
Effect of TRPM2-Mediated Calcium
Signaling on Cell Proliferation and
Apoptosis in Esophageal Squamous
Cell Carcinoma

Xingbang Wang, MD1, Yong Xiao, MD1, Mingming Huang, MD1,
Bing Shen, PhD2, Haowei Xue, MD, PhD3, and Kaile Wu, MD, PhD3

Abstract
Esophageal squamous cell carcinoma (ESCC) is the sixth leading cause of death due to cancer, indicating that finding new ther-

apeutic targets or approaches for ESCC treatment is imperative. Transient Receptor Potential cation channel subfamily M, mem-

ber 2 (TRPM2) is a calcium-permeable, nonselective cation channel that responds to reactive oxygen species (ROS), which are

found in the tumor microenvironment and are important regulators of tumorigenesis, cell proliferation, apoptosis, and the ther-

apeutic response. Here, we used immunohistochemical analysis of tumor tissue derived from patients with ESCC to find that the

TRPM2 channel protein expression level was increased in tumor tissue compared with adjacent normal tissue. Intracellular cal-

cium concentration measurements, western blotting, and ROS and cell viability assays were used with a human ESCC cell line

(TE-1 cells) to find that TRPM2 participated in the ROS hydrogen peroxide-induced increase in intracellular calcium. This

increased calcium inhibited cell proliferation and enhanced apoptosis. Pretreatment of cells with the anticancer agent 5-fluoro-

uracil (5-FU) significantly increased ROS production, which potentiated TRPM2-mediated calcium signaling, decreased cell pro-

liferation, and increased apoptosis in TE-1 cells, suggesting that the therapeutic effect of 5-FU in ESCC cells may be mediated by

the TRPM2 channel-mediated calcium influx. These findings offer a potential treatment target and provide mechanistic insight into

the therapeutic effects of 5-FU in patients with ESCC.
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Introduction
Esophageal cancer is one of the most common malignant neo-
plasms in the digestive tract. According to the global Cancer
Statistics Report of 2018, the number of new cases of esopha-
geal cancer worldwide that year was approximately 572 000,
and the number of deaths due to this cancer was 509 000,
ranking seventh in malignant tumor incidence and the sixth
leading cause of death due to cancer.1 Esophageal cancer can
be separated by histological type into squamous cell carcinoma,
adenocarcinoma, and other subtypes. Esophageal squamous
cell carcinoma (ESCC) accounts for approximately 90% of all
esophageal cancers, and the incidence shows an alarming

increasing trend in Asia.2,3 Despite systemic treatment, includ-
ing surgery, chemotherapy, molecular-targeting therapy, and
immunotherapy, saving many lives, mortality is still high.4,5
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Therefore, it is imperative to develop new therapeutic targets
and treatment approaches for ESCC.

Transient Receptor Potential cation channel subfamily M,
member 2 (TRPM2), a calcium (Ca2+)-permeable, nonselective
cation channel, was first identified in 1998. TRPM2 has numerous
functions in a variety of cell types and has been shown to be
involved in neurological disorders, insulin release, cell motility,
and cell death.6–10 The TRPM2 channel is activated by intracellular
adenosine diphosphate ribose, hydrogen peroxide (H2O2), intracel-
lular Ca2+ concentration ([Ca2+]i), and nicotinic acid adenine dinu-
cleotide phosphate, whereas it is inhibited by the nucleotide
adenosine monophosphate and by cellular acidification.11–14

Because the TRPM2 channel responds to reactive oxygen
species (ROS), it is involved in many oxidative stress-related path-
ological processes. For example, cancer cells have high levels of
ROS that induce tumorigenesis. Increased ROS might behave as
the TRPM2 channel to facilitate cancer therapy.10,15 Recent
studies have shown that 5-fluorouracil (5-FU) and cyclophospha-
mide may activate the TRPM2 channel in colon or breast cancer
cells to enhance cell apoptosis.15 However, the functional role of
the TRPM2 channel in ESCC remains unknown.

In the present study, we used tumor tissue samples derived
from patients with ESCC as well as the human ESCC cell
line (TE-1) to perform immunohistochemistry, (Ca2+)i mea-
surements, western blotting, ROS assays, and cell viability
assays to investigate the expression of the TRPM2 channel
protein in ESCC and to assess the role of the TRPM2 channel
in H2O2- and 5-FU–induced ESCC proliferation and apoptosis.

Materials and Methods

Reagents and Antibodies
We used the following reagents and antibodies: RPMI-1640
medium and fetal bovine serum (Biological Industries);
anti-TRPM2 antibody (#HPA035260, Sigma); anticleaved
caspase-3 antibody (#AF7022, Affinity Biosciences);
anti-β-tubulin antibody (#AF7011, Affinity Biosciences); horse-
radish peroxidase (HRP)-conjugated antirabbit (#S0001,
Affinity Biosciences); electrochemiluminescence (ECL) detec-
tion system (#WP20005, Thermo Fisher Scientific,
Pittsburgh); Cell Counting Kit-8 (CCK-8) (#A311-01,
Vazyme Biotech); ROS assay kit (#S0033S, Beyotime
Biotech); N-(p-amylcinnamoyl) anthranilic acid (ACA)
(#A8486-5MG, Sigma); H2O2 (#HX0636, Sigma); and 5-FU
(#F6627-1G, Sigma). Specific small interfering (si)RNAs for
human TRPM2 (5′-GUCUCGGACAUC ACUAUCUTT-3′,
5′-GGGAAGAUGUCUCAGCAGACG-3′)16 and scrambled
siRNAs (5′-ACGCGUAACGCGGGAA UUU-3′,
5′-UUCUCCGAACGUGUCACGUTT-3′) were designed and
synthesized by Biomics Company.

Cell Culture
The human ESCC TE-1 cells were obtained from the Cell Bank
of the Chinese Academy of Sciences,17 and cultured in

RPMI-1640 medium, which was supplemented with 10%
fetal bovine serum and antibiotics (100 μg/mL penicillin and
100 U/mL streptomycin) at 37°C in an atmosphere containing
5% CO2. Specific siRNAs against human TRPM2 or scrambled
control siRNA were transiently transfected into cells using
Lipofectamine 2000 reagent (#11668019, Thermo Fisher
Scientific, Pittsburgh) according to the manufacturer’s protocol.
TE-1 cells were cultured for the following experiments 48 h
after siRNA transfection.

Immunohistochemistry
We obtained ESCC tumor tissues from 20 patients during clin-
ical surgery. Written informed consent was obtained from each
participating patient before the specimens were collected. All
experiments were approval by the Ethics Committee of Anhui
Medical University (5101128). The procedures were performed
consistent with the Declaration of Helsinki and Good Clinical
Practice.18 Briefly, the tumor and adjacent tissues were dis-
sected and fixed with 4% paraformaldehyde at 4°C. After the
specimens were embedded in paraffin, they were sliced into
5-μm-thick sections. Following deparaffinization and rehydra-
tion, heat-mediated antigen retrieval was performed with
citrate buffer in a microwave oven. The specimens were then
incubated in H2O2 (3%) for 10 min to extinguish endogenous
peroxidase activity. The specimens were incubated with an
anti-TRPM2 antibody (1:100) at 4°C overnight and then incu-
bated with an antirabbit secondary antibody. Following with
HRP and then with 3,3′-diaminobenzidine tetrahydrochloride,
the sections were counterstained with hematoxylin. For the neg-
ative control group, the primary antibody was omitted. Images
of specimens were captured using a light microscope (Olympus
BX53, Camera: Olympus DP74) and assessed using integrated
optical density analysis.

(Ca2+)i Measurement
The (Ca2+)i was measured according to the method we previ-
ously used.19 Briefly, TE-1 cells were incubated with
10 μmol/L Fluo-8/AM and 0.02% pluronic F-127 in a normal
physiological saline solution (in mmol/L: 140 NaCl, 5 KCl, 1
CaCl2, 1 MgCl2, 10 glucose, 5 Hepes, pH 7.4) at 37°C for
1 h in a dark incubator. The fluorescence signal was recorded
using fluorescence microscopy (Nikon T200, Camera:
SensiCam, Software: MetaFluor), with excitation and emission
wavelengths of 488 nm and 515 nm, respectively. The (Ca2+)i
is shown as the ratio of the fluorescence intensity before (F0)
and after (F1) the application of H2O2. The fluorescence ratio
data in each experiment are the mean values from approxi-
mately 40 cells.

Western Blotting
Western blotting was performed as in our previous study.20 In
brief, the TE-1 cells were lysed using a detergent extraction
buffer that consisted of 50 mM Tris-HCl (pH 7.4), 150 mM
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NaCl, 1 mM Na2EDTA, 1% Triton X-100, 1% sodium deoxy-
cholate, 0.1% sodium dodecyl sulphate, sodium orthovanadate,
sodium fluoride and leupeptin. Extracted proteins (30 μg) were
loaded onto a 10% gel for sodium dodecyl sulphate–polyacryl-
amide gel electrophoresis. After electrophoretic separation, the
proteins were transferred to a polyvinylidene difluoride mem-
brane. Membranes containing proteins were blocked and then
incubated with primary antibody (1:200) overnight at 4°C.
The next day, following incubation with HRP-conjugated sec-
ondary antibody, the immunosignals were detected using an
ECL detection system. The optical densities of each protein
were analysed using ImageJ software (National Institutes of
Health). β-tubulin was used as a loading control.

CCK-8 Assay
The TE-1 cells were cultured to the logarithmic growth phase
and then digested with trypsin. The cells were seeded into a
96-well plate with a density of 5 to 10× 104/well. Before an
experiment, a serum-free culture medium was added to syn-
chronize cell growth. When cells were 80% confluent, they
were divided into different groups, and each group contained
five repeats. The cells were treated with H2O2 or 5-FU and cul-
tured for 24 h. The next day, the supernatant from each well was
discarded, and 10 μL of CCK-8 reagent was added to each well.
The results were analyzed by a plate reader.

ROS Assay
The TE-1 cells were cultured and seeded as described in the
directions for the CCK-8 assay. The cell-permeable fluorogenic
dye 2′7′-dichlorofluorescin diacetate (DCFH-DA) was dis-
solved in a serum-free medium (10 μmol/L).21 The cells were
then suspended at a density of 1× 107/mL to 2× 108/mL in a
serum-free medium containing DCFH-DA (10 μmol/L) and
incubated at 37°C for 20 min. The cells and DCFH-DA were
mixed by pipetting the solution in and out of the pipette tip
three to five times. The cells were collected and washed with

a serum-free medium three times to fully remove DCFH-DA.
The fluorescence intensity of each well was examined with a
fluorescence plate reader at excitation and emission wave-
lengths of 488 nm and 515 nm, respectively.

Statistical Analysis
All data are expressed as the mean± SEM. The statistical sig-
nificance was determined using two-tailed Mann-Whitney
tests. Differences between groups were considered statistically
significant at a value of P< .05. For the (Ca2+)i measurement
experiments, n represents the number of total experiments.

Results

TRPM2 Channel Expression in ESCC
Recent studies have shown that the TRPM2 channel protein is
expressed in cancer cells in breast, gastric, lung, pancreatic, pros-
tate, and tongue squamous cell carcinoma.22 However, the
TRPM2 channel expression level in ESCC is unknown. Our
immunohistochemistry results examining tumor tissue from
patients with ESCC showed that the TRPM2 channel expression
level is significantly increased in ESCC tissue compared with
that in normal adjacent tissue (Figure 1). These results indicated
that TRPM2 channel expression is increased in ESCC.

Role of the TRPM2 Channel in H2O2-Induced Ca2+

Influx, Proliferation, and Apoptosis in TE-1 Cells
The TRPM2 channel is activated by H2O2 and is capable of
mediating Ca2+ influx to trigger Ca2+ signaling, which is
involved in cell proliferation and apoptosis.23 Thus, we next
assessed TRPM2 channel function in the human ESCC cell
line TE-1. Our data indicated that treatment of TE-1 cells
with H2O2 (200 μM) induced a marked transient increase in
(Ca2+)i and that this effect was significantly decreased by
ACA (a TRPM2 channel inhibitor) or TRPM2 siRNA
(Figure 2A-E). Using in vitro functional assays, we found

Figure 1. TRPM2 protein expression levels in human ESCC and adjacent tissues. (A-C) Representative images of negative control (A), normal
adjacent tissue (B), and ESCC tissue (C) showing TRPM2 protein expression levels via immunohistochemical analysis. Blue represents cell
nuclei; brown, TRPM2 protein. (D) Summary data showing the ratio of integrated optical density/total area of TRPM2 immunostaining in
ESCC tumor and adjacent tissues. In the negative control, the primary antibody was omitted. Microscopy objective: Olympus UPlanXApo.
Magnification: 40×/0.95. Data are shown as the mean±SEM; n= 20. *P< .05 versus adjacent tissue.
Abbreviations: TRPM2, transient receptor potential cation channel subfamily M, member 2; ESCC, esophageal squamous cell carcinoma.
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that H2O2 significantly suppressed TE-1 cell viability (as
detected using the CCK-8 assay) in a concentration-dependent
manner (Figure 3A) and increased cleaved caspase-3 expres-
sion levels. These effects were significantly inhibited by ACA
or TRPM2 siRNA (Figure 3B-D). These results suggested
that TRPM2-mediated Ca2+ signaling induced by H2O2

decreased ESCC proliferation and enhanced apoptosis.

Role of 5-FU on ROS Production and the TRPM2
Channel in 5-FU–Potentiated Ca2+ Influx, Proliferation,
and Apoptosis in TE-1 Cells
The anticancer drug 5-FU can enhance TRPM2-mediated Ca2+

influx to suppress cell viability and to increase ROS production
and cell apoptosis in breast and colon cancer cells.15 Thus, we
next examined the effect of 5-FU on ROS production, cell pro-
liferation, and apoptosis in the human ESCC TE-1 cell line. We
found that 5-FU treatment (5 μM, incubation for 24 h) signifi-
cantly increased the H2O2-induced transient increase in (Ca2
+)i (Figure 4) and ROS production (Figure 5) in ESCC, and
that these effects were also inhibited by ACA or TRPM2

siRNA. In addition, 5-FU treatment significantly suppressed
TE-1 cell viability but increased cleaved caspase-3 expression
in these cells; these effects were also inhibited by ACA or
TRPM2 siRNA (Figure 6). Taken together, these data sug-
gested that 5-FU treatment significantly increased
TRPM2-mediated Ca2+ signaling evoked by H2O2 and its
effect on cell proliferation and apoptosis in ESCC.

Discussion
To find new treatment approaches and therapeutic targets are
important directions in the study of ESCC. In the present
study, we found that: (1) the level of TRPM2 channel
protein expression was increased in ESCC tumor tissue com-
pared with that in normal adjacent tissue; (2) the TRPM2
channel was involved in the H2O2-induced transient increase
in (Ca2+)i to regulate cell proliferation and apoptosis in
ESCC; (3) the addition of 5-FU to the human ESCC TE-1
cell line not only significantly increased ROS production but
also potentiated TRPM2-mediated Ca2+ signaling and its
effect on cell proliferation and apoptosis. These results

Figure 2. H2O2-induced intracellular Ca2+ increase in TE-1 cells. (A and B) Representative traces (A) and summary data (B) showing that
hydrogen peroxide (H2O2; 200 μM) induces a transient increase in the intracellular Ca2+ concentration in a human ESCC TE-1 cells and the effect
of a TRPM2 channel inhibitor (ACA, 20 μM) on these cells. Data are shown as the mean± SEM; n= 4. *P< .05 versus H2O2. (C-E)
Representative western blot images (C) and summary data (D and E) showing the effect of TRPM2 siRNA (siTRPM2) and control siRNA (siNC)
on the protein expression of TRPM2 (D), and intracellular Ca2+ concentration change (E) in a human ESCC cell line (TE-1 cells). β-tubulin is
used as a loading control. Data are shown as the mean± SEM; n= 4-5. #P< .05 versus siNC or siNC+H2O2.
Abbreviations: TRPM2, transient receptor potential cation channel subfamily M, member 2; ESCC, esophageal squamous cell carcinoma; ACA, anthranilic acid;
TE-1 cells, cell line.
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provide insights into the functional role of the TRPM2 channel
in ESCC and suggest that it may be a potential target in ESCC
chemotherapy.

Tumor microenvironments affect cancer development as
well as therapeutic resistance and clinical outcome.24,25 ROS
located in the tumor microenvironment is an important

Figure 3. H2O2-induced cell proliferation and apoptosis in TE-1 cells. (A and B) Summary data showing the effect of H2O2 on TE-1 cell
proliferation in a concentration-dependent manner (A), and the effect of ACA alone or with H2O2 and TRPM2 siRNA (siTRPM2) or control
siRNA (siNC) on cell proliferation (B) as detected by a CC assay and expressed as OD. Data are shown as the mean± SEM; n= 5. *P< .05 versus
Ctl; #P< .05 versus 0 μM ACA; &P< .05 versus siNC; top thin line, P> .05 versus Ctl. (C and D) Representative western blot images (C) and
summary data (D) showing the effect of H2O2 (200 μM) in the presence or absence of ACA, or in the presence of TRPM2 siRNA (siTRPM2) or
control siRNA (siNC) on the protein expression of cleaved caspase-3. β-tubulin is used as a loading control. Data are shown as the mean± SEM;
*P< .05 versus Ctl; #P< .05 versus H2O2;

&P< .05 versus siNC+H2O2.
Abbreviations: TRPM2, transient receptor potential cation channel subfamily M, member 2; TE-1 cells, cell line; ACA, anthranilic acid; OD, optical density; Ctl,
control.

Figure 4. Effect of 5-FU on H2O2-induced intracellular Ca2+ increase in TE-1 cells. (A and B) Representative traces (A) and summary data (B)
showing that the transient increase in intracellular Ca2+ concentration induced by treatment with hydrogen peroxide (H2O2) (200 μM) is increased
by 5-FU treatment (5 μM, incubation for 24 h; 5-FU+H2O2), or suppressed by TRPM2 siRNA (siTRPM2). The TRPM2 channel inhibitor ACA
(20 μM, 5-FU+ACA+H2O2) blocks these effects. Data are shown as the mean± SEM; n= 4. *P < .05 versus H2O2;

#P< .05 versus 5-FU+
H2O2;

&P < .05 versus 5-FU+ siRNA control (siNC)+H2O2.
Abbreviations: TRPM2, transient receptor potential cation channel subfamily M, member 2; ACA, anthranilic acid; 5-FU, 5-fluorouracil.
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regulator of tumorigenesis, cell proliferation, apoptosis, and
therapeutic response.25 A target of ROS, the TRPM2 channel
is a Ca2+-permeable nonselective cation channel that mediates
Ca2+ influx and affects numerous biological processes, such
as cell proliferation, apoptosis, and inflammation.23 Therefore,
clarifying the function of the TRPM2 channel in cancer cells
and its effect on cellular behaviors are important. In the
present study, we found that the TRPM2 channel protein was
expressed in ESCC tumor tissue and mediated Ca2+ influx
evoked by the ROS H2O2 in TE-1 cells. In addition,

TRPM2-mediated Ca2+ signaling suppressed cell proliferation
but enhanced cell apoptosis in an ESCC cell line. These find-
ings suggest that TRPM2 channel may be a new therapeutic
target and have potential functions in ESCC treatment. In
future, drug screen for activating TRPM2 channel may be
useful to develop new drugs to treat ESCC.

The cytotoxic agent 5-FU is a widely used anticancer drug in
clinical treatment, and in ESCC, 5-FU improves the response
rate, progression-free survival, and overall survival among
patients with ESCC.5 It has been reported that 5-FU decreases
the activity of superoxide dismutase and glutathione peroxidase
but enhances catalase activity and superoxide anion levels in
myocardial tissue and myoblasts.15,26,27 A recent study has
also shown that 5-FU increases ROS production and potentiates
the cumene hydroperoxide–evoked (Ca2+)i increase, cell viabil-
ity suppression, and apoptosis by enhancing the expression of
TRPM2 channels in breast cancer or colon cancer cells.15 In
our study, we also found that 5-FU treatment significantly
increased ROS production in the human ESCC TE-1 cell line.
Furthermore, functional in vitro experiments showed that
5-FU markedly increased TRPM2-mediated Ca2+ signaling
and its effect on cell proliferation and apoptosis in this cell
line. Therefore, our results indicate that 5-FU–induced cell tox-
icity may be mediated, at least in part, by increasing ROS pro-
duction to potentiate the opening of TRPM2 channels and the
ensuing Ca2+ signaling. Moreover, TRPM2 channel agonist
may be used in combination with 5-FU in the future for the
treatment of ESCC. In this drug combination, the dose of
5-FU can be decreased and the side effect of 5-FU may be
reduced.

In summary, our results indicated that TRPM2-mediated Ca2
+ signaling suppressed cell proliferation but increased cell

Figure 5. 5-FU–induced ROS production in TE-1 cells. ROS was
assessed by the fluorogenic dye DCFH-DA. The ordinate represents
relative fluorescence units (RFU). Summary data show that
5-fluorouracil (5-FU, 5 μM; 24-h incubation) induces ROS production
and that this effect is inhibited by the TRPM2 channel inhibitor ACA
(20 μM of ACA+ 5 µM of 5-FU) or TRPM2 siRNA (siTRPM2). Data
are shown as the mean± SEM; n= 6. *P< .05 versus control (Ctl); #P
< .05 versus 5-FU; &P< .05 versus siRNA control (siNC)+ 5-FU.
Abbreviations: TRPM2, transient receptor potential cation channel subfamily
M, member 2; ACA, anthranilic acid; 5-FU, 5-fluorouracil; ROS, reactive
oxygen species; DCFH-DA, dichlorofluorescin diacetate.

Figure 6. Effect of 5-FU on the TRPM2-modulated TE-1 cell proliferation and apoptosis. (A) Summary data showing that 5-fluorouracil (5-FU,
5 μM; 24-h incubation) suppresses TE-1 cell proliferation and showing the effect of a TRPM2 channel inhibitor (ACA, 20 μM) and TRPM2
siRNA (siTRPM2). Cell proliferation is detected by a CCK-8 assay and expressed as OD. Data are shown as the mean± SEM; n= 5. *P < .05
versus control (Ctl); #P< .05 versus 0 μM ACA; &P< .05 versus siRNA control (siNC); P> .05 versus Ctl. (B) Summary data showing the effect
of 5-FU (5 μM, incubation for 24 h) on the protein expression level of cleaved caspase-3 and the effect of ACA and siTRPM2. β-tubulin is used as
a loading control. Data are shown as the mean± SEM; n= 6. *P< .05 versus Ctl; #P< .05 versus 5-FU; &P< .05 versus siNC+ 5-FU.
Abbreviations: TRPM2, transient receptor potential cation channel subfamily M, member 2; ACA, anthranilic acid; 5-FU, 5-fluorouracil; TE-1 cells, cell line;
CCK-8, Cell Counting Kit-8; OD, optical density.
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apoptosis, which was involved in the 5-FU–induced cell toxic-
ity in ESCC. These findings shed new light on the functional
role of TRPM2-induced cell death in ESCC, provide a new
potential therapeutic target for the treatment of ESCC, and
provide mechanistic insight into 5-FU–induced cell toxicity.
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