
Abstract. The melastatin-like transient receptor potential M2
(TRPM2) channel is a Ca2+ permeable channel that is
activated by reactive oxygen species (ROS), and its activation
induces necrotic cell death. The effect of insertion of TRPM2
into A172 human glioblastoma cells (A172 cells) was
investigated. The insertion of TRPM2 channels enhanced cell
death induced by H2O2 in the A172 cells. An H2O2-induced
Ca2+ increase was observed in TRPM2-expressing cells, but
not in wild-type cells. Proliferation, migration and invasion
activities were not affected by the expression of TRPM2.
TRPM2 seems to be a candidate for gene therapy in
glioblastoma cells, since the insertion of TRPM2 into A172
cells can facilitate cell death through Ca2+ increase after H2O2
treatment without increasing malignancy.

Glioblastoma is a highly malignant glioma that is resistant
to many treatment modalities including chemotherapy,
radiation and other adjuvant therapies (1, 2). Standard
therapy consists of surgical resection to an extent that is
safely feasible, followed by chemotherapy, radiation and
other adjuvant therapies (3, 4). However, despite advances
in diagnosis and treatment, the prognosis of patients with
malignant glioma remains very poor (5). Therefore, new
therapeutic agents or alternative therapeutic approaches
should be explored.

Melastatin-like transient receptor potential M2 (TRPM2)
is the second member of the TRPM subfamily and a Ca2+-
permeable non-selective cation channel (6). Two extracellular

signals are known to activate TRPM2 channels, oxidative
stress and tumor necrosis factor · (TNF·) (6, 7). We have
previously reported that Ca2+ influx through TRPM2
induced by H2O2 mediates necrotic cell death in TRPM2-
expressing the human embryonic kidney cell line HEK293,
the insulinoma cell line RIN-5F, and the monocytic cell line
U937 (6), and similar effects have been demonstrated by
others (7, 8). Reactive oxygen species (ROS) such as H2O2
are generated by Á-radiation (9, 10) and anti-cancer drugs
(11). The physiological character of TRPM2 channels may
allow the development of a gene therapy that in combination
with Á-radiation and/or chemotherapy may facilitate the
death of cancer cells, particularly those that are difficult to
treat such as glioblastoma.

In this study, we investigated whether insertion of
TRPM2 into the malignant glioma cell line A172 could
enhance cell death induced by H2O2. 

Material and Methods 

Materials. H2O2 (30% solution) was purchased from Wako Pure
Chemicals (Osaka, Japan). Fura-2 acetoxymethyl ester (Fura-2/AM)
was obtained from Dojindo Laboratories (Kumamoto, Japan). All
other reagents were of the highest grade commercially available.

Plasmid construct. The human TRPM2 cDNA fragment derived
from pCI-neo (Promega, Tokyo, Japan)/human TRPM2 (6) was
subcloned into the expression vector pCMV-TAG4 (Stratagene, La
Jolla, CA, USA) to generate a cDNA allowing cytomegalovirus
promoter-driven expression of a TRPM2-Flag protein (pCMV-
TAG4/human TRPM2). 

Cell culture and stable expression of TRPM2 in A172 cells. The human
glioblastoma cell line A172 (American Type Culture Collection,
Manassas, VA, USA) was grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% heat-inactivated fetal
bovine serum (FBS), 100 U/ml penicillin and 100 Ìg/ml
streptomycin at 37ÆC. 
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Transfection of TRPM2 into A172 cells was carried out using
the Amaxa electroporation system with Cell Line Nucleofector kit
V (Amaxa Inc., Gaithersburg, MD, USA). Cells were collected by
trypsinization, washed with culture medium, and then suspended
at a concentration of 5x105 cells in 100 Ìl of Nucleofector solution
V. The cell suspension was immediately mixed with 3 Ìg of the
recombinant plasmid pCMV-TAG4/TRPM2 and electroporated
using program U-29 of the Nucleofector device. After
electroporation, cells were incubated in culture medium for 3 days.
The culture medium was replaced with fresh culture medium
containing 500 Ìg/ml geneticin difulfate (G418) and thereafter the
medium was changed every 3 days for 10 days. The surviving cells
were cloned and cultured. 

Measurement of changes in [Ca2+]i. Cells on coverslips were loaded
with fura-2 by incubation in culture medium containing 5 ÌM fura-
2/AM and 10% FBS at 37ÆC for 40 min. The fura-2 loaded cells
were washed with the HEPES-buffered saline (HBS) containing (in
mM) 107 NaCl, 6 KCl, 1.2 MgSO4, 2 CaCl2, 11.5 glucose, 20
HEPES, all adjusted to pH 7.4 with NaOH. The coverslips were
then placed in a perfusion chamber mounted on the stage of a
microscope. Fluorescence images of the cells were recorded and
analyzed with a video image analysis system (Meta Fulora, Nippon
Ropper, Tokyo, Japan), as previously described (6). Results were
depicted as a 340/380 ratio or ¢ ratio (¢ ratio (340/380 nm) = peak
ratio - resting ratio).

Measurement of TRPM2 mRNA levels by RT-PCR. Total RNA from
the cells was extracted by a modified guanidium isothiocyanate

method with Trizol Reagent (Invitrogen Co., Ltd., Carlsbad, CA,
USA). Reverse transcription (RT) and PCR amplification from
0.5 Ìg of total RNA were performed using rTth DNA polymerase
(RT-PCR high Plus, Toyobo Co. Tokyo, Japan). The primer pair
used for the amplification of TRPM2 (NM_001011559.1) was 5’-
AGCTCATCACCATCGGAGTCGC-3’ and 5’-TCCACGAGAGG
ATGAAGTGA-GTG-3’. The thermocycler was programmed to
give an initial cycle consisting of reverse transcription at 60ÆC for
30 min and denaturation at 94ÆC for 2 min, followed by 30 cycles of
denaturation at 94ÆC for 1 min and annealing/extension at 58ÆC
for 1.5 min. As control of the amounts of total RNA, parallel 
RT-PCR of glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
mRNA was performed as a reference, using the primers 5’-
TCCACCACCCTGTTGCTGTA-3’ and 5’-ACCACAGTCCATG
CCATCAC-3’. PCR products were electrophoresed on a 3%
Agarose S (Wako Pure Chemicals) gel containing ethidium
bromide and visualized by UV-induced fluorescence.

Western blot analysis. Cells were lysed in lysis buffer (50 mM Tris-
HCl, [pH 8.0], 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM
Na3VO4, 1 mM NaF, 1 mM ‚-glycerophosphate, 2.5 mM sodium
pyrophosphate, 1% NP-40 (Sigma Chemical Co., St. Louis, MO,
USA) and protease inhibitor mix [Roche, Tokyo, Japan]) for 30 min
on ice. The obtained supernatant was incubated with 2.5 Ìg of
monoclonal anti-Flag antibody (Sigma Chemical Co.) for 30 min at
4ÆC and then added to protein A-agarose beads (Santa Cruz
Biotechnology, Inc. Santa Cruz, CA, USA). The immuno-
precipitates were separated on an 8% SDS-polyacrylamide gel
under reducing conditions. The proteins were transferred to a
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Figure 1. Establishment of TRPM2-expressing A172 cells. A, cytosolic Ca2+ in wild-type A172 cells and three TRPM2-transfected neomycin resistant
clones (a-c) that all contained responsive cells to 1 mM H2O2. ¢ ratio, change in Ca2+ (peak ratio – resting ratio). B, TRPM2 mRNA (185 bp) and
GAPDH mRNA (loading control) following amplification by RT-PCR. C, Western blot of TRPM2 protein from clones a, b and c.



nitrocellulose membrane (Hybond-ECL, GE Healthcare, Tokyo,
Japan). Non-specific binding was blocked with 20 mM Tris-HCl [pH
7.5], 0.15 M NaCl and 0.1% Tween 20 (TBS-T) containing 5% skim
milk for 1 h. The membrane was incubated with a 1:1,000 dilution of
anti-flag antibody. As the second antibody, a 1:10,000 dilution of
horseradish-conjugated anti-mouse IgG was used. The membrane
was then developed with an enhanced chemiluminescence Western
blotting detection system (ECL, GE Healthcare).

Assay of cell death. Cell death was estimated by Trypan blue
exclusion assay (6). 

Proliferation assay. Proliferation was determined by counting the
cell number. The cells (3x104 cells) were seeded on a 6-well culture
plate and incubated with culture medium supplemented with 10%
FBS at 37ÆC for 1-7 days. The number of viable cells in Trypan
blue solution was counted using an optical microscope (100-fold
magnification).

Invasion assay. Invasive potential of the cells was assessed using
Transwell® (Corning Life Sciences, NY, USA), in which each
chamber includes a cell insert and its well. The bottom of the cell

insert consists of a filter with multiple 5 Ìm pores that is coated
with a type I collagen. The cells were collected and suspended to a
final concentration of 2x105 cells/ml. The cell suspension (100 Ìl)
was seeded in the cell insert, and 600 Ìl of culture medium
containing 10% FBS was added to the lower chamber. After
incubation for 12 h, the non-invading cells on the upper surface of
the filter were wiped out with a cotton swab. The invasive cells that
migrated to the lower surface of the filter were fixed and stained
with Diff Quik (Sysmex International Reagents Co., Ltd., Kobe,
Japan), and the number of the cells was counted.

Migration assay. The spreading and migration capabilities of the
A172 cells were examined using a scratch wound assay. Confluent
cells in 60-mm tissue culture dishes were incubated with DMEM
containing 0.1% FBS for 2 h at 37ÆC. Then, the cells were carefully
wounded by a surgical blade to cut the sheet of cells and mark the
plate. The cells from one side of the wound were removed with cell
scrapers. The cells were incubated for 22 h at 37ÆC and then
photographed. Cellular migration was evaluated by counting the
number of cells that moved to the field from which cells had been
removed, and also by measurement of the distance to the furthest
cell from the wound line. 

Ishii et al: Facilitation of H2O2-induced A172 Cell Death

3989

Figure 2. Faciltation of H2O2-induced cell death by insertion of TRPM2. Cytosolyic Ca2+ in TRPM2-expressing A172 cells treated with 250 ÌM H2O2
(A) or 50-250 ÌM H2O2 (B). Mean±SEM of 25-93 cells. ¢ ratio, change in Ca2+ (peak ratio-resting ratio). Cell death of wild-type and TRPM2-
expressing cells assessed by Trypan blue exclusion assay at various times after H2O2 (250 ÌM) addition (C) or with various concentrations of H2O2 (50-
250 ÌM) incubated for 3 h (D). Mean±SEM of 3-4 experiments. *p<0.05, vs. wild-type group.



Data analysis. Data are presented as the means±SEM of n
observations. The statistical significance of observed differences
was determined by analysis of variance followed by Bonferroni’s
method. Differences between means were considered significant
when p was less than 0.05.

Results

Establishment of TRPM2-expressing A172 cells. The screening
for TRPM2 expression in the TRPM2-transfected A172 cells
was performed by measuring the Ca2+ response to H2O2 (1
mM). In the wild-type A172 cells, [Ca2+]i elevation was not
induced by 1 mM H2O2 (Figure 1A), and the expression of

TRPM2 mRNA was not observed (Figure 1B). Three out of
a total of 87 neomycin-resistant clones contained all
responsive cells with 1 mM H2O2 (Figure 1A). Moreover, in
these clones (a, b and c), TRPM2 mRNA and protein were
detected (Figure 1B and 1C) and the expression of TRPM2
protein in clone c was the highest (Figure 1C). Thus, three
clones of TRPM2-expressing A172 cells were obtained, and
clone c was used throughout subsequent experiments. 

Facilitation of H2O2-induced A172 cell death by insertion of
TRPM2 channels. As shown in Figure 2A, addition of 250 ÌM
H2O2 elicited biphasic [Ca2+]i elevation, and the [Ca2+]i
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Figure 3. Influence of the insertion of TRPM2 on the proliferation, invasion, and migration of A172 cells. A, total number of wild-type and TRPM2-expressing
A172 cells cultured in DMEM containing 10% FBS for 1-7 days. B, percentage of cells that invaded through the type I collagen-coated membrane after 12
h incubation in comparison with control (2x105 cells/ml). C, representative photographs of migrated cells 22 h after the beginning of the wound assay. Cell
migration calculated in terms of the distance of migration (D) and number of migrated cells (E). Control, wild-type. Mean±SEM of 4-8 experiments. 



elevation was concentration-dependent (Figure 2B). By the
trypan blue exclusion assay, H2O2 (250 ÌM) caused the death
of wild-type A172 cells from 3 h after its addition, and the
H2O2-induced cell death was markedly enhanced in the
TRPM2-expressing cells at 1 and 3 h after addition (Figure
2C). Moreover, H2O2-induced cell death was enhanced by
TRPM2 insertion when the H2O2 concentration was 100 and
250 ÌM (Figure 2D). 

Influence of TRPM2 expression on proliferation, invasion, and
migration. As shown in Figure 3A, the proliferation activity
of TRPM2-expressing A172 cells was similar to wild-type
A172 cells. Invasion activity was not affected by the
insertion of TRPM2 (Figure 3B). Moreover, the insertion
of TRPM2 had no effect on the migration activities of A172
cells as determined by two different criteria, migrated
distance and cell number (Figure 3C-E).

Discussion

The present study clearly showed that the insertion of
TRPM2 could facilitate Ca2+ influx and H2O2-induced cell
death in the human glioblastoma cell line A172.

It is widely accepted that sustained [Ca2+]i elevation
induces cell death in various types of cells including vascular
endothelial cells, pancreatic ‚-cells and astroglioma cells (6,
12, 13). ROS including H2O2 are known to cause Ca2+

overload and cell death (6, 12, 13). We have previously
reported that H2O2 evokes Ca2+ overload through TRPM2
activation in transiently TRPM2-expressing HEK293 cells, but
not in wild-type HEK293 cells (6). In the present study, the
insertion of TRPM2 into A172 cells induced the sustained
increase of [Ca2+]i by the treatment with H2O2. It is therefore
likely that the Ca2+ overload through TRPM2 activation
mediates H2O2-induced human glioblastoma A172 cell death.

TRPM2 activation is generally thought to mediate
necrotic cell death (6). Togashi et al. (14) reported that
glucose-induced insulin secretion from pancreatic islets is
regulated by Ca2+ influx not only through L-type voltage-
gated Ca2+ channels, but also through TRPM2 channels.
Therefore, TRPM2 activation is likely to be able to
mediate physiological cell functions other than cell death.
It is known that cell proliferation is regulated by the
increase of [Ca2+]i in vascular smooth muscle cells and
glioblastoma cells (15, 16). Migration and invasion of
glioblastoma cells are also regulated by [Ca2+]i elevation
(15, 17). However, the capacities of TRPM2-expressing
A172 cells for cell proliferation, migration, and invasion
were not enhanced compared to wild-type A172 cells.
These results suggest that the insertion of the TRPM2
gene into the A172 cells facilitated H2O2-induced cell
death without the stimulation of malignancy of the
glioblastoma cells.

In conclusion, the insertion of TRPM2 can facilitate Ca2+

influx and H2O2-induced cell death in human glioblastoma
A172 cells, and may therefore enhance glioblastoma cell
death by H2O2 generating Á-radiation and/or anti-cancer
drugs. Thus, the TRPM2 gene may be a candidate for gene
therapy to facilitate glioblastoma cell death.
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