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Abstract

Because intravaginal pH is strongly acidic, it is important to investigate the
effects of acidosis on cervical cancer cells. Recently, in response to strong aci-
dosis, human cervical cancer HeLa cells were shown to exhibit necrosis after
showing persistent cell swelling induced by Cl™ influx. Since cation influx
should be accompanied with Cl™ influx to drive water inflow causing cell
swelling, we here studied on the nature of acidotoxic cation conductance. The
mRNA/protein expression was assessed by RT-PCR and Western blotting.
Ionic currents were measured by patch-clamping techniques. Cell counting/vi-
ability and colorimetric assays were applied to assess proliferation rate and
caspase 3/7 activity, respectively. Cell volume and size were measured by elec-
tronic sizing and video-microscopic measurements, respectively. Acid exposure
enhanced TRPM7 activity endogenously expressed in HeLa cells and exoge-
nously overexpressed in HEK293T cells. Gene silencing of TRPM7 abolished
acid-induced cell swelling and necrosis but rather induced activation of apop-
totic caspase 3/7 in HeLa cells. Overexpression with the pore charge-neutraliz-
ing D1054A mutant suppressed acid-enhanced cation currents, acid-induced
cell swelling, and acidotoxic necrosis in HEK293T cells. Progesterone treat-
ment was surprisingly found to suppress molecular and functional expression
of TRPM7 and cell proliferation in HeLa cells. Furthermore, in the proges-
terone-treated cells, acid exposure did not induce persistent cell swelling fol-
lowed by necrosis but induced persistent cell shrinkage and apoptotic cell
death. These results indicate that in the human cervical cancer cells, TRPM7
is essentially involved in acidotoxic necrotic cell death, and progesterone inhi-
bits TRPM7 expression thereby inhibiting acidotoxic necrosis by switching to
apoptosis.

Introduction

Acidosis is frequently observed in a number of pathologi-
cal states including ischemic, inflammatory, hyper-
glycemic, and injurious situations (for Reviews:
(Rehncrona, 1985; Chesler and Kaila, 1992; Siesjo, 1993;
Lardner, 2001; Wemmie et al., 2006)) as well as the
tumor microenvironments (for Reviews: (Vaupel et al.,
1989; Lardner, 2001)). Even under physiological
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conditions, normal pH is between 4.0 and 5.0 in the
human skin surface (Fluhr et al., 2001; Behne et al., 2002)
and in the vagina of premenopausal women (Lang, 1955;
Garcia-Closas et al., 1999; Eschenbach et al., 2000). Strong
acidosis may toxically contribute to cell death, called aci-
dotoxicity, not only in brain neuronal and glial cells
(Goldman et al., 1989; Siesjo et al, 1996; Ding et al.,
2000) but also in epithelial cells (Argenzio and Eisemann,
1996). Acidotoxic cell death is necrotic in nature and is
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Role of TRPM7 in Cervical Cancer Cell Death

usually preceded by persistent cell swelling, called the
necrotic volume increase (NVI), which is induced by water
inflow driven by Na" and CI~ influx (for Reviews: (Okada
et al., 2001, 2019)). The acidotoxic Cl~ influx was shown
to be mediated by the acid-sensitive outwardly rectifying
anion channel (ASOR) in human cervical cancer HeLa cells
(Wang et al., 2007) and in mouse brain cortical neurons
(Sato-Numata et al., 2014). Thus, activation of some con-
ductive Na* entry pathway must be, in parallel with ASOR
activation, induced by acid stimulation upon the acido-
toxic NVI event. There exist two types of known cationic
channels activated by acid stimulation: one is the acid-sens-
ing ion channels (ASIC) mainly expressed in neuronal cells
(Waldmann et al., 1997; 1999), and another is the transient
receptor potential cation channel subfamily M member 7
(TRPM7) expressed in a wide variety of cell types (Jiang
et al., 2005) including HeLa cells (Numata et al., 2007b;
Numata and Okada, 2008b).

In this study, therefore, a possible involvement of
TRPMY in acidotoxic NVI and necrotic death in human
cervical cancer HeLa cells was first investigated, not only
because the normal vaginal pH is strongly acidic but also
because TRPM7 is known to be aberrantly expressed in
malignant tumor cells (Yee, 2017). Progesterone (P4) is
known to inhibit cervical and vaginal squamous cell prolif-
eration through mediation by the progesterone receptor
(PR) (Mehta et al., 2016), and PR is known to be expressed
in the endocervix epithelium (Fernandes et al., 2017). Also,
progesterone was shown to inhibit cervical carcinogenesis
(Yoo et al., 2013). Thus, the effects of progesterone on
TRPM7 activity as well as on the acidotoxic NVI and
necrosis in HeLa cells were next investigated in this study.

Materials and Methods

Cell culture

Human cervical cancer HeLa and human embryonic kid-
ney HEK293T cells were grown as a monolayer in Mini-
mum Essential Medium (MEM) and Dulbecco’s Modified
Eagle’s Medium (DMEM), respectively, supplemented
with 10% fetal bovine serum, 40 units/mL penicillin G,
and 100 ug/mL streptomycin under a 95% air, 5% CO,
atmosphere at 37°C. For cell volume and cell size mea-
surements, and electrophysiological experiments, cells
were detached from a plastic substrate and cultured in
suspension with agitation for 15-300 min.

Recombinant expression and small
interfering RNA transfection

Recombinant and expression was performed as previously
described (Numata et al., 2007a). HEK293T cells were
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transfected with recombinant plasmids pIRES2-EGFP vec-
tor (Clontech, Mountain View, CA), pIRES2-EGFP-
TRPM7, pIRES2-EGFP-TRPM7 (D1054A), or pIRES2-
EGFP-TRPM7 (D1054E), as previously described
(Numata and Okada, 2008b). Lipofectamine 2000
(Thermo Fisher Scientific, Waltham, MA) was used for
transfections according to the manufacturer’s instructions.

HeLa cells were transfected with small interfering RNA
(siRNA), as previously reported (Numata et al., 2007b).
For experiments, successfully transfected cells were
selected by their Alexa 488 fluorescence as a transfection
marker. Suppression of molecular expression of TRPM7
by the siRNA treatment in HeLa cells was confirmed by
reverse transcription-PCR and immunoblot analyses, as
previously described (Numata et al., 2007b).

Patch-clamp experiments

Whole-cell recordings were performed at room tempera-
ture (22-26°C). Pipettes were pulled from borosilicate
glass capillaries with a micropipette puller (P-97; Sutter
Instruments, Novato, CA). The electrode had a resistance
of around 4 megaohms for whole-cell recordings when
filled with pipette solution. Currents were recorded using
an Axopatch 200B amplifier (Axon Instruments/Molecular
Devices, Union City, CA). Current signals were filtered at
5 kHz using a four-pole Bessel filter and digitized at
20 kHz. pClamp software (version 10.5.1.0; Axon Instru-
ments/Molecular Devices) was used for command pulse
control, data acquisition, and analysis. To minimize K"
and anion currents, all recordings were carried out using
intracellular low Cl~, Cs'-rich solution and extracellular
Cl -free, Na'-rich solution. Data were analyzed using
Origin (OriginLab Corp., Northampton, MA) software.
For whole-cell recordings, the series resistance was com-
pensated (to 70-80%) to minimize voltage errors. Ramp
pulses were applied from —100 mV to +100 mV at a
speed of 1 mV/msec. The intracellular (pipette) solution
contained (in mmol/L): 100 Cs-aspartate, 1 EGTA, 10
HEPES, and 0.5 CsCl (pH adjusted to 7.4 with CsOH,
and osmolality adjusted to 300 mosmol/kg-H,O with D-
mannitol). The bath solution contained (in mmol/L): 100
Na-aspartate (or Cs-aspartate), 1 CaSO,, 1 MgSO,, and
10 HEPES (pH adjusted to 7.4 with NaOH (or CsOH),
and osmolality adjusted to 320 mosmol/kg-H,O with D-
mannitol). To make the acidic solution (pH 4 or 6), MES
was added instead of HEPES and pH was adjusted with
H,SO,.

Western blot analysis

After 72 h of application of progesterone, HeLa cells were
solubilized in the radioimmunoprecipitation assay (RIPA)
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buffer (pH 8.0) containing 0.1% SDS, 0.5% sodium
deoxycholate, 1% Nonidet P40, 150 mmol/L NaCl,
50 mmol/L Tris-HCI, 1 mmol/L PMSF and 10 pg/pL leu-
peptin, then centrifuged at 17,400¢ for 20 min. Whole-cell
lysates were fractionated by 7.5% SDS-PAGE and electro-
transferred onto a poly-vinylidene fluoride (PVDF) mem-
brane. The blots were incubated with anti-TRPM7 anti-
body (1:1000 dilution, an affinity-purified polyclonal
rabbit antibody raised against a peptide corresponding to
amino acids 1816-1835 of human TRPM7) or mono-
clonal anti-o-tubulin (as an internal standard, 1:2000
dilution; T6074, Sigma-Aldrich,Saint Louis, MO), and
stained using the enhanced chemiluminescence system
(Thermo Fisher Scientific).

RNA isolation and RT-PCR

Total cellular RNA was extracted from HeLa cells using
NucleoSpin®RNA  Plus (Takara-Bio, Shiga, Japan)
according to the protocol supplied by the manufacturer.
The concentration and purity of RNA were determined
using a Nanodrop-ND1000 (Thermo Fisher Scientific).
Total RNA samples were reverse-transcribed at 42°C for
30 min with Prime Script RTase using the Prime-Script™
II High Fidelity RT-PCR Kit (Takara-Bio), according to
the manufacturer’s protocols. Expression levels of TRPM7
in the cDNA from HeLa were determined by PCR. As a
positive control, we amplified the partial sequence of
glyceraldehyde-3-phosphate ~ dehydrogenase (GAPDH).
Suppression of RNA expression was confirmed by RT-
PCR analysis. PCR was done using KOD-Plus-Ver.2 (Toy-
obo, Osaka, Japan) under the following conditions: prede-
naturation at 94°C for 2 min, followed by 25 cycles of
denaturation at 98°C for 10 sec and annealing at 55°C
for 30 sec, and final extension at 68°C for 40 sec. The
sequences of gene-specific primers (synthesized by Sigma-
Aldrich) and the predicted lengths of PCR products are
as follows: hGAPDH (496 bp) forward and reverse pri-
mers:  5-GGTGAAGGTCGGAGTCAACG-3' and 5'-
CAAAGTTGTCATGGATGACC-3', respectively; hTRPM7
(276 bp) forward and reverse primers: 5-CACTTG-
GAAACTGGAACC-3' and 5-CGGTAGATGGCCTTC-
TACTG-3', respectively.

Cell counting assay

HelLa cells (1 x 10° cells) were replated in a 6-cm dish
and incubated in 10% serum-added MEM medium for
3 days with or without progesterone. Thereafter, an ali-
quot (1 uL) of the Acridine Orange/Propidium Iodide
(AO/PI) cell viability kit (Logos Biosystems, Inc., Anyang,
Republic of Korea) was added to each 100 uL of samples.
After the incubation at room temperature for 10 min, the
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cell staining solution was loaded onto the counting slide
of Countess and the loaded cell sample images were
acquired from CountessII-FL (Thermo Fisher Scientific).
The cells positive for AO were taken viable and counted
to calculate the proliferation rate.

Assays for cell death

Cell death was detected by four different methods, fluo-
metric analysis of caspase 3/7 activation, electronic sizing
of cell volume, and triple staining with hoechst/acridine
orange (AO) and propidium iodide (PI) assay.

Total cell caspase 3/7 activity was measured by a fluo-
metric caspase 3/7 assay using the Caspase-Glo® 3/7 assay
systems (Promega, Madison, WI).

Mean cell volume was measured in Tyrode or Tyrode-
based acidic solution at room temperature by electronic
sizing with a Coulter-type cell size analyzer (CDA-500;
Sysmex, Hyogo, Japan). The mean volume of the cell
population was calculated from the cell volume distribu-
tion measured after the machine was calibrated with latex
beads of known volume. Tyrode solution (300 mosmol/
kg-H,O adjusted by D-mannitol) contained (in mmol/L)
140 NaCl, 5 KCl, 1 MgCl,, 2 CaCl,, 10 D-glucose, and 10
HEPES (pH 7.4 adjusted by NaOH). To make the Tyr-
ode-based acidic solution (pH 4 or 6), MES was added
instead of HEPES and pH was adjusted with H,SO,. The
relative cell volume is defined by the following equation:
relative cell volume = V,/V,,, where V,, and V, are the
mean cell volume values at an initial and a given time
during the experiments. The mean cell size was measured
at room temperature by video image recording. The
EGFP-positive cells were visualized through a charge-cou-
pled device camera (XC-ST70, Sony, Tokyo, Japan) and
images were recorded with the mAgicTV software (I-O
DATA, Ishikawa, Japan). The cross-sectional area (CSA)
of the cell of interest was measured as an indicator of cell
size by the Image] software. The relative CSA is defined
by the following equation: relative CSA = A/A,, where A,
and A are the CSA values at an initial and a given time,
respectively, during the experiments.

For morphological analysis of nuclei, and triple staining
with hoechst/acridine orange (AO) and propidium iodide
(PI) assay, the Hoechst 33342 (2 ug/mL), and propidium
iodide (PL: 5 pug/mL)/AO/PI cell viability kit (Logos
Biosystems) were added to each sample. After the incuba-
tion at room temperature for 5 min, the cell sample
images were acquired in EGFP-positive cells from In Cell
Analyzer 1000 (GE Healthcare, CA)/ CountessII-FL
(Thermo Fisher Scientific). The PI-positive cells were
taken as necrotic cells and counted. In those assays, cells
were preincubated in acidic solution for 1 h and washed
with PBS. The composition of acidic solutions was the
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same as that of acidic solutions used in cell volume mea-
surements.

Statistical evaluation

Data are presented as means = SEM of n observations.
Statistical differences of the data were evaluated by the
paired or unpaired Student’s ¢ test and were considered
significant at P < 0.05.

Results

TRPM7 expression is involved in acid-
induced necrotic cell death in human
cervical cancer Hela cells

HeLa cells are known to express TRPM?7 activity which
exhibits outwardly and inwardly rectifying cation currents
(Numata et al., 2007b) and is enhanced by acidic solution
(Numata and Okada, 2008a). Actually, the treatment with
siRNA for TRPM7 mRNA (TRPM7-siRNA) markedly
suppressed TRPM7 expression (Fig. 1A) and largely elimi-
nated cationic currents observed at pH 7.4 and also acid-
enhanced cationic currents (Fig. 1B and C), indicating
that cationic currents enhanced by exposure to acidic
solution in HeLa cells are mediated via TRPM7 under the
present experimental conditions.

As shown in Figure 2A-C, HeLa cells responded to
exposure to acidic solution at pH 6.0 and pH 4.0 with
cell swelling reaching the mean peak values of 108% and
110%, respectively, within 10 min (Fig. 2D), as previously
observed at pH 4.5 (Wang et al., 2007). Acid-induced cell
swelling was abolished in HeLa cells treated with TRPM7-
siRNA (Fig. 2A-D). Interestingly, the cell volume
observed at 30 min after exposure to pH 4.0 acidic solu-
tion in siRNA-treated cells significantly showed cell
shrinkage (Fig. 2C: open symbols). Triple staining experi-
ments with Hoechst 33342, acridine orange and propid-
ium iodide (PI) showed that the number of PI-positive
(dead) cells markedly increased after 1-h exposure to
acidic solutions at pH 6.0 and 4.0 in mock-transfected
control HeLa cells (Fig. 2E: filled columns), whereas acid-
induced cell death became much less marked in TRPM7-
deficient HeLa cells (Fig. 2E: open columns). As shown in
Figure 2F, acid treatment induced activation of apoptotic
caspase 3/7 in TRPM7-deficient cells (open columns),
being in contrast to little caspase 3/7 activation in control
cells (filled columns). These results indicate that acid
exposure induced cell swelling followed by PI-positive cell
death in TRPM7-expressing cells but rather cell shrinkage
followed by Pl-negative cell death characterized by cas-
pase 3/7 activation in TRPM7-deficient cells. Thus, it
appears that the expression of TRPM7 is required for the
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Figure 1. Abrogating effects of sSiRNA knockdown of TRPM7 gene
on acid-induced whole-cell currents in Hela cell. (A) Detection of
TRPM7 and GAPDH mRNAs by RT-PCR. Transfection with TRPM7-
SiRNA for 72 h suppressed TRPM7 mRNA expression (siRNA:
compared to mock) without affecting GAPDH mRNA expression.
Data are representative of duplicate experiments. (B) Representative
current-voltage (V) relationships of cationic currents at pH 7.4,
pH 6.0, and pH 4.0 under ramp clamp from —200 to +100 mV in
mock- or siRNA-treated cell. (C) Mean current densities recorded at
—200 mV of mock- or siRNA-transfected cells in pH 7.4, pH 6.0,
and pH 4.0 solutions (n = 10). Each data point represents the
mean + SEM. *Significantly different (P < 0.05) from the
corresponding control (mock-transfected) cells. TSignificantly
different (P < 0.05) from the values at pH 7.4.

acid-induced necrotic volume increase (NVI) and necrotic
cell death in HeLa cells, and that when the expression of
TRPM?7 is suppressed by siRNA treatment, acid exposure
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Figure 2. Effects of TRPM7 knockdown on acid-induced cell swelling and death in Hela cells. (A-C) The time course of changes in the relative
mean cell volume. At time zero, pH of the bathing solution was changed. Acidic solution (pH 6.0 or 4.0) induced the necrotic volume increase
(NVI) in mock-transfected, but not TRPM7-siRNA-transfected, Hela cells (n = 10). (D) Summarized data showing the relative cell volume at

10 min after application of acidic solution (pH 6.0 or 4.0). Each column represents the mean + SEM. (E) Summarized data showing the fraction
of Pl-positive cells after 1-h exposure to pH 7.4 solution or acidic solution (pH 6.0 or 4.0) in mock-transfected control cells (filled columns) or
TRPM7-siRNA-transfected cells (open columns). Each column represents the mean 4+ SEM (n = 19). (F) The relative caspase 3/7 activity
measured by a fluorometric assay after 1-h exposure to pH 7.4 or acidic solution. Each column represents the mean £ SEM in five independent
experiments. *Significantly different (P < 0.05) from the corresponding control (mock-transfected) cells. TSignificantly different (P < 0.05) from

the values at pH 7.4.

rather induced cell shrinkage, that is the apoptotic vol-
ume decrease (AVD), and PI-negative cell death associ-
ated with caspase 3/7 activation, that is apoptosis.

TRPM7 conductance is involved in acid-
induced necrotic cell death in TRPM7-
overexpressing human epithelial HEK293T
cells

A pore charge-neutralizing D1054A mutant, but not a
charge-preserving mutant D1054E, of TRPM?7 is known
to inhibit cation currents under strong acidic conditions
(Numata and Okada, 2008a). To confirm the involvement
of TRPM7-mediated cation conductance in acid-induced
necrotic cell death, therefore, effects of acid exposure on
the channel activity and necrotic cell death were exam-
ined in HEK293T cells overexpressing the wild-type (WT)
and D1054A and DI1054E mutants of TRPM7 after
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validating their successful overexpression (Fig. 3A). As
shown in Figure 3B and C, exposure to acidic solution
was found to enhance whole-cell currents exhibiting out-
wardly and inwardly rectifying currents typical to TRPM7
channel activity in HEK293T cells transfected with wild-
type TRPM7 (WT) but not in the mock-transfected cells
(mock). When the D1054A mutant was overexpressed,
acid-induced current activation was mostly abolished
(D1054A), whereas the D1054E mutant failed to affect
acid-induced current increments (D1054E).

In HEK293T cells overexpressing WT and pore mutants
of TRPM7, the cell size was maintained constant at pH
7.4 (Fig. 4A). In contrast, as seen in Figure 4B and C, the
WT-expressing HEK293T cells responded to acidic solu-
tions at pH 6.0 and pH 4.0 with cell swelling (filled cir-
cles). However, acid-induced «cell swelling was not
observed in cells expressing the D1054A mutant (open

triangles) or mock-transfected control cells (open
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Figure 3. Effects of overexpression of WT and mutant TRPM7 on acid-induced whole-cell currents in HEK293T cells. (A) Detection of TRPM7
and GAPDH mRNAs by RT-PCR. Transfection with WT, D1054A, and D1054E of TRPM7 enhanced TRPM7 mRNA expression (compared to
mock) without affecting GAPDH mRNA expression. Data are representative of duplicate experiments. (B) Representative /~V relationships of
cationic currents at pH 7.4, pH 6.0, and pH 4.0 under ramp clamp from —200 to +100 mV in WT- or D1054A-transfected cells. (C) Mean
current densities at —200 mV of mock-, WT-, D1054A-, or D1054E-transfected cells in pH 7.4, pH 6.0, and pH 4.0 solutions (n = 6-14). Each
data point represents the mean + SEM. *Significantly different (P < 0.05) from the corresponding WT-transfected data. Significantly different

(P < 0.05) from the values at pH 7.4.

squares). On the other hand, in the cells expressing the
D1054E mutant, acid exposure induced cell swelling
(open circles), as observed in WT-expressing cells (filled
circles). As summarized in Figure 4D, acid-induced cell
swelling was significantly observed in WT- and D1054E-
expressing cells but not in D1054A-expressing and mock-
transfected cells. Acid treatment increased the number of
PI-positive cells in WT- and D1054E-expressing cells,
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whereas such acid-induced cell death was much less
prominent in DI1054A- and mock-transfected cells
(Fig. 4E). In contrast, exposure to acidic solution never
induced caspase 3/7 activation in WT-, DI1054A-,
D1054E- and mock-transfected cells (Fig. 4F). Thus, it is
evident that activation of TRPM7 conductance is respon-
sible for acid-induced NVI and necrotic cell death by
causing Na”

influx and inducing depolarization
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Figure 4. Effects of overexpression of TRPM7 and its mutants on acid-induced cell swelling and death. (A-C) The time course of changes in
the mean relative cross-sectional area (CSA). At 1 min, pH of the bathing solution was changed. Acidic solution (pH 6.0 or 4.0) induced the
necrotic volume increase (NVI) in WT- and D1054E-transfected, but not in mock- and D1054A-transfected, HEK293T cells (n = 10). (D)
Summarized data showing the relative CSA at 2 min after application of acidic solution (pH 6.0 or 4.0). (E) Summarized data showing the
fraction of Pl-positive cells after 1-h exposure to pH 7.4 solution or acidic solution (pH 6.0 or 4.0) in WT-, D1054A-, D1054E- or mock-
transfected cells. (F) The relative caspase 3/7 activity measured by a fluorometric assay after 1-h exposure to pH 7.4 or acidic solution. Each
column represents the mean + SEM in five independent experiments. *Significantly different (P < 0.05) from the corresponding WT-transfected

data. fSignificantly different (P < 0.05) from the values at pH 7.4.

facilitating CI™ influx via the anionic ASOR conductance
in the human epithelial cells.

Progesterone inhibits molecular and
functional TRPM7 expression and suppresses
cell proliferation in human cervical cancer
Hela cells

As shown in Figure 5 (A and B), administration of pro-
gesterone (P4: 10 nmol/L or 1 ymol/L for 72 h) was
found to drastically reduce the endogenous expression of
TRPM7 mRNA (A) and protein (B) in HeLa cells. Since
TRPM?7 is known to play an essential role in cell prolifer-
ation (Hanano et al, 2004; Jiang et al., 2007), we then
explored the effect of progesterone on the proliferation of
HeLa cells. As shown in Figure 5C, the proliferation of
HeLa cells was markedly suppressed by 10 nmol/L proges-
terone and almost completely ceased by 1 gmol/L proges-
terone. Whole-cell recordings in HeLa cells showed that
cationic currents activated by acidic solution (Fig. 5D
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and G) were found to be significantly reduced after
progesterone administration (10 nmol/L and 1 gmol/L:
Fig. 5E-G).

Progesterone inhibits TRPM7-mediated
acidotoxic necrosis in human cervical cancer
Hela cells

At pH 7.4 the cell volume was virtually constant, and 72-
h treatment with 10 nmol/L and 1 gmol/L progesterone
did not affect the HeLa cell volume (Fig. 6A). In Hela
cells treated with 10 nmol/L and 1 umol/L progesterone
for 72 h, acid-induced cell swelling was abolished at pH
6.0 (Fig. 6B), as summarized in Figure 6D, and even
turned to shrinkage at 30 min after application of acidic
solution at pH 4.0 (Fig. 6C). These progesterone effects
are similar to the effects of TRPM7-siRNA (Fig. 2D). PI-
positive HeLa cells observed after 1-h exposure to acidic
solution at pH 6.0 were abolished by treatment with
1 umol/L progesterone and markedly reduced at pH 6.0
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Figure 5. Effects of progesterone (P4) treatment on molecular and functional expression of TRPM7 and cell proliferation in Hela cell. (A)
Detection of TRPM7 and GAPDH mRNAs by RT-PCR. Treatment with progesterone (10 nmol/L or 1 umol/L) for 72 h suppressed TRPM7 mRNA
expression (compared to DMSO-treated or untreated control) without affecting GAPDH mRNA expression. Data are representative of duplicate
experiments. (B) Immunoblots of the protein extracts of Hela cells for TRPM7 protein. Progesterone treatment reduced expression of TRPM7
protein. Data are representative of triplicate experiments. (C) Effects of progesterone on cell proliferation evaluated at 1, 2, and 3 days after
culture. Gray and filled circles represent the number of Hela cells treated with 10 nmol/L or 1 umol/L progesterone, respectively. Open circles
represent the number of control cells. (D, E, F) Representative -V relationships of cationic currents under ramp clamp from —100 to +100 mV
in untreated control and progesterone-treated cells. (G) Summarized data showing the whole-cell current densities recorded at —100 mV in
untreated control cells (white columns), 10 nmol/L (gray columns) and 1 umol/L progesterone-treated cells (black columns). Acid treatment (pH
6.0 or 4.0) significantly reduced whole-cell currents compared to untreated control cells (n = 7-15). Each column represents the mean + SEM
(vertical bar). *Significantly different (P < 0.05) from the control values. fSignificantly different (P < 0.05) from the values at pH 7.4.

by treatment with 10 nmol/L progesterone and at pH 4.0
by treatment with 10 nmol/L and 1 gmol/L progesterone,
as shown in Figure 6E (gray and black columns). As sum-
marized in Figure 6F (gray and black columns), caspase
3/7-positive cells became observed by treatment with
10 nmol/L progesterone at pH 4.0 and by treatment with
1 umol/L progesterone at pH 6.0 and 4.0. Thus, it
appears that apoptosis was the predominant cell death
induced by acid exposure in progesterone-treated cells,
but necrotic cell death predominated under untreated
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control conditions in HeLa cells. On balance, the proges-
terone treatment turns the acid-induced volume change
from NVI to AVD and cell death from apoptosis to
necrosis by suppressing TRPM7 expression in the human
cervical cancer cells.

Discussion

TRPM?7 has been implicated in a wide variety of physio-
logical cellular processes, including cell proliferation

© 2019 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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time course of changes in the relative mean cell volume. At time zero, pH of the bathing solution was changed. Acidic solution (pH 6.0 or 4.0)
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(F) The relative caspase 3/7 activity measured by a fluorometric assay after 1-h exposure to pH 7.4 or acidic solution. Each column represents

the mean + SEM in eight independent experiments. *Significantly different (P < 0.05) from the corresponding control cells. fSignificantly

different (P < 0.05) from the values at pH 7.4.

(Hanano et al., 2004; Jiang et al., 2007), divalent cation
homeostasis (Monteilh-Zoller et al., 2003; Schmitz et al.,
2003; He et al., 2005; Inoue et al., 2010), cytoskeletal reg-
ulation (Nadler et al., 2001; Clark et al., 2006), cell adhe-
sion (Su et al, 2006), cell migration (Wei et al., 2009;
Kuras et al., 2012), axonal outgrowth (Turlova et al.,
2016), neurotransmitter release (Krapivinsky et al., 2006;
Brauchi et al., 2008), embryonic development (Jin et al.,
2008), mechano-sensing (Numata et al, 2007a,2007b),
and intestinal pace-making (Kim et al., 2005). Involve-
ments of TRPM7 were also shown in hypoxic/ischemic
brain injury and neuronal cell death (Aarts et al., 2003;
Aarts and Tymianski, 2005; Jiang et al., 2008; Sun et al.,

© 2019 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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2009; Leng et al., 2014; Chen et al.,, 2015) and Zn-induced
neurotoxicity (Inoue et al., 2010). Furthermore, TRPM7
is known to be aberrantly expressed in human cancers
and playing roles in tumor growth and metastasis (Yee,
2017). In this study, TRPM7 channel activity was, for the
first time, demonstrated to play an essential role in the
acidotoxic induction of NVI and necrotic cell death in
human cervical cancer HeLa cells.

Progesterone (P4), which belongs to a group of steroid
hormones, is essential for the regulation of normal female
reproductive functions with mainly regulating the
monthly menstrual cycle and maintaining the early stages
of pregnancy in the uterus and ovary. The physiological
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effects of progesterone are mediated via the interaction of
the hormone with two progesterone receptor (PR) iso-
forms, PR-A and PR-B. PR is known to express in the
epithelium of the endocervix (Fernandes et al., 2017),
suppress cervical cell proliferation (Mehta et al., 2016)
and inhibit cervical carcinogenesis (Yoo et al, 2013).
However, the effects of progesterone on cervical cancer
cells have not as yet been well elucidated especially under
the acidic conditions mimicking the intravaginal situa-
tion. In human cervical cancer Hela cells, here, for the
first time, we demonstrated that progesterone reduces the
endogenous expression of TRPM7 molecule (Fig. 5A and
B) and its channel activity (Fig. 5D—G) as well as the cell
proliferation (Fig. 5C). Also, progesterone treatment was
found to inhibit acid-induced cell swelling (Figs. 6B-D)
and acid-induced necrotic cell death (Fig. 6E) with acti-
vating apoptotic caspase 3/7 (Fig. 6F). These results
strongly suggest that progesterone inhibits the prolifera-
tion of cervical cancer cells and switches acidotoxic cell
death from necrosis to apoptosis by suppressing TRPM7
expression and activity.

Apoptosis is the process by which cells are pro-
grammed to die in an orderly and timely manner and
also the prerequisite process to promptly remove dying
and damaged cells (Wyllie et al., 1980; Raff et al., 1994).
Cancer cells, in contrast, escape from the apoptotic cell
death by acquiring a dysfunctional apoptotic program
(Hacker and Vaux, 1995; Thompson, 1995; Renehan
et al, 2001). Thus, a variety of anticancer agents were
designed to induce activation of apoptotic program
(Kaufmann, 1989; Barry et al., 1990; Eastman 1990). Can-
cer cells are in general induced to die with non-apoptotic
mechanism such as necrosis (Okada and Mak, 2004). In
necrosis, cytosolic and nuclear constituents leak out to
the intercellular space through the broken or damaged
plasma membrane, thereby provoking inflammatory
response in the surrounding tissues. In contrast, apoptosis
is coupled to phagocytosis by nearby phagocytes to clear
dying cells and apoptotic bodies without scattering harm-
ful intracellular constituents, namely damage-associated
molecular patterns (DAMPs), derived from dying cells.
Thus, an anticancer strategy is to be targeting the switch-
ing method of necrosis to apoptosis.

Cervical cancer is a serious problem with nearly
500,000 women developing the disease each year (Wag-
goner, 2003) and with resulting in the fourth leading
cause of cancer death in females worldwide (Jemal
et al, 2011). Although the surgical operation and
chemo-radiotherapy are most effective to cure the
patients with the early stage (say Stage 0 to IB) and
the middle stage (say Stage IIA to IVA) of cervical can-
the latter therapy often produces
effects  (Eifel,

cer, respectively,
hematologic and gastrointestinal side
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2006). Progesterone and its derivative progestines have
been used successfully as therapeutics to treat
and endometrial cancer (for Review:
(Kim et al., 2013) but not cervical cancer. The present
finding of progesterone-induced necrosis-to-apoptosis
switching under acidic conditions might provide an

endometriosis

important clue for a possible application of the proges-
terone therapy as an additional therapeutic intervention
for the middle to late stages of cervical cancer, when
taking the acidic situations not only of the cervical and
vaginal fluids but also of the solid tumor microenviron-
ment into consideration.

Acknowledgments

We are grateful to K. Shigemoto and M. Ohara for tech-
nical assistance.

Conflict of Interest

No potential conflicts of interest were disclosed.

References

Aarts, M. M., and M. Tymianski. 2005. TRPM7 and ischemic
CNS injury. Neuroscientist 11:116—123.

Aarts, M., K. Iihara, W. L. Wei, Z. G. Xiong, M. Arundine, W.
Cerwinski, et al. 2003. A key role for TRPM7 channels in
anoxic neuronal death. Cell 115:863-877.

Argenzio, R. A., and J. Eisemann. 1996. Mechanisms of acid
injury in porcine gastroesophageal mucosa. Am. J. Vet. Res.
57:564-573.

Barry, M. A., C. A. Behnke, and A. Eastman.1990. Activation
of programmed cell death (apoptosis) by cisplatin, other
anticancer drugs, toxins and hyperthermia. Biochem.
Pharmacol. 40:2353-2362.

Behne, M. J., J. W. Meyer, K. M. Hanson, N. P. Barry, S.
Murata, D. Crumrine, et al. 2002. NHEI regulates the
stratum corneum permeability barrier homeostasis.
Microenvironment acidification assessed with fluorescence
lifetime imaging. J. Biol. Chem. 277:47399-47406.

Brauchi, S., G. Krapivinsky, L. Krapivinsky, and D. E.
Clapham. 2008. TRPM?7 facilitates cholinergic vesicle fusion
with the plasma membrane. Proc. Natl. Acad. Sci. USA
105:8304-8308.

Chen, W, B. Xu, A. Xiao, L. Liu, X. Fang, R. Liu, et al. 2015.
TRPM?7 inhibitor carvacrol protects brain from neonatal
hypoxic-ischemic injury. Mol. Brain 8:11.

Chesler, M., and K. Kaila. 1992. Modulation of pH by
neuronal activity. Trends Neurosci. 15:396—402.

Clark, K., M. Langeslag, B. van Leeuwen, L. Ran, A. G.
Ryazanov, C. G. Figdor, et al. 2006. TRPM7, a novel
regulator of actomyosin contractility and cell adhesion.
Embo J. 25:290-301.

© 2019 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.



T. Numata et al.

Ding, D., S. I. Moskowitz, R. Li, S. B. Lee, M. Esteban, K.
Tomaselli, et al. 2000. Acidosis induces necrosis and
apoptosis of cultured hippocampal neurons. Exp. Neurol.
162:1-12.

Eastman, A. 1990. Activation of programmed cell death by
anticancer agents: cisplatin as a model system. Cancer Cells
2:275-280.

Eifel, P. J. 2006. Chemoradiotherapy in the treatment of
cervical cancer. Semin. Radiat. Oncol. 16:177-185.

Eschenbach, D. A., S. S. Thwin, D. L. Patton, T. M. Hooton,
A. E. Stapleton, K. Agnew, et al. 2000. Influence of the
normal menstrual cycle on vaginal tissue, discharge, and
microflora. Clin. Infect. Dis. 30:901-907.

Fernandes, C. B., S. C. Loux, K. E. Scoggin, E. L. Squires, M.
H. Troedsson, A. Esteller-Vico, et al. 2017. Sex-steroid
receptors, prostaglandin E2 receptors, and cyclooxygenase in
the equine cervix during estrus, diestrus and pregnancy:
gene expression and cellular localization. Anim. Reprod. Sci.
187:141-151.

Fluhr, J. W., J. Kao, M. Jain, S. K. Ahn, K. R. Feingold, and P.
M. Elias. 2001. Generation of free fatty acids from
phospholipids regulates stratum corneum acidification and
integrity. J. Invest. Dermatol. 117:44-51.

Garcia-Closas, M., R. Herrero, C. Bratti, A. Hildesheim, M. E.
Sherman, L. A. Morera, et al. 1999. Epidemiologic
determinants of vaginal pH. Am. J. Obstet. Gynecol.
180:1060—-1066.

Goldman, S. A., W. A. Pulsinelli, W. Y. Clarke, R. P. Kraig,
and F. Plum. 1989. The effects of extracellular acidosis on
neurons and glia in vitro. J. Cereb. Blood Flow Metab.
9:471-477.

Hacker, G., and D. L. Vaux. 1995. The medical
significance of physiological cell death. Med. Res. Rev.
15:299-311.

Hanano, T., Y. Hara, J. Shi, H. Morita, C. Umebayashi, E.
Mori, et al. 2004. Involvement of TRPM?7 in cell growth as a
spontaneously activated Ca2+ entry pathway in human
retinoblastoma cells. J. Pharmacol. Sci. 95:403—419.

He, Y., G. Yao, C. Savoia, and R. M. Touyz. 2005. Transient
receptor potential melastatin 7 ion channels regulate
magnesium homeostasis in vascular smooth muscle cells:
role of angiotensin II. Circ. Res. 96:207-215.

Inoue, K., D. Branigan, and Z. G. Xiong. 2010. Zinc-induced
neurotoxicity mediated by transient receptor potential
melastatin 7 channels. J. Biol. Chem. 285:7430-7439.

Jemal, A., F. Bray, M. M. Center, J. Ferlay, E. Ward, and D.
Forman. 2011. Global cancer statistics. CA Cancer J. Clin.
61:69-90.

Jiang, J., M. Li, and L. Yue. 2005. Potentiation of TRPM7
inward currents by protons. J. Gen. Physiol. 126:137-150.

Jiang, J., M. H. Li, K. Inoue, X. P. Chu, J. Seeds, and Z. G.
Xiong. 2007. Transient receptor potential melastatin 7-like
current in human head and neck carcinoma cells: role in
cell proliferation. Cancer Res. 67:10929—-10938.

© 2019 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

Role of TRPM7 in Cervical Cancer Cell Death

Jiang, H., S. L. Tian, Y. Zeng, L. L. Li, and J. Shi. 2008. TrkA
pathway(s) is involved in regulation of TRPM7 expression
in hippocampal neurons subjected to ischemic-reperfusion
and oxygen-glucose deprivation. Brain Res. Bull. 76:124—
130.

Jin, J., B. N. Desai, B. Navarro, A. Donovan, N. C. Andrews,
and D. E. Clapham. 2008. Deletion of Trpm?7 disrupts
embryonic development and thymopoiesis without altering
Mg2+ homeostasis. Science 322:756-760.

Kaufmann, S. H. 1989. Induction of endonucleolytic DNA
cleavage in human acute myelogenous leukemia cells by
etoposide, camptothecin, and other cytotoxic anticancer
drugs: a cautionary note. Cancer Res. 49:5870-5878.

Kim, B. J.,, H. H. Lim, D. K. Yang, J. Y. Jun, . Y. Chang, C. S.
Park, et al. 2005. Melastatin-type transient receptor potential
channel 7 is required for intestinal pacemaking activity.
Gastroenterology 129:1504-1517.

Kim, J. J., T. Kurita, and S. E. Bulun. 2013. Progesterone
action in endometrial cancer, endometriosis, uterine
fibroids, and breast cancer. Endocr. Rev. 34:130-162.

Krapivinsky, G., S. Mochida, L. Krapivinsky, S. M. Cibulsky,
and D. E. Clapham. 2006. The TRPM7 ion channel
functions in cholinergic synaptic vesicles and affects
transmitter release. Neuron 52:485-496.

Kuras, Z., Y. H. Yun, A. A. Chimote, L. Neumeier, and L.
Conforti. 2012. KCa3.1 and TRPM?7 channels at the uropod
regulate migration of activated human T cells. PLoS ONE 7:
e43859.

Lang, W. R. 1955. Vaginal acidity and pH; a review. Obstet.
Gynecol. Surv. 10:546-560.

Lardner, A. 2001. The effects of extracellular pH on immune
function. J. Leukoc. Biol. 69:522-530.

Leng, T., Y. Shi, Z. G. Xiong, and D. Sun. 2014. Proton-
sensitive cation channels and ion exchangers in ischemic
brain injury: new therapeutic targets for stroke? Prog.
Neurogibol. 115:189-209.

Mehta, F. F., J. Son, S. C. Hewitt, E. Jang, J. P. Lydon, K. S.
Korach, et al. 2016. Distinct functions and regulation of
epithelial progesterone receptor in the mouse cervix, vagina,
and uterus. Oncotarget 7:17455-17467.

Monteilh-Zoller, M. K., M. C. Hermosura, M. J. Nadler, A. M.
Scharenberg, R. Penner, and A. Fleig. 2003. TRPM7
provides an ion channel mechanism for cellular entry of
trace metal ions. J. Gen. Physiol. 121:49-60.

Nadler, M. J., M. C. Hermosura, K. Inabe, A. L. Perraud, Q.
Zhu, A. J. Stokes, et al. 2001. LTRPC7 is a Mg.ATP-
regulated divalent cation channel required for cell viability.
Nature 411:590-595.

Numata, T., and Y. Okada. 2008a. Molecular determinants of
sensitivity and conductivity of human TRPM7 to Mg2+ and
Ca2+. Channels (Austin) 2:283-286.

Numata, T., and Y. Okada. 2008b. Proton conductivity
through the human TRPM7 channel and its molecular
determinants. J. Biol. Chem. 283:15097—-15103.

2019 | Vol. 7 | Iss. 13 | e14157
Page 11



Role of TRPM7 in Cervical Cancer Cell Death

Numata, T., T. Shimizu, and Y. Okada. 2007a. Direct
mechano-stress sensitivity of TRPM7 channel. Cell Physiol.
Biochem. 19:1-8.

Numata, T., T. Shimizu, and Y. Okada. 2007b. TRPM7 is a
stretch- and swelling-activated cation channel involved in
volume regulation in human epithelial cells. Am. J. Physiol.
Cell Physiol. 292:C460—C467.

Okada, H., and T. W. Mak. 2004. Pathways of apoptotic and
non-apoptotic death in tumour cells. Nat. Rev. Cancer
4:592-603.

Okada, Y., E. Maeno, T. Shimizu, K. Dezaki, J. Wang, and S.
Morishima. 2001. Receptor-mediated control of regulatory
volume decrease (RVD) and apoptotic volume decrease
(AVD). J. Physiol. 532:3-16.

Okada, Y., T. Numata, K. Sato-Numata, R. Z. Sabirov, H. Liu,
S.-I. Mori, et al. 2019. Roles of volume-regulatory anion
channels, VSOR and Maxi-Cl, in apoptosis, cisplatin
resistance, necrosis, ischemic cell death, stroke and
myocardial infarction. In S. Orlov, ed. Curr. Top. Membr.
83:205-283.

Raff, M. C., B. A. Barres, J. F. Burne, H. S. Coles, Y. Ishizaki,
and M. D. Jacobson. 1994. Programmed cell death and the
control of cell survival. Philos. Trans. R Soc. Lond. B Biol.
Sci. 345:265-268.

Rehncrona, S. 1985. Brain acidosis. Ann. Emerg. Med. 14:770—
776.

Renehan, A. G., C. Booth, and C. S. Potten. 2001. What is
apoptosis, and why is it important? BMJ 322:1536-1538.

Sato-Numata, K., T. Numata, and Y. Okada. 2014.
Temperature sensitivity of acid-sensitive outwardly rectifying
(ASOR) anion channels in cortical neurons is involved in
hypothermic neuroprotection against acidotoxic necrosis.
Channels (Austin) 8:278-283.

Schmitz, C., A. L. Perraud, C. O. Johnson, K. Inabe, M. K.
Smith, R. Penner, et al. 2003. Regulation of vertebrate
cellular Mg2+ homeostasis by TRPM7. Cell 114:191-200.

Siesjo, B. K. 1993. Basic mechanisms of traumatic brain
damage. Ann. Emerg. Med. 22:959-969.

Siesjo, B. K., K. Katsura, and T. Kristian.1996. Acidosis-related
damage. Adv. Neurol. 71:209-233; discussion 234-6.

Su, L. T., M. A. Agapito, M. Li, W. T. Simonson, A.
Huttenlocher, R. Habas, et al. 2006. TRPM7 regulates cell

2019 | Vol. 7 | Iss. 13 | e14157
Page 12

T. Numata et al.

adhesion by controlling the calcium-dependent protease
calpain. J. Biol. Chem. 281:11260-11270.

Sun, H. S., M. F. Jackson, L. J. Martin, K. Jansen, L. Teves, H.
Cui, et al. 2009. Suppression of hippocampal TRPM7
protein prevents delayed neuronal death in brain ischemia.
Nat. Neurosci. 12:1300-1307.

Thompson, C. B. 1995. Apoptosis in the pathogenesis and
treatment of disease. Science 267:1456-1462.

Turlova, E., C. Y. J. Bae, M. Deurloo, W. Chen, A. Barszczyk,
F. D. Horgen, et al. 2016. TRPM?7 regulates axonal
outgrowth and maturation of primary hippocampal
neurons. Mol. Neurobiol. 53:595-610.

Vaupel, P., F. Kallinowski, and P. Okunieff.1989. Blood flow,
oxygen and nutrient supply, and metabolic
microenvironment of human tumors: a review. Cancer Res.
49:6449-6465.

Waggoner, S. E. 2003. Cervical cancer. Lancet 361:2217-2225.

Waldmann, R., G. Champigny, F. Bassilana, C. Heurteaux, and
M. Lazdunski.1997. A proton-gated cation channel involved
in acid-sensing. Nature 386:173—177.

Waldmann, R., G. Champigny, E. Lingueglia, J. R. de Weille,
C. Heurteaux, and M. Lazdunski. 1999. H(+)-gated cation
channels. Ann. N.Y. Acad. Sci. 868:67-76.

Wang, H. Y., T. Shimizu, T. Numata, and Y. Okada. 2007.
Role of acid-sensitive outwardly rectifying anion channels in
acidosis-induced cell death in human epithelial cells.
Pflugers Arch. 454:223-233.

Wei, C., X. Wang, M. Chen, K. Ouyang, L. S. Song, and H.
Cheng. 2009. Calcium flickers steer cell migration. Nature
457:901-905.

Wemmie, J. A., M. P. Price, and M. J. Welsh. 2006. Acid-
sensing ion channels: advances, questions and therapeutic
opportunities. Trends Neurosci. 29:578-586.

Wrllie, A. H., J. F. Kerr, and A. R. Currie. 1980. Cell death:
the significance of apoptosis. Int. Rev. Cytol. 68:251-306.

Yee, N. S. 2017. Role of TRPM7 in cancer: potential as
molecular biomarker and therapeutic target. Pharmaceuticals
10:pii: E39. https://doi.org/10.3390/ph10020039.

Yoo, Y. A., J. Son, F. F. Mehta, F. J. Demayo, J. P. Lydon, and
S. H. Chung. 2013. Progesterone signaling inhibits cervical
carcinogenesis in mice. Am. J. Pathol. 183:1679-1687.

© 2019 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.


https://doi.org/10.3390/ph10020039

