloned into 
the pLenti-C-Myc-DDK-IRES-Puro Tagged Cloning Vec-
tor (Supplementary. Table 3) using AsiSI endonuclease (an 
isoschizomer of SgfI (#R0630S, New England Biolabs, Mas-
sachusetts, US) and MluI (#R3198S, New England Biolabs). 
Lentiviral particles were produced with Lentiviral High Titer 
Packaging Mix (Supplementary. Table 3) according to the 

manufacturer’s recommended protocol. Briefly, the destina-
tion vectors and lentiviral High Titer Packaging Mix were 
transfected into the Lenti-X™ 293 T cell line (#Z2180N, 
TaKaRa) using Lipofectamine 3000 (Supplementary. 
Table 3). The NUGC3 and MKN45 cell lines were cultured 
in complete medium containing viral particles with 4 µg/mL 
polybrene for 24 h. NUGC3 cells infected with lentivirus 
were selected by incubation with 2 µg/mL puromycin for 
2 weeks. MKN45 cells infected with lentivirus were selected 
by incubation with 1.5 µg/mL puromycin for 2 weeks.

Fig. 5  MUC20 silencing causes 
mitochondrial calcium overload 
and subsequent depolarization 
of the mitochondrial membrane. 
A IF staining with Fluo-4 
and Rhod-2 for NUGC4 and 
KATOIII cells after transfec-
tion with MUC20 siRNAs (#1 
or #2) and control siRNA. The 
graph shows the percentage of 
red-positive cells. B NUGC4 
and KATOIII cells were stained 
with Rhod-2 after transfection 
with MUC20 siRNAs (#1 or 
#2) and control siRNA and then 
analyzed by flow cytometry. C 
Staining with JC-1 in NUGC4 
and KATOIII cells after trans-
fection with MUC20 siRNAs 
(#1 or #2) and control siRNA 
and then analysis by flow 
cytometry. The graph shows 
the proportion of JC-1-red and 
JC-1-green staining. (*p < 0.05, 
**p < 0.01; n = 3; scale bars, 
25 μm)
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RNA‑seq

RNA-seq was conducted as established in a previous study 
conducted at Kumamoto University [19]. RNA-seq was 
performed by the Liaison Laboratory Research Promotion 
Center (LILA) (Kumamoto University) as follows. The sam-
ples included two control cell lines (MKN45-MOCK and 
NUGC3-MOCK) and two overexpressed cell lines (MKN45-
MUC20v2-OE and NUGC3-MUC20v2-OE). Total RNA 
was isolated using the RNeasy Mini Kit (#74,106, Qiagen), 
and an Agilent 2100 bioanalyzer (Agilent) was used to meas-
ure the total RNA concentration and purity. All the samples 
with an RNA integrity number (RIN) > 8.0 were used for 
sequencing. A NextSeq 500 platform (Illumina) was used 
for the analysis, and the data were converted to Fastq for-
mat. The quality of the data was determined by Trim galore 
(v0.5.0). The filtered reads were then mapped to the GRCh38 
reference genome using STAR (v2.6.0). Transcripts per 
million mapped reads (TPM) values were calculated using 
RSEM. The differentially expressed genes (DEGs) between 
MUC20v2-overexpressing groups (NUGC3-MUC20v2-
OE, MKN45-MUC20v2-OE) and control groups (NUGC3-
MOCK, MKN45-MOCK) were screened using the Subio 
Platform software ver1.24 (Subio Inc., Amami, Japan). P 
value < 0.05 and |log2 FC|> 1.5) were set as cut-off stand-
ards and considered to indicate statistical significance. Func-
tional and pathway enrichment analysis was performed via 
Metascape (https:// metas cape. org). The RNA-seq data were 
deposited in the DNA Data Bank of Japan (DDBJ) database 
under the accession number DRA012664.

Measurement of mitochondrial membrane 
depolarization and intracellular and mitochondrial 
calcium levels

The intracellular calcium and mitochondrial calcium lev-
els of the indicated cells were determined according to the 
manufacturer’s instructions using a MitoProbe JC-1 Assay 
kit, Fluo-4 AM, Rhod-2, AM, respectively. In brief, the cells 
were incubated in the dark at room temperature for 30 min. 
The antibodies and dye used are listed in (Supplementary 
table 3). After staining, the fluorescence intensity of each 
sample was determined using a flow cytometer.

Animals

Six-week-old nude male BALB/c mice (Clea Japan, Shi-
zuoka, Japan) were housed in a room with a stable tem-
perature and humidity with a 12 h light/dark cycle. Both 
water and food were supplied ad libitum. All animal studies 
were conducted using protocols approved by the Institutional 
Animal Care and Use Committee of Kumamoto University 
(Approval Number: A2021-109).

In vivo chemoresistance assay

In vivo chemoresistance experiments were performed on 
six-week-old nude male BALB/c mice (Clea Japan, Shi-
zuoka, Japan). The mice were subcutaneously transplanted 
with NUGC3-MOCK and NUGC3-MUC20v2-OE human 
cells (2.5 × 106). After 3 weeks, cisplatin (1.5 mg/kg) was 
injected intraperitoneally (i.p.) into the mice. The protocol 
used is described in Fig. 6A. The mice were euthanized on 
the second day after the last injection, and then the subcuta-
neous tumors were removed and weighed.

Human samples

Tissue samples were obtained from 340 patients with GC 
who treated at Kumamoto University Hospital between April 
2005 and December 2016. All patients underwent curative 
gastrectomy, systemic chemotherapy, or conversion sur-
gery and their resected samples were utilized. Clinical data 
including tumor stage and survival data were obtained from 
their medical records.

Immunohistochemical (IHC) staining and analysis

IHC staining was performed according to standard meth-
ods as described by our previous study [20]. The antibod-
ies used are listed in (Supplementary Table 3). All samples 
were scored in a blinded manner by two independent inves-
tigators. MUC20 and KLK7 staining was scored according 
to the intensity and range of staining in cancer cells. The 
average positive staining intensity in cancer cells was deter-
mined, and an intensity score ranging from 1 (weak) to 2 
(strong) was assigned. In addition, the average proportion 
of positively stained cancer cells was estimated, and a per-
centage score ranging from 1 to 4 was assigned: 1, < 25%; 2, 
25–50%; 3, 50–75%; and 4, > 75% positive staining. The two 
scores were multiplied to define MUC20 and KLK7 expres-
sion as low (scores of 1–4) or high (scores of 5–8) (Fig. 1 C).

TUNEL staining

Paraffin-embedded sections of tissues obtained from the 
mice were deparaffinized and soaked in 0.85% NaCl. The 
In Situ BrdU-Red DNA Fragmentation (TUNEL) Assay Kit 
(Supplementary. Table 3) was used for TUNEL analysis. 
After treatment with the DNA-labeling solution, the samples 
were incubated overnight. The next day, the samples were 

https://metascape.org
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treated with 100 µL of antibody solution for 30 min at room 
temperature, and the nuclei were counterstained with DAPI.

Study approval

This research was approved by the Medical Ethics Commit-
tee of Kumamoto University. Written informed consent to 
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participate in this study was obtained from all the patients.

Statistical analysis

A database was created using Microsoft Excel  (Microsoft® 
Excel for Windows, Microsoft, Redmond, WA, USA) and 
analyzed using commercial software (GraphPad Prism ver-
sion 9; GraphPad Software, San Diego, CA, USA). Survival 
curves were constructed using the Kaplan–Meier method, 
and the log-rank test was used to evaluate the statistical 
significance of differences. All experiments were carried 
out in triplicate, and the data shown are representative of 
consistently observed results. The data are presented as 
the mean ± standard error of the mean (SE) values. The 
Mann–Whitney U test was used to compare continuous vari-
ables between the two groups. Categorical variables were 
compared using the χ2 test. P values less than 0.05 were 
considered to indicate statistically significant differences.

Results

MUC20 is highly expressed in gastric SRCC cells 
and correlated with a poor prognosis in GC patients

To investigate the key molecules involved in gastric SRCC-
specific characteristics, we first examined gene expression 
by comparing the genome-wide mRNA expression pro-
files of GC cell lines (SRCC and non-SRCC cells) from 
the GEMINI (GSE22183) dataset, which we reported in a 
previous study [21]. Based on the comparison, the expres-
sion of 16 genes, including 14 protein-coding genes, was 
significantly higher in SRCC cell lines than in non-SRCC 
cell lines. Moreover, we screened 5 genes (KLK7, PRSS21, 
SPNS2, MUC20 and CLDN18) specifically expressed in 
SRCC cells among 14 protein-coding genes (Fig. 1A). Given 
that poor cohesion and mucin production are well-known 
characteristics of gastric SRCC cells (Supplementary Fig. 1 
A), we focused on Kallikrein-related peptidase 7 (KLK7), 

a serine protease mediating the proteolytic degradation 
of adhesion proteins [22], and MUC20, a member of the 
mucin family. To investigate whether these two genes have 
an impact on the prognosis of GC patients, we first ana-
lyzed RNA sequencing (RNA-seq) data from The Cancer 
Genome Atlas (TCGA) using the Tumor IMmune Estima-
tion Resource 2.0 (TIMER 2.0) database and showed that 
KLK7 and MUC20 mRNA expression was significantly 
higher in several cancer tissues, including GC tissues, than 
in the corresponding normal tissues (Supplementary Fig. 1 
B). Moreover, the prognostic value of KLK7 and MUC20 
mRNA expression in GC was investigated in Kaplan–Meier 
plotter online database, and the analysis indicated that high 
KLK7 and MUC20 mRNA expression was associated with 
a worse prognosis (Fig. 1B). Then, we examined the protein 
expression of KLK7 and MUC20 by immunohistochemistry 
(IHC) analysis of surgically resected tissues from 360 GC 
patients in the Kumamoto University cohort. Based on the 
protein level of MUC20 and KLK7 in GC tissues, patients 
were allocated into low and high groups (Fig. 1C). Accord-
ing to correlation analysis between the expression levels and 
clinicopathological features, only MUC20 protein expres-
sion was significantly correlated with the histological type 
of SRCC in human GC tissues (Supplementary Tables 1, 
2). We subsequently assessed the relationship between GC 
patient survival and these two proteins by Kaplan–Meier 
analysis. There was no correlation between KLK7 expres-
sion and prognosis; however, GC patients with high MUC20 
expression had significantly shorter overall survival than 
those with low MUC20 expression (p = 0.0021) (Fig. 1D). 
Moreover, subpopulation analysis of the cohort of stage IV 
GC patients revealed that GC patients with high MUC20 
expression who received chemotherapy showed remarkably 
shorter overall survival (p = 0.0369) (Fig. 1E).

Given that MUC20 expression is significantly associated 
with a poor prognosis and the SRCC histological-type in 
GC patients, we next examined MUC20 expression at the 
mRNA and protein levels in GC cell lines. Consequently, 
we confirmed that MUC20 expression was higher in SRCC 
cells than in non-SRCC cells (Fig. 1F, G). Moreover, immu-
nofluorescence (IF) staining revealed that MUC20 was spe-
cifically expressed in SRCC cells but not in non-SRCC cells 
(Fig. 1H).

In general, MUC20 has been reported to be a membrane-
associated protein that senses the external environment and 
activates intracellular signal transduction pathways [23]. 
However, when SRCC cells were subjected to IF stain-
ing, MUC20 expression was predominantly detected in the 
cytoplasm of SRCC cells (Fig. 1H). To further investigate 
the intracellular location of MUC20, we examined MUC20 
expression in SRCC cells with or without permeabilization 

Fig. 6  MUC20v2 overexpression in GC cells markedly enhances 
chemoresistance in an in vivo model. A MOCK cells and MUC20v2-
OE cells orthotopic xenografts were injected subcutaneously into 
mice. After 21  days, the mice were injected intraperitoneally with 
PBS (MOCK and MUC20) or cisplatin (MOCK and MUC20) once 
every 2 days. 2 days after injection, the mice were euthanized, and the 
tumors were dissected and weighed. B Images showing tumor size. C 
Statistical analysis of tumor size and weight. D Representative hema-
toxylin and eosin (H, E) and TUNEL staining of tumors from mice 
and quantification of MUC20-positive and TUNEL-positive cells. 
E Proposed model of the relationship between intracellular MUC20 
expression and mitochondrial calcium homeostasis in GC cancer 
cells. (*p < 0.05, n.s not significant, n = 8; scale bars, 50 μm.)

◂
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treatment. Consequently, we confirmed that MUC20 expres-
sion was higher in permeabilized cells than in nonpermea-
bilized cells (Supplementary Fig. 1 C). These results sug-
gest that MUC20 is weakly expressed on the membrane but 
abundant in the cytoplasm of SRCC cells. In support of the 
finding that stage IV GC patients with high MUC20 expres-
sion who received chemotherapy showed remarkably shorter 
overall survival, SRCC cells with intracellular MUC20 
showed greater tolerance to cisplatin than non-SRCC cells 
(Fig. 1E, I). These findings suggest that MUC20 could 
enhance cell viability in SRCC cells, which leads to a poor 
prognosis in GC patients.

Silencing of MUC20 causes cell death in gastric SRCC 

Given the correlation between MUC20 expression and a 
poor prognosis in GC patients, we assumed that MUC20 has 
an impact on the aggressive characteristics of SRCC cells. 
To verify its importance, we silenced MUC20 in SRCC 
(NUGC4 and KATOIII) cells by transfecting them with two 
small interfering RNAs (siRNAs). Both mRNA and protein 
expression were markedly decreased with siRNA treatment 
(Fig. 2A, B). Notably, we observed that SRCC cells trans-
fected with MUC20 siRNAs showed cytoplasmic swelling, 
plasma membrane blebbing, and nuclear fragmentation 
(Supplementary Fig. 2). As these morphologies suggested 
cell death [24], we examined cell viability by IF staining 
with Cytotox Green Dye and confirmed the increased num-
ber of dead cells in both SRCC cell lines transfected with 
MUC20 siRNAs (Fig. 2C). To further explore the cell death 
process mediated by MUC20 silencing, we performed flow 
cytometry analysis in SRCC cells transfected with control 
siRNA or MUC20 siRNAs and demonstrated that silenc-
ing MUC20 caused programmed cell death in SRCC cells 
(Fig. 2D). In general, programmed cell death can occur in 
an active manner with specific signaling events. Several 
different activated signaling pathways, including apoptosis, 
pyroptosis and ferroptosis, have emerged as important in 
both normal and pathological conditions [25]. Apoptosis 
is widely known for caspase-3- and poly-ADP ribose poly-
merase (PARP)-mediated signaling pathways [26]. Cleav-
age of gasdermins to the gasdermin-N domain alone can 
signal cell pyroptosis [27]. Ferroptosis is a unique form of 
cell death that is driven by the accumulation of lipid-based 
reactive oxygen species (ROS) [28]. We first examined 
apoptotic signaling by Western blotting and showed that 
caspase-3 expression was reduced and cleaved-caspase-3 
expression was increased in SRCC cells transfected with 
MUC20 siRNAs compared to those transfected with control 
siRNA (Fig. 2E). To further distinguish between apopto-
sis and the other cell death pathways, we also confirmed 
that cleaved PARP expression was increased in MUC20 

knockdown SRCC cells (Fig. 2E). These results indicated 
that apoptosis occurred in MUC20-silenced SRCC cells. In 
addition to its role in the apoptotic pathway, caspase-3 can 
also induce pyroptosis through the cleavage of gasdermin E 
(GSDME) to the gasdermin-N domain [29–31]. Therefore, 
we investigated the expression of GSDME and GSDME-N 
fragments by Western blotting. The GSDME-N fragment 
was significantly increased in the MUC20-silenced groups, 
suggesting that MUC20 knockdown could cause pyropto-
sis concomitant with apoptosis in SRCC cells (Fig. 2E). In 
addition, a previous study showed that cytosolic lncRNA 
P53RRA bound Ras GTPase-activating protein-binding 
protein 1 and displaced p53, which could lead to apoptosis 
and ferroptosis [32]; thus, we investigated the lipid ROS 
level in MUC20-silenced SRCC cells. However, lipid ROS 
levels were not increased in MUC20-silenced SRCC cells 
(Fig. 2F), suggesting that ferroptosis is not involved in cell 
death induced by MUC20 silencing. Taken together, these 
findings indicate that MUC20 silencing could activate the 
apoptotic and pyroptotic programs in gastric SRCC cells, 
implying that cytoplasmic MUC20 may play a crucial role 
in the survival of gastric SRCC cells.

Forced MUC20 expression enhanced drug resistance 
in GC cells

To next address the significance of MUC20 expression in 
GC cells, we conducted MUC20 forced expression in GC 
cells with low expression level of MUC20. Several kinds 
of MUC20 isoforms have been reported in the public Gene 
database (NCBI); therefore, we first investigated the variants 
of MUC20 and identified MUC20 variant 2 (MUC20v2), 
also known as isoform b, which was specifically expressed 
in SRCC cells (Supplementary Fig. 3 A, B). Then, we con-
structed an MUC20v2 expression vector and confirmed the 
expression of MUC20 in GC cells with either the control 
or MUC20v2 vector (Fig. 3A and B). Consistent with the 
results for SRCC cells, IF staining revealed that MUC20v2 
expression was predominantly detected in the cytoplasm of 
MUC20v2-overexpressing cells (NUGC3-MUC20v2-OE, 
MKN45-MUC20v2-OE) (Fig. 3C). To next investigate the 
significance of MUC20v2 in GC cells, we first compared 
the cell proliferation and viability between the control group 
cells (NUGC3-MOCK, MKN45-MOCK) and MUC20v2-
OE cells. However, forced MUC20v2 expression did not 
have an impact on cell growth or viability in NUGC3 and 
MKN45 cells (Fig. 3D, E). These findings suggest that these 
GC cells do not depend on MUC20v2 expression to survive 
and proliferate without additional stress. Therefore, we pre-
dicted that MUC20v2 may be involved in the survival of 
these GC cells under stressed circumstances. Therefore, we 
examined the sensitivity to cisplatin (CDDP) and paclitaxel 
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(PTX) in control group cells and MUC20v2-OE cells; nota-
bly, both NUGC3 and MKN45 showed higher cell viability 
with MUC20v2 overexpression than control group cells 
(Fig. 3F and G). These findings indicate that MUC20v2 
could enhance the viability of GC cells exposed to severe 
stresses, such as anticancer drug treatment.

MUC20v2 promoted cell viability by maintaining 
mitochondrial calcium homeostasis

To further address the mechanism of chemoresistance in 
MUC20v2-OE cells, we conducted RNA-seq to identify 
the critical pathway mediating chemoresistance. Func-
tional and pathway enrichment analysis using 2894 DEGs 
revealed that the pathway involved in regulation of cyto-
solic calcium ion level was identified as an upregulated 
pathway in MUC20v2-OE NUGC3 cells, and the pathway 
involved in positive regulation of cytosolic calcium ion 
level was determined as a top of upregulated pathways 
by the same analysis using 2803 DEGs in MUC20v2-OE 
MKN45 cells (Fig. 4A). Notably, we found that genes 
related to calcium outflow, such as LRP1, ANXA6 and 
HSP90B1, were upregulated, whereas genes related to 
calcium internal flow, such as GRIN2A, ATP2C2 and 
P2RC5, were downregulated in both MUC20v2-OE cell 
lines (Fig. 4B). Based on the results from these analyses, 
we predicted that MUC20v2 may be involved in intracel-
lular calcium ion regulation while enhancing cell survival 
under anticancer drug treatment conditions. Supporting a 
previous finding that CDDP could increase calcium level 
and induce cell death [33], we showed that intracellular 
calcium levels were increased by CDDP treatment (Sup-
plementary Fig. 4A). In addition, we investigated the intra-
cellular and mitochondrial calcium levels in MUC20v2-
OE cells and compared them to those in MOCK cells with 
or without CDDP treatment. Although there was no differ-
ence in calcium concentration between MOCK cells and 
MUC20v2-OE cells without CDDP treatment, both cyto-
plastic and mitochondrial calcium levels were decreased 
in MUC20v2-OE cells compared with MOCK cells treated 
with CDDP (Fig. 4C and Supplementary Fig. 4B). Given 
that calcium can affect cell survival and chemoresist-
ance in target cells [34], our present findings suggest that 
MUC20v2-OE GC cells show greater chemoresistance 
than control cells and that this is mediated by the regula-
tion of calcium ions. Moreover, the excess accumulation 
of mitochondrial calcium could enhance the depolarization 
of the mitochondrial membrane (the loss of mitochondrial 
membrane potential [MMP]), which is a preliminary step 
toward cell death [35]. To precisely verify this theory, we 
performed flow cytometry to examine mitochondrial cal-
cium levels in control and MUC20v2-OE cells treated with 
CDDP or PTX. Consequently, the number of cells with 

high mitochondrial calcium was lower in the MUC20v2-
OE groups than in the control groups with anticancer drug 
treatment (Fig. 4D). Next, JC-1 dye was used to detect the 
MMP of MUC20v2-OE cells with anticancer drugs. JC-1 
red is known as an indicator for MMP and JC-1 green 
reflects mitochondrial mass. According to the results for 
JC-1 staining, MMP was maintained in MUC20v2-OE 
cells but not in control cells after anticancer drug treat-
ment (Fig. 4E). These findings suggest that MUC20v2 
has a crucial role in maintaining mitochondrial calcium 
homeostasis under anticancer drug treatment.

Moreover, we examined the apoptotic and pyroptotic 
pathways and programmed cell death in MUC20v2-OE 
cells treated with anticancer drugs. Cleaved caspase-3, 
cleaved PARP, and GSDME-N expression and the num-
ber of dead cells were decreased in MUC20v2-OE cells 
compared with control cells after anticancer drug treat-
ment (Fig.  4 F, G), suggesting that programmed cell 
death induced by anticancer drugs is inhibited by forced 
MUC20v2 expression in GC cells.

MUC20 silencing in SRCC cells caused abnormal 
calcium accumulation in mitochondria 
and subsequent depolarization of the mitochondrial 
membrane

Given that MUC20v2 overexpression could induce chem-
oresistance in GC cells through a reduction in calcium 
inside mitochondria, we next investigated whether the 
calcium concentration could be increased by MUC20 
silencing in SRCC cells. We first analyzed cytoplastic and 
mitochondrial calcium levels by IF staining. Although the 
cytoplastic calcium levels were not remarkably changed in 
SRCC cells transfected with MUC20 siRNAs, the mito-
chondrial calcium levels were significantly increased in 
SRCC cells transfected with MUC20 siRNAs compared 
with those transfected with control siRNA (Fig. 5A). Flow 
cytometric analysis also revealed that mitochondrial cal-
cium levels were increased by MUC20 silencing with both 
siRNAs (Fig. 5B). Moreover, MMP evaluated by JC-1 dye 
was reduced by MUC20 silencing in SRCC cells (Fig. 5C). 
Combined with the results regarding MUC20 silencing-
induced programmed cell death (Fig. 2D, E), these find-
ings suggest that MUC20v2 in SRCC cells suppresses 
apoptosis and pyroptosis by regulating mitochondrial cal-
cium levels.
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Forced MUC20v2 expression in GC cells markedly 
enhanced chemoresistance in a xenograft mouse 
model

To verify the significance of MUC20v2 in GC chemore-
sistance in an in vivo model, NUGC3-MOCK cells and 
NUGC3-MUC20v2-OE cells were injected subcutane-
ously into nude mice. The mice were subsequently treated 
with PBS and CDDP according to the protocol shown in 
Fig. 6A. CDDP treatment significantly reduced the size of 
subcutaneous tumors derived from MOCK cells, whereas 
treatment with CDDP did not exert an antitumor effect in 
the tumors derived from MUC20v2-OE cells (Fig. 6B, C), 
which suggests that MUC20v2 plays a role in the chem-
oresistance of GC cells in vivo as well as in vitro. In addi-
tion, TUNEL staining showed that apoptotic tumor cells 
were significantly increased in the tumors derived from 
MOCK cells compared to those of MUC20v2-OE cells 
under CDDP treatment (Fig. 6D). These results suggest 
that MUC20v2 suppresses GC cell death induced by anti-
cancer drugs through maintaining mitochondrial calcium 
homeostasis in vivo.

Discussion

SRCC is known for its specific histological phenotype 
among all WHO classification types in GC, including 
unique cellular morphology and mucin-producing char-
acteristics, and it also has a worse prognosis and lower 
chemosensitivity than the other types [9, 10]. In the cur-
rent study, we tried to investigate the molecular mecha-
nism related to these aggressive characteristics in SRCC. 
According to the genome-wide mRNA expression profiles 
of GC cell lines, we found 16 genes that were specifically 
highly expressed in gastric SRCC cells. Based on the his-
tological characteristics of SRCC and survival analysis, 
we narrowed them down to MUC20, which is a member 
of the mucin family. Mucins are high molecular weight 
glycoproteins that play a role in physiological protection 
and lubrication to epithelial surfaces. Due to the presence 
or absence of the transmembrane domain, mucins are clas-
sified into two categories: secreted and membrane-bound 
types [36]. Between these two types, the membrane-bound 
type is in the spotlight for its alterations in the growth 
and survival of cancer cells [37]. MUC20 is a membrane-
bound mucin that has been reported to be correlated with 
the progression of various cancers, such as thyroid cancer, 
ovarian cancer, colorectal cancer, pancreatic cancer and 
endometrial cancer [38–42]. In addition, a pancancer study 
based on TCGA transcriptome data indicated that the over-
expression of MUC20 in GC predicted a poor prognosis 
[43]. In the present study, we demonstrated that MUC20 

expression had a poor prognostic impact on chemother-
apy-treated GC patients as well as a cohort of 360 GC 
patients. However, further investigation in a large SRCC 
patient cohort will be required to prove the significance of 
MUC20 expression among gastric SRCC patients.

Previous evidence showed that the interaction of 
MUC20-MET and MUC4-HER2 at the cell membrane 
could regulate downstream cell signaling events [36]. 
Overexpressed MUC20 activates the EGFR-STAT3 path-
way, promotes epidermal growth factor receptor (EGF) 
expression, and induces a malignant phenotype of endo-
metrial cancer [42]. In addition, MUC20 enhances the 
expression of hepatocyte growth factor (HGF), a ligand 
of MET, and then promotes HGF-dependent MET and 
AKT phosphorylation in pancreatic cancer [41]. Although 
we first found that MUC20v2 is predominantly expressed 
in the cytoplasm and not the membrane of gastric SRCC 
cells, the intracellular MUC20v2-mediated signaling path-
way is unknown. Here, we showed that the expression of 
calcium efflux-associated genes increased while that of 
calcium influx-related genes decreased in MUC20v2-over-
expressing GC cells. In general, calcium overload in mito-
chondria can activate the caspase-3-mediated apoptotic 
pathway [44]. Supporting this theory, we demonstrated 
that MUC20v2 overexpression inhibits the accumulation 
of calcium in mitochondria to protect GC cells from chem-
otherapy-induced death. Moreover, we showed that cal-
cium was overloaded in mitochondria in MUC20-silenced 
SRCC cells, which resulted in cell death.

Recent evidence shows that chemotherapy can induce 
pyroptosis via the cleavage of GSDME by activated cas-
pase-3 to generate the GSDME-N fragment in cancer cells 
[29–31]. Our findings also showed a subsequent increase 
in the levels of the GSDME-N fragment and cleaved PARP 
after knockdown of MUC20v2. This shows that deficiency 
of MUC20v2 could promote cell death through the apoptosis 
and pyroptosis forms of programmed cell death. Mitochon-
dria are known to play many roles in cancer cells, including 
development, stress response, wound healing and nutritional 
status [45]. MMP is a universal selective indicator of mito-
chondrial function, and alterations in MMP are involved in 
many human pathologies [46]. For instance, high MMP is 
a major marker for mitochondrial activity and cell health; 
in contrast, low MMP is related to mitochondrial dysfunc-
tion and cell death [47, 48]. Consistent with these theories, 
MUC20v2 knockdown causes mitochondrial calcium over-
load and subsequent MMP depolarization in SRCC cells. 
Moreover, when MUC20v2-OE GC cells were treated with 
anticancer drugs, MUC20v2 maintained the mitochondrial 
calcium concentration and MMP to evade cell death. Gen-
erally, MMP alteration is associated with lipid ROS accu-
mulation and ferroptosis, and inhibition of the TCA cycle 
alleviates MMP hyperpolarization to reduce ferroptosis 
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[28]. However, we showed that MUC20v2 knockdown led 
to MMP depolarization and decreased the lipid ROS level 
in SRCC cell cells. This finding suggests that programmed 
cell death caused by MUC20v2 knockdown is not correlated 
with ferroptosis.

In conclusion, MUC20v2 is dominantly expressed in the 
cytoplasm of gastric SRCC cells. MUC20v2 enhances cell 
survival ability and chemoresistance by maintaining mito-
chondrial calcium levels and MMP to protect GC cells from 
apoptosis and pyroptosis. In addition, MUC20 silencing in 
SRCC cells causes calcium overload in mitochondria and 
subsequent depolarization of the mitochondrial membrane, 
which leads to caspase-3-mediated programmed cell death 
(Fig. 6 E). Therefore, MUC20v2 could be a novel thera-
peutic target for eliminating SRCC cells and improving the 
prognosis of gastric SRCC patients.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10120- 022- 01283-z.
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