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ABSTRACT

The Ca2�-permeable channel TRPM8 is thought to play an important
role in the pathophysiology of prostate cancer. We have investigated the
intracellular location of TRPM8 and its role as a Ca2�-permeable channel
in an androgen-responsive and an androgen-insensitive prostate cancer
cell line. We report evidence from immunofluorescence experiments that
in the androgen-responsive LNCaP cell line, the TRPM8 protein is ex-
pressed in the endoplasmic reticulum and plasma membrane, acts as a
Ca2�-permeable channel (assessed using Fura-2 to measure increases in
the cytoplasmic Ca2� concentration) in each of these membranes, and is
regulated by androgen. Although TRPM8 was detected in the androgen-
insensitive PC-3 cell line, no evidence was obtained for regulation of its
expression by androgen. The results of experiments using LNCaP cells,
the TRPM8 antagonist capsazepine, and small interference RNA targeted
to TRPM8 indicate that TRPM8 is required for cell survival. These results
indicate that TRPM8 is an important determinator of Ca2� homeostasis in
prostate epithelial cells and may be a potential target for the action of
drugs in the management of prostate cancer.

INTRODUCTION

Although one of the leading threats to men’s health in the Western
world (1), there are limited therapeutic options for metastatic prostate
cancer. Therefore, it is vital to gain a better understanding of the
molecular mechanisms that underlie the development and progression
of this disease. It recently has been reported that mRNA encoding
TRPM8, a Ca2�-permeable channel belonging to the transient recep-
tor potential family, is expressed in prostate tissues, is greatly up-
regulated in patients with prostate cancer (2), but is almost lost in the
transition to androgen independence and in prostate cancer tissues
from patients subjected to preoperative antiandrogen therapy (3).
These observations suggest that TRPM8 is an androgen-regulated
protein, the loss of which may be associated with advanced stages of
the disease. Thus, TRPM8 is a novel prostate cancer biomarker and is
likely to play an important role in the pathophysiology of prostate
epithelial cells (2, 3). Recent studies of cutaneous ganglion neurons in
rat and mouse have shown that orthologues of TRPM8 are functional
Ca2�-permeable channels that respond to a cooling stimulus induced
by either a decreasing of temperature to �25°C or menthol and icilin
(4–7). Electrophysiologic studies of heterologously expressed
TRPM8 indicate that it is a ligand-gated nonselective cation channel
(PCa/PNa � 1:3; refs. 4, 5). However, little is known about the
function of TRPM8 in prostate tissues. Here we report that in andro-
gen-responsive prostate cancer LNCaP cells, TRPM8 is expressed in
the endoplasmic reticulum (ER) and plasma membrane (PM) and acts
as a Ca2�-permeable channel in each of these membranes. We also
provide evidence that TRPM8 is required for cell survival.

MATERIALS AND METHODS

Cell Culture and Reverse Transcription-PCR. LNCaP and PC-3 cells
were grown in RPMI 1640 plus 5% (v/v) fetal calf serum (FCS), RPMI 1640
plus 5% (v/v) charcoal-stripped FCS (to remove androgens), and RPMI 1640
plus 5% charcoal-stripped FCS plus 5�-dihydrotestosterone (DHT; 0.1
nmol/L) as described previously (8).

Total RNA isolation and reverse transcription were performed using the
RNeasy and Ominiscript RT kits (Qiagen, Valencia, CA) following the man-
ufacturer’s instructions. The PCR primers (synthesized by Geneworks, Ade-
laide, Australia) used in the study were TRPM8 (NM�024080; base: 457 to
1138): 5�-GAAAACACCCAACCTGGTCATTTC-3� (sense): 5�-CACCGT-
GCGGGGTAAAAAGCG-3� (antisense); ANKTM1 (NM�007332; base: 1001
to 1412): 5�-TTCATTTTGCTGCCACCCAG-3� (sense), 5�-CCATCGTT-
GTCTTCATCCATTACC-3� (antisense); TRPV1 (AY131289; base: 1755 to
2098): 5�-CGTCTTCTTGTTCGGGTTTTCC-3� (sense), 5�- GCTTCCAGAT-
GTTCTTGCTCTCC-3� (antisense); and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH; BC023632; base: 527 to 889): 5�-TTGGTATCGTGGAAG-
GACTC-3� (sense), 5�-TGCTGTTGAAGTCAGAGGAGAC-3� (antisense).
PCR was conducted (7) using HotStart Taq Master Mix kit (Qiagen) for 20
cycles (GAPDH) and 30 cycles (TRP channels). Initial denaturation was 15
minutes at 95°C and 1 minute at 94°C, followed by a 30-second annealing step
at 55°C, 57°C, 55°C, and 56°C for TRPM8, ANKTM1, TRPV1, and GAPDH,
respectively, 1-minute elongation at 72°C, and a final elongation of 10 minutes
at 72°C. PCR products were analyzed by gel-electrophoresis and DNA se-
quencing (7). To determine the relative abundance of TRPM8 mRNA, the
density of each TRPM8 band (measured using � Imager software; Bio-Rad,
Hercules, CA) was compared with that of the respective GAPDH band after
background subtraction, and the results are expressed in arbitrary ratio units
(aru).

Small Interference RNA Targeted against TRPM8. Small interference
RNA (siRNA) targeted against TRPM8 was designed using siRNA Target
Finder (Ambion, Inc., Austin, TX), according to the mRNA sequence of
human TRPM8 (NM�024088). The TRPM8 siRNA sequence was 5�-
AGAAAUUCUCGAAUGUUCUUU-3� (sense) and 3�-UUUCUUUAA-
GAGCUUACAAGA-5� (antisense). The sequence of a negative control
siRNA was 5�-UUCUAAUAGGCAUAUUAUCUU-3� (sense) and 3�-UUAU-
GAUUAUCCGUAUAAUAG-5� (antisense). The siRNAs were produced us-
ing the Silence siRNA Construction Kit (Ambion) following the manufactur-
er’s instructions. Transfection of LNCaP cells with siRNA (20 nmol/L) was
conducted by using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) following
the manufacturer’s instructions. The estimated percentage transfection was
�90%.

Identification of Putative Androgen-Response Element Motifs. The 5
kb of genomic sequence upstream of human TRPM8 mRNA sequence and all
of its intron sequences (National Center for Biotechnology Information, Be-
thesda, MD) were used to search for sequences similar to the consensus
androgen-response element motif AGAACAnnnTGTTCT (TRANSFAC,
Wolfenbüttel, Germany). Scoring was based on the number of nucleotides in
the query sequence that matched the consensus sequence using MacVector 7.1
(Accelrys, San Diego, CA). Sequence matches with at least 9 identities of the
12 consensus nucleotides (75%) were taken as showing similarity. All of the
putative androgen-response element motifs were aligned using MacVector 7.1
ClustalW (Accelrys; ref. 9).

Immunocytochemistry. Cells were fixed with 4% (w/v) paraformalde-
hyde, blocked with 20% (v/v) FCS, then incubated with anti-TRPM8 antibody
[Abcam, Cambridge, United Kingdom; 1:500 dilution, which detects a single
Mr 130,000 band corresponding to the predicted molecular weight of TRPM8
gene product (Mr 128,000) in COS-7 cells heterologously expressing TRPM8;
ref. 2] with or without 1:40 dilution of anti–CD-9 antibody (ref. 10; Dr. Leonie
Ashman, University of Adelaide, Australia) at 4°C overnight, and then with
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antirabbit IgG secondary antibody conjugated with FITC (1:500 dilution) and
antimouse IgG secondary antibody conjugated with Cy3 (1:500 dilution;
Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) for 2 hours at
room temperature. DiOC6 (Sigma, St. Louis, MO; 1 mmol/L) was used to stain
the ER (1 minute at room temperature). Cells were viewed using an Olympus
AX70 microscope (Melville, NY) equipped with epifluorescence or attached to
a Bio-Rad 1024 scanning confocal system equipped with an argon ion (488
nm) and a helium neon (543 nm) for excitation of FITC or DiOC6, and Cy3,
respectively. Confocal images were taken in the equatorial plane. For quanti-
tation, immunofluorescence intensity [arbitrary pixel units (apu)] of each cell
was measured using NIH image 1.62.

Measurement of the [Ca2�]cyt. Intracellular Ca2� imaging using Fura-2
was conducted as described previously (8). Temperature was controlled by a
temperature controller (Cell Microcontrol System, Norfolk, VA) and moni-
tored by a thermistor placed within 160 �m of the field of view. Menthol,
thapsigargin, and capsazepine (Sigma) were each applied by superfusion. The
rate of Ca2� inflow was determined by measuring the initial slope of the
extracellular Ca2� (Ca2�

E)-induced increase in fluorescence ratio [fluores-
cence ratio unit (fru)/s; ref. 8]. The amount of Ca2� released from intracellular
stores was estimated by calculating the area under the Ca2� release (fru � s)
curve (11). In each case, the difference between the maximal fluorescence ratio
value induced by menthol or thapsigargin and the minimum fluorescence ratio
value after [Ca2�]cyt had decreased and reached a steady-state value was
measured and multiplied by the width of the Ca2� release peak at half height.

Cell Viability and Apoptosis. Cell viability was measured using the MTT
(Sigma) test, and apoptotic cells were detected using ethidium bromide (Sig-
ma; ref. 8).

Data Analysis. Results are expressed as mean � SE. Statistical analysis
was performed using Student’s t test for unpaired samples. A value of P � 0.05
was taken as significant.

RESULTS

Detection of TRPM8 Expression and Its Regulation by Andro-
gen in an Androgen-Sensitive Cell Line. Expression of TRPM8
mRNA in LNCaP cells was detected by reverse transcription-PCR
(Fig. 1A), thus confirming the results obtained by Tsaveler et al. (2).
Sequencing confirmed the identity of the 682-bp band with the pub-
lished TRPM8 sequence (2). Because TRPM8 has been found to
coexpress with TRPV1 and ANKTM1 in sensory neurons, the expres-
sion of these two channels also was examined (7, 12). However, no
mRNA encoding either TRPV1 or ANKTM1 was detected (Fig. 1A).
Expression of the TRPM8 protein in LNCaP cells was consistently
detected by immunofluorescence (Fig. 1, compare D with C).

To investigate the dependence of TRPM8 expression on androgen,
cells were grown for 48 hours in RPMI plus FCS (normal culture
medium), in RPMI plus charcoal-stripped FCS (to remove androgen),
or in RPMI plus charcoal-stripped FCS supplemented with DHT (0.1
nmol/L; androgen replete medium). The amount of TRPM8 PCR
transcript (expressed as a ratio of the amount of GAPDH PCR
transcript) in cells grown in RPMI plus FCS was 100 � 7.1 aru
(n � 3). This was decreased to 65.3 � 4.5 aru (n � 3; P � 0.01) in
cells incubated in RPMI plus charcoal-stripped FCS but returned to
95.5 � 5.8 aru (n � 3) in cells grown with DHT (Fig. 1B). The mean
value of TRPM8 immunofluorescence intensity in cells grown in
RPMI plus FCS was 38.4 � 7.2 apu per cell (average of 200 to 300
cells from three separate experiments; Fig. 1E). This was decreased to
5.7 � 1.5 apu (n � 3; P � 0.001) in cells grown in RPMI plus
charcoal-stripped FCS (Fig. 1F) after 96 hours but returned to
29.9 � 4.9 apu (n � 3) in cells grown with DHT (Fig. 1G).

Fig. 1. Regulation of TRPM8 expression by
androgen in androgen-responsive LNCaP cells. A,
reverse transcription-PCR for detection of TRPM8,
ANKTM1, TRPV1, and GAPDH using specific
primers as described in Materials and Methods. B,
androgen regulation of TRPM8 mRNA. LNCaP
cells were grown for 2 days in RPMI plus FCS
(normal culture medium), RPMI plus charcoal-
stripped FCS, or in RPMI plus charcoal-stripped
FCS with 0.1 nmol/L DHT. RNA was extracted
and subjected to reverse transcription-PCR.
GAPDH and TRPM8 amplifications were carried
out separately using equal amounts of cDNA tem-
plate from the same sample. PCR products (5 �L)
from the two reactions were mixed and subjected
to electrophoresis as described in Materials and
Methods. Pilot experiments revealed that the am-
plification of all of the targets remained within the
exponential phase. C and D, detection of TRPM8
in LNCaP cells by immunohistochemistry using an
anti-TRPM8 antibody as described in Materials
and Methods. E–G, androgen regulation of TRPM8
abundance at the protein level. Cells were grown in
three different culture media as described in B,
were fixed after 4 days, and then were subjected to
immunohistochemistry. The results are representa-
tive of those obtained in three independent exper-
iments.
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Intracellular Localization of TRPM8 in an Androgen-Sensitive
Cell Line. Using confocal microscopy, the majority of TRPM8 pro-
tein was found associated with a reticular structure outside the nucleus
(Fig. 2A and D). Cells were costained with DiOC6 to define the
location of the ER (Fig. 2B). An antibody against CD-9, located at the
PM in LNCaP cells and in a number of other cell types (8, 10), was
used as a PM marker. Images of LNCaP cells treated with the
anti–CD-9 antibody revealed a clear location of the CD-9 protein at
the PM (Fig. 2E). Overlay of the TRPM8 and DiOC6 images and the
TRPM8 and CD-9 images showed that based on fluorescence inten-
sity, approximately one-half the intracellular TRPM8 protein is colo-
cated with DiOC6 (in the ER; Fig. 2C) and approximately one-half is
colocated with CD-9 in a band that occupies �30% to 50% of the PM
(indicated by the arrows in Fig. 2F).

Increases in [Ca2�]cyt in Response to Cooling and Menthol in
an Androgen-Sensitive Cell Line. In the absence of added Ca2�

E,
LNCaP cells exhibited a small increase in Fura II fluorescence ratio
([Ca2�]cyt) in response to transient cooling (28°C to 17°C; Fig. 3A).
[Ca2�]cyt gradually returned to the basal level as the temperature
returned to 28°C. A small increase in [Ca2�]cyt was observed when 2
mmol/L Ca2� were added at 28°C (Fig. 3A). Of more interest, in the
presence of Ca2�

E, the cells exhibited a remarkable increase in Fura
II fluorescence in response to a second round of transient cooling (Fig.
3A). In the presence of Ca2�

E (at 28°C), menthol(	) (100 mmol/L)
induced a substantial increase in [Ca2�]cyt (Fig. 3B), with an EC50

value of 4.3 � 1.9 �mol/L (Fig. 3C). Another TRPM8 agonist, icilin
(1 mmol/L), also induced a substantial increase in [Ca2�]cyt (data not
shown). The response to menthol was inhibited 70% by the TRPM8

Fig. 2. Intracellular distribution of the TRPM8 protein in
androgen-responsive LNCaP cells. A–C, a single cell show-
ing TRPM8 immunofluorescence (A), DiOC6 fluorescence
(B), and the merged images (C). D–F, immunofluorescence
images from the same cell of TRPM8 (D), the plasma
membrane marker protein CD-9 (E), and the merged images
(F). The arrows (F) indicate likely regions of colocalization
of TRPM8 and CD-9. DiOC6 fluorescence and immunoflu-
orescence of TRPM8 and CD-9 were determined by confo-
cal microscopy using a 100� objective (zoom threefold).
The results shown are representative of those obtained in
each of two independent experiments. Results similar to
those shown were obtained for 18 of 20 cells examined in
one experiment and for 17 of 20 cells examined in the other
experiment.
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antagonist capsazepine (Fig. 3B). When tested in the absence of
Ca2�

E, the increase in [Ca2�]cyt evoked by menthol barely was
detectable (Fig. 3B). These results indicate that the substantial in-
crease in [Ca2�]cyt in response to cooling or menthol is caused by
enhanced Ca2� inflow across the PM.

To test whether menthol induces the release of Ca2� from intra-
cellular stores, cells were incubated in the absence of Ca2�

E, and the
effects of menthol were compared with those of thapsigargin (10
�mol/L), an inhibitor of the ER (Ca2� � Mg2�)ATPase (13). This
concentration of thapsigargin depletes �95% of the intracellular Ca2�

stores (13). Thapsigargin evoked a transient increase in [Ca2�]cyt

(Fig. 3D), indicating the release of Ca2� from intracellular stores. The
amount of Ca2� released was 15.2 � 3.5 fru � s (n � 3). There was
no further detectable [Ca2�]cyt increase when menthol (500 �mol/L)
was added after thapsigargin (Fig. 3D). Similar results (not shown)
were observed with 100 and 1000 �mol/L menthol.

However, when menthol (500 �mol/L) was added before thapsi-
gargin, an increase in [Ca2�]cyt (1.8 � 0.5 fru � s; n � 3) was
observed, followed by another increase with higher magnitude
(12.5 � 1.5 fru � s; n � 3) induced by thapsigargin (Fig. 3E).

Menthol-Sensitive Ca2� Influx and Ca2� Store Release Are
Regulated by Androgen in an Androgen-Sensitive Cell Line. To
test whether androgen regulates TRPM8-mediated Ca2� inflow and
Ca2� release, cells were grown in RPMI plus charcoal-stripped FCS
for 4 days, and [Ca2�]cyt then was measured in the presence of 2
mmol/L Ca2�

E. The initial rate of increase in [Ca2�]cyt in response to
menthol(	) (100 �mol/L) in cells grown in RPMI plus FCS (normal
culture medium) was 41.0 � 6.7 � 10	5 fru � s (n � 3). This was
reduced to 9.5 � 1.5 � 10	5 fru/s (n � 3; P � 0.001) in cells grown
in RPMI plus charcoal-stripped FCS but was restored to
32.8 � 5.5 � 10	5 fru/s (n � 3) for cells grown in the presence of
DHT. The amount of Ca2� released by menthol(	) (500 �mol/L) in
cells incubated in the absence of added Ca2�

E was 1.6 � 0.3 fru � s
(n � 3) in cells grown in RPMI plus FCS. This was decreased to
0.11 � 0.1 fru � s (P � 0.001; n � 3) for cells grown in RPMI plus
charcoal-stripped FCS. No significant decrease was observed in thap-
sigargin-induced Ca2� release measured in the absence of added
Ca2�

E in cells grown in RPMI plus charcoal-stripped FCS (10.8 � 1.2
fru � s; n � 3) when compared with cells grown in RPMI plus FCS
(13 � 1.8 fru � s; n � 3).

Fig. 3. Increase in [Ca2�]cyt in androgen-responsive LNCaP cells
in response to cooling and menthol. A. Cooling evoked increases in
[Ca2�]cyt. Cells were initially incubated in the absence of added
Ca2�

E, and a cool stimulus was applied as indicated. Ca2�
E (2

mmol/L) was added at the time indicated by the arrow, followed by
another cooling stimulus. The change in bath temperature is repre-
sented schematically below the traces. B. The menthol(	) induced
increase in [Ca2�]cyt. Cells were incubated in the absence of added
Ca2�

E or in the presence of added Ca2�
E (2 mmol/L) with and without

10 �mol/L capsazepine (cap.). Menthol(	) (100 �mol/L) was added
at the time indicated by arrow. C, dose-response curve for the men-
thol(	)-induced increase in [Ca2�]cyt. The EC50 value was deter-
mined as the concentration of test substance required to produce
half-maximal increases in [Ca2�]cyt. D. Cells were incubated in the
absence of added Ca2�

E, and thapsigargin (Tg; 10 �mol/L) then was
added, followed by menthol (500 �mol/L) as indicated by the arrows.
E. Cells were incubated in the absence of added Ca2�

E, and menthol
(500 �mol/L) and thapsigargin (10 �mol/L) then were added as
indicated by the arrows. [Ca2�]cyt (expressed as fru) was measured as
described in Materials and Methods. The results (A–E) are represent-
ative of one of three experiments (average of 30 to 50 cells) that gave
similar results.
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Expression of TRPM8 in an Androgen-Insensitive Cell Line.
The expression of TRPM8 in the PC-3 androgen-insensitive cell line
also was investigated. Immunocytochemistry using the TRPM8 anti-
body showed that TRPM8 was detected in PC-3 cells (Fig. 4, compare
B with A). The other interesting finding was that TRPM8 immuno-
fluorescence was clearly seen on plasma membrane in �20% of all of
the PC-3 cells examined (Fig. 4E). Those cells that exhibited TRPM8
immunofluorescence at the plasma membrane usually were large and
exhibited polymorphism.

Although the level of TRPM8 immunofluorescence intensity was
significantly reduced when the cells were grown for 48 hours in RPMI
plus charcoal-stripped FCS compared with those in RPMI plus FCS,
incubation of cells with DHT (0.1 nmol/L) did not alter the level of
TRPM8 expression (Fig. 4B–D). The mean values of TRPM8 immu-
nofluorescence intensity in cells grown in RPMI plus FCS (Fig. 4B),
RPMI plus charcoal-stripped FCS (Fig. 4C), and RPMI plus charcoal-
stripped FCS in the presence of DHT (Fig. 4D) were 25.7 � 2.0,
15.3 � 1.9, and 16.9 � 2.4 apu (average of 200 to 300 cells from two
separate experiments), respectively.

Evidence for functional expression of TRPM8 in PC-3 cells was
obtained using Ca2� imaging and menthol. For PC-3 cells incubated
in the presence of 2 mmol/L Ca2�

E, a high concentration of menthol
(1000 �mol/L) induced a small increase in [Ca2�]cyt (Fig. 4F). These
results indicate that TRPM8 is expressed at a low level in PC-3 cells,
but its expression in these cells is not regulated by androgen.

Capsazepine Reduces the Survival of Androgen-Sensitive Cells
by Induction of Apoptosis. To test whether the androgen-regulated
TRPM8 Ca2�-permeable channel is coupled with Ca2� and other
signaling pathways involved in cell survival (14, 15), LNCaP cells
were incubated with capsazepine for 3 days, and nuclear morphology
and cell viability then were examined. Cells grown in RPMI plus FCS
with 10 �mol/L capsazepine exhibited nuclear condensation and
fragmentation (Fig. 5, compare C with A), whereas cells grown in
RPMI plus charcoal-stripped FCS (to down-regulate expression of
TRPM8) with 10 �mol/L capsazepine did not (Fig. 5, compare D with
B). The percentage of viable cells, assessed using the MTT test, in
cultures of capsazepine-treated cells was significantly decreased com-
pared with that of cells grown under normal conditions (Fig. 5E). In

Fig. 4. Expression and intracellular distribution of TRPM8 in
androgen-insensitive PC-3 cells. A–E, immunofluorescence images of
TRPM8 in PC-3 cells incubated in RPMI plus FCS (B and E), RPMI
plus charcoal-treated FCS (C), RPMI plus charcoal-treated FCS in the
presence of 0.1 nmol/L DHT (D), and in RPMI plus FCS but with the
omission of the primary antibody (control; A). E, TRPM8 immuno-
fluorescence image at higher magnification, showing the presence of
TRPM8 at the plasma membrane (arrows) and intracellular sites. The
results (A–E) are representative of one of two experiments (average,
200 to 300 cells) that gave similar results. F, menthol(	)-induced
increase in [Ca2�]cyt. Cells were incubated in the presence of 2
mmol/L Ca2�

E, and menthol(	) (100 or 1000 �mol/L as indicated)
was added at the time indicated by the arrow. The results shown are
the mean � SE of one of two experiments (average of 30 cells) that
gave similar results.
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contrast, when cells were grown in RPMI plus charcoal-stripped FCS,
those treated with 1 and 10 �mol/L capsazepine retained viability,
whereas those incubated with 50 �mol/L capsazepine exhibited de-
creased viability (Fig. 5E).

Small Interference RNA against TRPM8 Reduces the Survival
of Androgen-Sensitive Cells by Induction of Apoptosis. Experi-
ments using siRNA were carried out to further clarify the role of
TRPM8 in the survival of LNCaP cells. The siRNA targeted against
TRPM8 down-regulated TRPM8 protein expression �50% compared
with the effects of negative control siRNA, TRPM8 antisense RNA,
and nontransfected cells (Fig. 6A–C). A significant reduction in the
percentage of viable cells was observed in cells transfected with
TRPM8 siRNA (Fig. 6F). Staining the nucleus revealed a large
number of apoptotic nuclei (Fig. 6, compare E with D). Therefore, the
results further confirm that TRPM8 is important for the survival of
LNCaP cells.

Effect of Menthol on the Viability of Androgen-Sensitive Cells.
We also tested the effect of menthol on the viability of LNCaP cells.
Because menthol activates TRPM8, which in turn leads to a sustained
inflow of Ca2� in LNCaP cells (Fig. 3B), and because it has been
shown that a sustained inflow of Ca2� to cells through some Ca2�-

permeable channels that are members of the TRP family leads to cell
death (16, 17), it was predicted that menthol would induce cell death
in LNCaP cells. Incubation of LNCaP cells with menthol for 3 days
reduced by half the percentage of viable cells (Fig. 7A) and increased
the number of cells exhibiting apoptotic nuclei (Fig. 7, compare C
with B).

DISCUSSION

The immunofluorescence results show that the TRPM8 protein is
clearly expressed in androgen-responsive LNCaP cells. TRPM8 was
found at the ER and at the PM. The following observations provide
evidence that the Ca2� inflow and Ca2� release from intracellular
stores are mediated by TRPM8: (a) Ca2� movement was activated by
cooling and menthol, known activators of heterologously expressed
TRPM8 (4, 5); (b) capsazepine, a known antagonist of TRPM8 (18),
blocked the actions of menthol; and (c) the concentration of menthol
that gave half-maximal activation of the Ca2� fluxes, and the con-
centrations of capsazepine that inhibited menthol-stimulated Ca2�

inflow are in the range shown by others (18) to affect heterologously
expressed TRPM8. Although capsazepine also is known to block

Fig. 5. Capsazepine induces apoptosis and reduces the survival of andro-
gen-sensitive LNCaP cells. A–D. Cells grown for 4 days in RPMI plus FCS
(normal culture conditions; A and C) and in RPMI plus charcoal-stripped
FCS (B, D) then were incubated with 0 (A, B) and 10 �mol/L (C, D)
capsazepine for an additional 3 days. Nuclear morphology was assessed
using ethidium bromide as described in Materials and Methods. The results
shown are representative of one of three experiments that gave similar
results. E. Cell viability was assessed using the MTT test in cells treated with
1, 10, and 50 �mol/L capsazepine for 3 days as described in Materials and
Methods; �P � 0.05, ���P � 0.001. Cells treated with capsazepine were
compared with cells treated with vesicle control under the same culture
conditions. The results shown are the average of three independent experi-
ments.
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TRPV1 (19), the involvement of TRPV1 in mediating the observed
Ca2� fluxes can be excluded because no TRPV1 mRNA was detected
in LNCaP cells.

Whereas cooling and menthol induced a small increase in [Ca2�]cyt

in LNCaP cells incubated in the absence of Ca2�
E, these increases in

[Ca2�]cyt were much smaller than those observed in cells incubated in
the presence of Ca2�

E. Moreover, a much higher concentration of
menthol was required to cause a detectable increase in [Ca2�]cyt in the
absence of Ca2�

E, and the effect of menthol was considerably smaller
than that of thapsigargin. These results indicate that although cooling
and menthol induce the release of some Ca2� from intracellular
stores, the predominant effect is the activation of Ca2� inflow. It is
possible that Ca2� inflow through store-operated Ca2�channels (ac-
tivated by the decrease in [Ca2�] in the ER induced by the effect of
cooling or menthol on TRPM8 in the ER) makes some contribution to
the observed Ca2� inflow initiated by cooling and menthol. The
action of cooling and menthol in stimulating Ca2� fluxes across the
PM and the ER membrane is consistent with the intracellular location
of the TRPM8 protein at these two sites.

The activation by menthol of TRPM8 located at intracellular sites
requires that menthol can move into the cytoplasmic space. Several
studies provide indirect evidence that cell membranes are permeable
to menthol. Thus, it has been shown that menthol increases the
transdermal and transbuccal absorption of drugs by affecting intracel-
lular lipids and proteins (20, 21) and inhibits arylamine N-acetyltrans-

ferase activity in human liver tumor cells (22). These results, as well
as the knowledge that menthol is lipid soluble (20, 21), suggest that it
is likely menthol can diffuse from the extracellular space to intracel-
lular TRPM8 locations.

Our results clearly show that androgen increases and the absence of
androgen decreases TRPM8 protein expression and Ca2� flow across
the PM and ER mediated by TRPM8 in an androgen-responsive cell
line. We looked for putative androgen response elements based on the
consensus androgen-response element AGAACAnnnTGTTCT (9) in
the regulatory region of the human TRPM8 gene (2). One putative
androgen-response element was identified in the 5� flank region of
TRPM8 gene that is close to the transcription start site (	242; Fig. 8).
Eleven putative androgen-response elements were identified in introns
of the TRPM8 gene. In particular, in introns 3 and 22, two androgen-
response elements with high homology with the TRANSFAC con-
sensus androgen-response element motif (11 of 12, 92%, of nucleo-
tides were identical) were detected (Fig. 8). These putative androgen-
response elements may confer the inducibility of TRPM8 gene
expression by androgen at transcription level in prostate cells.

Expression of the TRPM8 protein also was detected in the andro-
gen-unresponsive PC-3 prostate cancer cell line. Although menthol
caused an increase in [Ca2�]cyt in these cells (in the presence of
Ca2�

E), the effect was small compared with that in LNCaP cells.
Incubation of PC-3 cells in RPMI plus charcoal-stripped FCS (de-
signed to remove endogenous androgens) decreased TRPM8 immu-

Fig. 6. Suppression of TRPM8 expression by
siRNA targeted against TRPM8 reduces the per-
centage of viable androgen-sensitive LNCaP cells
and induces apoptosis. A and B, immunofluores-
cence images of cells treated with a negative con-
trol siRNA (20 nmol/L; A) and siRNA targeted to
TRPM8 (20 nmol/L; B). C, histogram showing the
effect of siRNAs on expression of TRPM8;
mean � SE of two experiments; ��P � 0.01. D and
E, fluorescence images of LNCaP cells stained with
ethidium bromide after transfection with negative
control (D) or TRPM8 (E) siRNA. F, histogram of
percentage of viable cells (determined using the
MTT assay) after transfection with a given siRNA
species; mean � SE of two experiments;
�P � 0.05.
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nofluorescence, but there was no response to added DHT. These
results indicate that, as expected for an androgen-unresponsive cell
line, expression of TRPM8 did not respond to androgen. The decrease
in TRPM8 protein expression observed in cells incubated in RPMI
plus charcoal-treated FCS might have been caused by the removal of
other factors (e.g., growth factors) from the FCS by the charcoal
treatment (23).

Capsazepine, at concentrations in the range that are known to
inhibit the activation of heterologously expressed TRPM8 (18), and
suppression of TRPM8 expression with siRNA each increased the
number of androgen-responsive LNCaP cells undergoing apoptosis
and decreased cell viability. These observations indicate that the
normal function of TRPM8 is required for LNCaP cell survival. The
concentration of capsazepine that reduced the percentage of viable
cells by �50% was �50 �mol/L. This is within the range of 20
�mol/L reported for the concentration of capsazepine that gives 50%
inhibition of TRPM8 heterologously expressed in HEK-293 cells (18).
Although an effect of capsazepine on TRPV1 can be excluded, as
argued previously, the possibility that the capsazepine-induced de-
crease in cell viability is caused by the action of capsazepine on a
protein(s) other than TRPM8 cannot be completely excluded (24).
However, the observation that the effect of capsazepine in reducing
cell viability is considerably decreased in cells incubated in RPMI
plus charcoal-stripped FCS (androgen-deprived medium; in which
expression of TRPM8 also is considerably decreased) provides addi-
tional evidence that the effect of capsazepine is via inhibition of the
TRPM8 channel.

If TRPM8 is proposed to be necessary for cell survival and if
TRPM8 expression is reduced in LNCaP cells incubated in RPMI plus
charcoal-stripped FCS, it might be predicted that capsazepine would

have a greater effect in reducing the percentage of viable cells when
LNCaP cells are grown in RPMI plus charcoal-stripped FCS. How-
ever, this was not observed (Fig. 5E). This is likely because of
differences in the culture medium and the effects of growth in RPMI
plus charcoal-stripped FCS per se (23). Thus, the initial culture
conditions (FCS compared with charcoal-stripped FCS) are different,
as indicated by the observation that in the absence of capsazepine, the
percentage of viable cells present in RPMI plus charcoal-stripped FCS
is only 60% of that in RPMI plus FCS (normal medium).

Menthol decreased the percentage of viable cells and increased the
number of cells undergoing apoptosis in LNCaP cells cultured in
RPMI plus FCS (normal medium that contains 2 mmol/L Ca2�

E).
Because menthol was shown to cause a sustained increase in [Ca2�]cyt

in LNCaP cells, it is likely that menthol-induced cell death is mediated
at least in part by the sustained increase in [Ca2�]cyt. This likely
represents a pathophysiologic action of TRPM8 (the channel would
not normally be activated in a sustained manner) as compared with a
normal role in cell survival as revealed by the experiments with
capsazepine and TRPM8 siRNA.

Considering the normal physiologic function of TRPM8, it recently
has been suggested that TRPM8 serves as a cold sensor in the prostate
(25). TRPM8 also may be involved in other functions such as the
regulation of proliferation and/or apoptosis (and hence the control of
cell number) and in ion and protein secretion in prostate epithelial
cells. One interesting possibility comes from the recent observation
that geraniol activates TRPM8 (18). The PPi ester of geraniol is an
intermediate in cholesterol synthesis (26), and geraniol enhances cell
proliferation in prostate epithelium (27). Thus, it is possible that in
prostate epithelial cells, TRPM8 is involved in the regulation of cell
proliferation and responds to geraniol as an intracellular messenger.
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