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Ca2+ and Mg2+ have a fundamental role in many cellular processes
and ion channels are involved in normal physiologic processes and in
the pathology of various diseases. The aim here was to show that the
presence and potential role of transient receptor potential melastatin
7 (TRPM7) channels in the growth and survival of AGS cells, the most
common human gastric adenocarcinoma cell line. The patch-clamp
technique for whole-cell recording was used in AGS cells. TRPM7-
specific small interfering RNAs were used for specific inhibition of
TRPM7. Whole-cell voltage-clamp recordings revealed the TRPM7-like
currents that activated spontaneously following loss of intracellular
Mg2+. The current had a non-linear current–voltage relationship with
the characteristic steep outward rectification associated with TRPM7
channels. Reverse transcription–polymerase chain reaction, western
blotting, and immunoreactivity all showed abundant expression of
TRPM7 messenger RNA and protein in AGS cells. Transfection of
AGS cells with TRPM7 siRNA significantly reduced the expression
of TRPM7 mRNA and protein as well as the amplitude of the TRPM7-
like currents. Furthermore, we found that Mg2+ is critical for the
growth and survival in AGS cells. Blockade of TRPM7 channels by La3+

and 2-APB or suppression of TRPM7 expression by siRNA inhibited the
growth and survival of these cells. Human gastric adenocarcinoma
cells express TRPM7 channel whose presence is essential for cell
survival. The protein is a likely potential target for the pharmacological
treatment of gastric cancer. (Cancer Sci 2008; 99: 2502–2509)

Ca2+ and Mg2+ have a fundamental role in countless cellular
processes, including modulation of ion channels, receptors,

G proteins, effector enzymes, cell proliferation, and survival.(1–3)

Among ion channels, the transient receptor potential (TRP)
melastatin 6 and 7 channel is similarly permeable to both of the
dominant divalent cations Ca2+ and Mg2+.(4) TRP channels were
first cloned from the Drosophila species (TRP and transient
receptor potential–like protein) and constitute a superfamily of
proteins that encode a diverse group of Ca2+-permeable non-
selective cation channels.(5) The TRP family is divided into three
subfamilies: classic, vanilloid (TRPV), and melastatin type
(TRPM).(5) The eight TRPM family members differ significantly
from other TRP channels in terms of domain structure, cation
selectivity, and activation mechanisms.(5) By mediating cation
entry as well as membrane depolarization, activation of the TRPM
subfamily of ion channels has a profound influence on various
physiologic and pathologic processes.(6,7)

TRPM7 is endogenously expressed in a wide variety of tissues
including brain and hematopoietic tissues(8) as well as kidney
and heart tissues.(9–11) The TRPM7 cation channel supports multiple
cellular and physiological functions, including cellular Mg2+

homeostasis,(12,13) cell viability and growth,(13–16) anoxic neuronal cell
death,(17) synaptic transmission,(18) cell adhesion,(19,20) and intestinal
pacemaking.(21) Recently, Wykes et al.(22) suggested that TRPM7
channels are critical for human mast cell survival, and Jiang

et al.(23) suggested that activation of TRPM7 channels is critical
for the growth and proliferation of human head and neck carci-
noma cells. Also Abed et al.(24) proposed the importance of
TRPM7 in human osteoblast-like cell proliferation. However, the
presence and potential function of TRPM7 channels in human
gastric cancer cells are unknown.

In this study, we examined the presence and potential role of
TRPM7 channels in the growth and survival of AGS cells, the
most common human gastric adenocarcinoma cell line. Our data
suggest that TRPM7 channels have an important role in the
survival of these tumor cells.

Materials and Methods

Cells. Five human gastric adenocarcinoma cell lines (AGS,
MKN-1, MKN-45, SNU-1, and SNU-484) were used. Among
them, we used mainly AGS cell line, the most common human
gastric adenocarcinoma cell line. All cell lines were established
at the Cancer Research Center, College of Medicine, Seoul
National University, Korea. All cell lines were propagated in
RPMI-1640 medium (Gibco-BRL) supplemented with 10% heat-
inactivated fetal bovine serum and 20 μg/mL penicillin and
streptomycin in an atmosphere of 5% CO2 at 37°C.

Patch-clamp experiments. Experiments were performed at room
temperature (22–25°C) by using the whole-cell configuration of
the patch-clamp technique. AGS cells were transferred to a
small chamber on the stage of an inverted microscope (IX70;
Olympus, Japan), and were constantly perfused with in a solution
containing (mmol/L) KCl 2.8, NaCl 145, CaCl2 2, glucose 10,
MgCl2 1.2, and HEPES 10, adjusted to pH 7.4 with NaOH. The
pipette solution contained (mmol/L) Cs-glutamate 145, NaCl 8,
Cs-2-bis(2-aminophenoxy)-ethane-N,N,N′,N′-tetraacetic acid 10,
and HEPES-CsOH 10, adjusted to pH 7.2 with CsOH. An
Axopatch I-D (Axon Instruments, Foster City, CA, USA) was
used to amplify membrane currents and potentials. For data
acquisition and the application of command pulses, pCLAMP
software v.9.2 and Digidata 1322A (Axon Instruments) were used.
Results were analyzed by using pClamp and Origin software
(Microcal Origin version 6.0).

RNA preparation and reverse transcription–polymerase chain
reaction (RT-PCR). Total RNA was extracted by using an RNeasy
Mini Kit (Qiagen), and reverse transcription of total RNA
was performed by using random hexamer primers and
Superscript II-RT (Life Technologies), according to the
manufacturer’s instructions. PCR primers were as follows:
the TRPM7 first PCR amplification with upstream primers
(5′-CCATACCATATTCTCCAAGGTTCC-3′), and downstream
primers (5′-CATTCCTCTTCAGATCTGGAAGTT-3′) was per-
formed for 40 cycles under the following conditions: denaturing
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at 94°C for 2 min, annealing at 50°C for 1 minute, and polymeriz-
ation at 72°C for 1 minute. Nested PCR amplifications with
TRPM7 upstream primers (5′-GCTGTATTGCCATTCAGCAG-3′)
and downstream primers (5′-TTCTCCTAGATTTGCTGGGC-3′)
were performed for 40 cycles under the following conditions:
denaturing at 94°C for 2 min, annealing at 50°C for 1 min, and
polymerization at 72°C for 1 min. A primer pair for the detection
of human β-actin was used as the internal control.

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis western
blotting. Western blotting was performed by using lysates of
AGS cells. Proteins were separated by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis by using 6% or 8%
polyacrylamide gels, transferred to a polyvinylidene difluoride
membrane, and analyzed by anti-TRPM7 (1:1000) and anti-PARP
(1:500) antibodies. All procedures used standard methods.

Immunocytochemistry. AGS cells were seeded on coverslips
precoated with poly-L-lysine (Sigma) for 24 h. The cells on the
coverslips were fixed with 4% paraformaldehyde for 15 min and
permeabilized with 0.1% Triton/phosphate-buffered saline (PBS)
for 15 min at room temperature. After rinsing in PBS several
times, the AGS cells were pre-incubated for 30 min with 1%
skim milk and then they were incubated successively with 1:500
diluted TRPM7 antiserum overnight at 4°C and with fluorescein
isothiocyanate (FITC)–labeled antirabbit chicken antiserum
(Molecular Probes) for 1 h after washing with PBS. The coverslips
were sealed with anti-quenching solution (GEL/MOUNT;
Pleasanton, CA, USA) to prevent evaporation. Immunostained
cells were observed under a confocal laser scanning microscope
(FV500; Olympus) equipped with an argon/krypton laser source.

RNA interference. All the synthetic siRNAs were designed at
Qiagen using the BIOPREDsi algorithm licensed from Novartis.
All siRNA target sequences for silencing of the TRPM7 gene
(GenBank accession number NM_017672) were as follows:
TRPM7siRNA1-5′-CCTGTAAGATCTATCGTTCAA-3′; TRPM7-
siRNA2-5′-CTGCTAGCGTATATTCATAAA-3′; and TRPM7-
siRNA3-5′-CCCTGACGGTAGATACATTAA-3′. siRNA transfections
were performed in 12-well plates. Transfection parameters were
optimized prior to validation according to the instructions given in
the HiPerFect Transfection Reagent handbook. A negative scrambled
siRNA (Qiagen) was used to verify that the effect seen with TRPM7
siRNA was not due to the transfection process. Relative
intensities of protein bands were analyzed with a GS-710 Image
Densitometer (Bio-Rad Laboratories, Hercules, CA, USA).

MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide)
assay. Cell viability was assessed by MTT assay. The AGS cells
were seeded into each well of 12-well culture plates and then
cultured in RPMI-1640 supplemented with other reagents for
72 h. After incubation, 100 μL of MTT solution (5 mg/mL in PBS)
was added to each well, and the plates were then incubated for
4 h at 37°C. After removing the supernatant and shaking with
200 μL of dimethyl sulfoxide (Jersey Lab Supply, Livingston,
NJ, USA) for 30 min, absorbance was measured at 570 nm. All
experiments were repeated at least three times.

Flow cytometric analysis. In order to investigate whether the cell
cycle of AGS cells was redistributed, flow cytometric analysis
was used with propidium iodine (PI) stain.(25,26) 1 × 106 cells
were placed in an e-tube. 700 μL of a ice-cold fixation buffer
(ethyl alcohol) was slowly added with vortexing. Tubes were
sealed with parafilm and incubated at 4°C overnight. Samples
were spun for 3 min at 106 g at 4°C, and the supernatant was
aspirated and discarded. The cell pellet was resuspended by
200 μL of PI staining solution (PI [5 mg/mL] 2 μL and RNase
2 μL in PBS 196 μL) at 20817 g for 5 s. After 30 min in the dark
at room temperature, samples were analyzed in a fluorescence-
activated cell sorter (FACScan; Becton-Dickinson, Moutain
View, CA, USA) at λ = 488 nm using Cell-Quest software (Becton-
Dickinson). The DNA content distribution of normal growing
cells is characterized by two peaks, the G1/G0 and G2/M phases.

The G1/G0 phase comprises the normal functioning and resting
state of the cell cycle with the most diploid DNA content, while
the DNA content in the G2/M phase is more than diploid. Cells
in the sub-G1 phase have the least DNA content in cell cycle
distribution; this is termed hypodiploid. The hypoploid DNA
contents represent the DNA fragmentation.(26)

Caspase-3 assay. Caspase-3 assay kits (Cellular Activity Assay
Kit Plus) were purchased from BioMol (Plymouth, PA, USA).
After experimental treatment, cells were centrifuged (1000 g,
4°C, 10 min) and washed with PBS. Cells were resuspended in
ice-cold cell lysis buffer and incubated on ice for 10 min. Sample
were centrifuged at 10 000 g (4°C, 10 min), and the supernatant
was removed. Supernatant samples (10 μL) were incubated with
50 μL of substrate (400-μM Ac-DEVD-pNA) in 40 μL of assay
buffer at 37°C. Absorbance at 405 nm was read at several
time-points. pNA concentration in samples was extrapolated
from a standard created with absorbances of sequential pNA
concentrations.

Statistical analysis. Data are expressed as mean ± SEM. Differences
between the data were evaluated by Student’s t-test. A P-value
of 0.05 was taken to indicate a statistically significant difference.
The n-values reported in the text refer to the number of cells
used in the patch-clamp experiments.

Results

TRPM7-like current in AGS cells. To investigate electrophysiological
characteristics in AGS cells, we performed whole-cell voltage-
clamp recordings. From a holding potential of –60 mV, single
steps of 100 ms duration were applied in 10 mV increments
(–100 to +100 mV) with standard bath and with pipette solutions
lacking MgATP. Immediately after obtaining the whole-cell
configuration, no current was evident. An outward-rectifying
current slowly developed over time with peak current amplitudes
occurring 5–8 min after obtaining the whole-cell configuration
(n = 7; Fig. 1A-a). This current displayed no notable inactivation
over the duration of the pulse. The amplitude of the current
then remained stable for the duration of the experiments (10–
15 min). The mean peak inward and outward currents at –100
and +100 mV were –4.0 ± 1.0 pA/pF and 73.5 ± 5.3 pA/pF,
respectively (n = 8). The current–voltage (I–V) curve from the
same cell is shown in Fig. 1A-b. A voltage ramp from +100 mV
to 100 mV evoked small inward currents at negative potentials,
whereas larger outward currents were evoked at positive potentials,
showing outward-rectifying cation currents (n = 10; Fig. 1B-a).
After the current had stabilized in normal bath solution, a
divalent-free solution was perfused into the bath, and this
resulted in large inward and outward currents with little rectification
(n = 10; Fig. 1B-a). These features are very similar to those
associated with the recently cloned TRPM6 or TRPM7 channel.(4,12)

Two closely related TRPM channel subtypes, TRPM6 and
TRPM7, are activated by lowered intracellular Mg2+ and have
similar biophysical properties including an outwardly rectifying
I–V relationship, cation selectivity PNa/PCl = 1/0.06, and divalent
permeability.(27) TRPM7 is one of the ubiquitously expressed ion
channels,(13,14,28,29) and TRPM6 is expressed in intestine and
renal distal tubules.(4,10) Kozak and Cahalan found that MIC (or
TRPM7) channels in rat basophilic leukemia cells were inhibited
by internal divalent cations.(30) TRPM7-like current in rat brain
microglia was also inhibited by the internal Mg2+.(28) In Jurkat
E6-1 human leukemic T cells, internal Mg2+ has been used as a
tool to isolate the Ca2+ release–activated Ca2+ current from that
of TRPM7 channels.(31) To provide evidence that the inhibition
by internal Mg2+ is involved in this current, various internal Mg
concentration was included in the pipette solution and the currents
were recorded. Under the lower concentration, the amplitude of
this current was indeed larger compared with higher concentration
and the presence of internal 2-mmol/L Mg2+ significantly inhibited
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this current (n = 8; Fig. 1B-b). The estimated median inhibitory
concentration value for free Mg2+ was 560 μmol/L.

We investigated the various pharmacological effects of these
currents in AGS cells. 2-APB has broad inhibitory effects on
the TRP superfamily.(15,32–35) Also 2-APB is a useful tool for dif-
ferentiating TRPM6 and TRPM7.(36) At micromolar concentrations,
2-APB enhanced TRPM6 but inhibited TRPM7 currents.(36) In
the presence of 100-μmol/L 2-APB, the amplitude of the currents
were inhibited by 72.9% ± 2.9% outwardly and 7.2% ± 3.9%
inwardly (n = 7; Fig. 1C). The inhibition by 2-APB suggests that
TRPM7 channels are involved in this current, and not TRPM6
channels. Also previous studies have shown that La3+ is a potent
non-specific blocker for TRPM7 channels.(14) La3+ has been
reported to completely block the inward, but to only partially
block the outward, currents of cloned TRPM7 channels.(10) In the
presence of 100-μmol/L La3+ in the bath solution, the outward
current was partially inhibited by 41.3% ± 4.9% and the inward
current inhibited by 90.1% ± 5.2% (n = 8; Fig. 1D).

Taken together, both electrophysiologic and pharmacologic data
indicate that these currents in AGS cells are TRPM7-like currents.

Detection of TRPM7 mRNA and protein in human gastric
adenocarcinoma cell lines. To reinforce the existence of TRPM7

channels, biochemical and molecular biological techniques were
used. As shown in Fig. 2a, RT-PCR detected the presence of
TRPM7 mRNA in human gastric adenocarcinoma cell lines.
Western blotting showed a clear band of ~220 kDa of TRPM7
proteins (Fig. 2b). To verify the specificity of the antibody used,
HEK293 cells with inducible expression of TRPM7 were used as
a positive control.(14) Following induction of TRPM7 expression,
a clear protein band of ~220 kDa was detected in HEK293 cells
(Fig. 2b). Also, expression of TRPM7 proteins was investigated
by immunoreactivity in AGS cells (Fig. 2c).

Effects of TRPM7 siRNA in AGS cells. For determination that this
TRPM7-like current was really mediated by activation of
TRPM7 channel, we used RNA interference (RNAi). To prevent
non-specific effects of the small interfering RNA (siRNA) sequence
used, we generated three types of 21-nucleotide siRNA specifically
targeting human TRPM7, that is, TRPM7siRNA1, TRPM7siRNA2,
and TRPM7siRNA3 (see ‘Materials and Methods’). In our
experiments, ~90% of AGS cells were successfully transfected
with siRNA, as indicated by FITC fluorescence. In AGS cells
transfected by TRPM7siRNA, we could see a relative molecular
mass of 220 kDa by western blotting. As seen in Fig. 3a,
TRPM7siRNA1 had no effect on TRPM7 protein expression,

Fig. 1. Electrophysiologic and pharmacologic
characteristics of transient receptor potential
melastatin 7 (TRPM7)–like current in AGS cells.
(A-a) From a holding potential of –60 mV, single
steps of 100 ms duration were applied in 10 mV
increments (–100 to +100 mV). An outward-
rectifying current slowly developed over time
with peak current amplitudes occurring 5–8 min
after obtaining the whole-cell configuration.
This current displayed no notable inactivation
over the duration of the pulse. (A-b) I–V curve
from the same cell is shown. Results are from
representative AGS cells. (B-a) Representative
TRPM7-like currents in AGS cells. A voltage ramp
from –100 to +100 mV was applied from a
holding potential of –60 mV (normal, �). The
complete removal of external divalents increases
both inward and outward monovalent current
flow with little rectification (divalent free [DVF],
�). (B-b) TRPM7-like currents in AGS cells at 0, 1,
or 2 mmol/L [Mg2+]i. A voltage ramp from –100 to
+100 mV was applied from a holding potential
of –60 mV. (C) Effect of 2-APB on TRPM7-like
current. I–V curves and summary bar graph in the
absence (�) and presence (�) of 100-μmol/L 2-
APB. (D) Effect of La3+ on TRPM7-like current. I–V
curves and summary bar graph in the absence (�)
and presence (�) of 100-μmol/L La3+. **P < 0.01.
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Fig. 2. Detection of transient receptor potential melastatin 7 (TRPM7) mRNA and protein in human gastric adenocarcinoma cell lines. (a) Reverse
transcrption–polymerase chain reaction detection of TRPM7 mRNA in human gastric adenocarcinoma cell lines. HEK293 cells with inducible
expression of TRPM7 served as a positive controls and β-actin was used as an internal control. (b) TRPM7 proteins were detected at molecular
weight 220 kDa by western blotting. HEK293 cells with inducible expression of TRPM7 served as a positive control. (c) TRPM7 immunoreactivity in
AGS cell under confocal microscopy (left) and its differential interference contrast image (right). Horizontal bar indicates 10 μm.

Fig. 3. Effect of transient receptor potential
melastatin 7 (TRPM7) RNAi in AGS cells. (A-a)
Sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis analysis of TRPM7 RNAi effects on AGS
cells. RNAi effects are shown (TRPM7siRNA2
and TRPM7siRNA3). Glyceraldhyde-3-phosphate
dehydrogenase (GAPDH) was used as an internal
control. (A-b) Densitometric analysis of TRPM7
protein expression presented in (A) (n = 5). CTRL,
AGS cells; Scram, scrambled siRNA; S1, TRPM7siRNA1;
S2, TRPM7siRNA2; S3, TRPM7siRNA3. Values are
mean ± SEM. **P < 0.01. (B) The RNAi-mediated
reduction in TRPM7-like currents. TRPM7-like
currents were markedly reduced at 72 h after
transfection with TRPM7siRNA3 but not with
scrambled siRNA. Mean data from experiments
performed on separate occasions (n = 6,
respectively).



2506 doi: 10.1111/j.1349-7006.2008.00982.x
© 2008 Japanese Cancer Association

and TRPM7siRNA2 suppressed TRPM7 protein expression only
to a moderate degree. Significantly, TRPM7siRNA3 silenced
TRPM7 protein expression by 70–80% without reducing the
expression of glyceraldhyde-3-phosphate dehydrogenase (GAPDH).

To confirm that the siRNAs had reduced TRPM7 protein
expression, cells were also analyzed using electrophysiology. Patch-
clamp recording was done at 72 h after TRPM7 siRNA transfection.
As shown in Fig. 3b, the amplitude of TRPM7-like currents was
significantly reduced in AGS cells transfected with TRPM7siRNA3
when compared with the scrambled control. Thus at +100 mV,
outward currents were 81.1 ± 9.2 pA/pF in scrambled controls (n = 6)
at 72 h after transfection, compared with 40.3 ± 6.5 pA/pF for
TRPM7siRNA3 (P < 0.01) (n = 6). Transfection with the scrambled
siRNA control had no effect on TRPM7 currents (Fig. 3b).

Inhibition of cell survival by TRPM7 blockade and TRPM7siRNA.
TRPM7 has been proposed as a requirement for cell survival
on the basis of experiments in genetically engineered DT-40
B-cells.(14) Recently, Wykes et al.(22) suggested that TRPM7 is
critical for human mast cell survival. Therefore, we investigated
whether the activities of TRPM7 channels influence the survival
of AGS cells. First, we tested the effect of 2-APB, a non-specific
TRPM7 channel inhibitor, on the survival of AGS cells. Addition
of 10, 50, 100 μmol/L, and 1 mmol/L 2-APB in the culture
medium inhibited the survival of AGS cells by 22.1% ± 2.1%,
40.2% ± 1.6%, 60.5% ± 2.1%, and 96.1% ± 1.4% with MTT

assay (n = 5; Fig. 4a). Similar to 2-APB, La3+ also inhibited the
survival of AGS cells (n = 5; Fig. 4b).

TRPM7siRNA was used to selectively suppress the expression
of TRPM7 channels. As shown in Fig. 4c, there was significant
cell death in AGS cells transfected with TRPM7siRNA3 by
54.4% ± 3.8% with the MTT assay. Cells transfected with control
scrambled siRNA showed no difference in cell survival com-
pared to non-transfected cells. Taken together, our data suggest
that activation of TRPM7 channels plays an important role in
the survival of AGS cells.

Inhibition of TRPM7 channels lead to increased apoptosis. To
determine whether AGS cell death occurred by apoptosis, we
used sub-G1 analysis, and the method of specific proteolytic
cleavage of the DNA repair enzyme, poly (ADP-ribose) polymerase
(PARP). As a method to analyze the mode of cell death in AGS
cells transfected with TRPM7siRNA, we used sub-G1 analysis.(37,38)

In this protocol, transfected cells are stained with a fluorescent
DNA stain (such as PI). Due to the action of endogenous
endonucleases in apoptotic cells, the DNA is cleaved into
endonucleosomal fragments of typical sizes. These DNA fragments
are extracted from the cells. This loss of DNA is detectable by
FACS analysis, as the reduced nuclear staining of apoptotic cells
results in a novel (sub-G1) fluorescence peak to the left of the
regular fluorescence peak. The sub-G1 in TRPM7siRNA3 was
markedly increased by 29.2% ± 3.7%; Fig. 5a). Caspase-3

Fig. 4. Effect of 2-APB, La3+, and RNAi on cell
viability with a MTT (3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide)–based viability
assay. (a,b) Cell viability was significantly
decreased at high concentrations of 2-APB and
La3+. (c) Cell viability was decreased at 72 h after
transfection with TRPM7siRNA3. CTRL, AGS cells;
Scram, scrambled siRNA; S1, TRPM7siRNA1; S2,
TRPM7siRNA2; S3, TRPM7siRNA3. Values are
mean ± SEM. *P < 0.05. **P < 0.01.

Fig. 5. Inhibition of transient receptor potential
melastatin 7 (TRPM7) channels lead to increased
apoptosis. (a) Sub-G1 peak measured by FACScan.
Quantitative data of three independent experi-
ments. (b) Caspase-3 activities measured by enzyme
assays. The specific activity was obtained from three
samples per group. CTRL, AGS cells; Scram,
scrambled siRNA; S1, TRPM7siRNA1; S2,
TRPM7siRNA2; S3, TRPM7siRNA3. *P < 0.05.
**P < 0.01.
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activation is one of the hallmarks of apoptotic cell death.(39) We
measured the enzyme activity in AGS cells transfected with
TRPM7siRNA. Using a synthetic substrate, we found caspase-3
activity in AGS cells to be 11.5 ± 0.7 nmol pNA/min/μg protein.
In AGS cells, after 72-h transfection with TRPM7siRNA3,
elevated caspase-3 activity was 32.8 ± 0.9 nmol pNA/min/μg
protein (P < 0.01; Fig. 5b). We further characterized the changes
in caspase-3 activity by western blotting analysis of its natural
substrate, the PARP. PARP has been shown to be a cellular
target of caspase-3 and other caspases. During apoptosis, PARP
becomes proteolytically cleaved from a 116-kDa-intact form
into 85 and 25 kDa fragments. Caspase-3 cleaves a 116-kDa
fragment from PARP, and a second band corresponding to the
85-kDa fragment appears in the western blot. In AGS cells,
after 72-h transfection with TRPM7siRNA3, PARP cleavage was
increased. (Fig. 6B-a).

Mg2+ involvement in cell death. TRPM7 permeates Mg2+ and
TRPM7 plays a critical role in cellular Mg2+ homeostasis.(12,14) A
recent study has indicated that the growth defect in TRPM7-
deficient cells could be rescued by supplemental Mg2+.(12) In
this study we investigated whether the cell death in AGS cells
transfected with TRPM7siRNA3 could be ameliorated to any
extent by supplementing their growth media with Mg2+. As
shown in Fig. 6A, provision of 10 mmol/L supplemental Mg2+

allowed the survival and growth of AGS cells. In the caspase-3
activity test, there was no cleavage fragment of its natural
substrate, the PARP (Fig. 6B-b)

Discussion

Ion channels have an important role in a wide variety of
biological processes that involve in excitability, gene expression,
muscle contraction, cell volume regulation, hormone secretion,
etc. In addition to these life-supporting activities, ion channels
are also associated with several diseases.(40,41) Over the past 10
years, ion channels have been crucial for tumor development
and growth of cancer. When epithelial cells change from being
normal to being cancerous, a series of genetic alterations occur,
which may also affect the expression of ion channels or cause a
change in ion channel activity.(42) Voltage-gated potassium ion
channels were overexpressed in colon cancer(43) and voltage-gated
sodium ion channels were involved in the growth of prostate
cancer.(44) Volume-regulated Cl- channels were found in a human
prostate cancer cell line and in lung cancer cells.(45,46) TRP
proteins have diverse functional properties and profound effects
on a variety of physiological and pathological conditions. TRPV6
is overexpressed in prostate adenocarcinoma and is a promising
target for new therapeutic strategies for the treatment of
advanced prostate cancer.(47) The down-regulation of TRPM1
transcript expression in human cutaneous melanoma appears to
be a prognostic marker for melanoma metastasis.(48) In addition,

TRPM8 channel protein has been used as a prostate-specific
marker and the loss of TRPM8 is considered as a sign of poor
prognosis.(49,50) Recently, Jiang et al.(23) suggested that activation
of TRPM7 channels is critical for the growth and proliferation
of human head and neck carcinoma cells. Therefore, the
research into the pathophysiologic function of ion channels is
one of the interesting areas that may offer alternative prognostic
and therapeutic strategies for cancer patients. In line with
this argument, our studies showed that activation of TRPM7
channels influence the growth and survival of human gastric
adenocarcinoma cells.

Several line of evidence indicate that this current is carried, at
least partially, by TRPM7 channels. (1) Whole-cell voltage-clamp
recordings revealed that TRPM7-like currents have strong out-
ward rectification of the current–voltage relationship, modulated
by intracellular Mg2+, and inhibited by external 2-APB and La3+

(Fig. 1). This feature is similar to TRPM7 currents recorded in
other cells and in heterologous expression systems.(14,17,28,31)

(2) RT-PCR, western blot, and immunoreactivity detected the
presence of TRPM7 mRNA and protein (Fig. 2). (3) Reduction
of the current by TRPM7 siRNA supports the involvement of
TRPM7 channels (Fig. 3).

TRPM7 is a member of the transient receptor potential mel-
astatin subfamily of ion channels. It is very closely related to
TRPM6 with which it shares very similar electrophysiological
properties and an α-kinase domain in the C terminus. Although
both channels are apparently involved in Mg2+ homeostasis, and
can potentially form TRPM6/7 heterodimers, they have also
been shown to have non-redundant roles.(51) However, there are
biophysical differences between the two channels, including a
differential response of TRPM7 to the inositol triphosphate (IP3)
inhibitor 2-APB. Micromolar levels of 2-APB increase TRPM6
but significantly inhibit TRPM7 channel activities.(52) In AGS
cells, these currents were inhibited by micromolar levels of 2-
APB. Therefore, TRPM6 does not play an important role in this
system.

TRPM7 plays a critical role in cellular Mg2+ homeostasis(12)

and cortical-neuronal cell death in response to oxygen and
glucose deprivation–induced stress.(17) In AGS cells, there was
significant cell death in cells transfected with TRPM7siRNA.
But in the case of receiving 10-mM supplemental Mg2+, cells
transfected with TRPM7siRNA were able to grow. Therefore, in
AGS cells Mg2+ may be one of the important keys in cell growth
and survival.

Some have described that Mg deprivation induces cell death
by apoptosis, for example in primary cultures of rat hepatocytes.(53)

They concluded that Mg deficiency provoked apoptotic death by
an increased susceptibility to oxidative stress. Dietary Mg
restriction in rats also accelerated thymus involution, a typical
example of apoptosis,(54) although in this case the inflammatory
process could be a confounding factor.

Fig. 6. Mg2+ involvement in cell death. (A) Cell
viability was decreased at 72 h after transfection
with transient receptor potential melastatin 7
(TRPM7) siRNA3, but in the case of supple-
menting their growth media with 10 mmol/L
Mg2+, cell viability decreased little. Values are
mean ± SEM. *P < 0.05. (B) A representative western
blotting of transfected cells with anti-PARP
antibody. Cells transfected with TRPM7siRNA3
represent increased PARP cleavage, but there was
no cleavage when supplementing 10 mmol/L Mg2+.
Glyceraldhyde-3-phosphate dehydrogenase (GAPDH)
was used as an internal control.
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Apoptotic cell death pathways are induced by a variety of signals.
One mechanism which is consistently implicated in apoptosis is
the activation of a series of cytosolic proteases, the caspases.(55)

Caspases are synthesized as inactive proenzymes that are processed
in cells undergoing apoptosis by self-proteolysis and/or cleavage
by another protein. Functionally, active caspases form a proteolytic
cascade, capable of cleaving and activating specific substrates,
including an enzyme involved in DNA repair and genomic
maintenance, PARP. Such cleavage events may result in important
alterations to normal homeostatic cellular processes.(56) PARP
has been shown to be a cellular target of caspase-3 and other
caspases. In AGS cells, after 72-h transfection with TRPM7siRNA,

PARP becomes proteolytically cleaved from a 116-kDa intact
form into 85-kDa fragments (Fig. 6B) and caspase-3 activity is
increased (Fig. 5b).

In summary we have demonstrated that human gastric adeno-
carcinoma cells express functional TRPM7 channels that are
involved, at least partially, in cell growth and survival.
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