
Int. J. Biol. Sci. 2014, Vol. 10 
 

 
http://www.ijbs.com 

90 

IInntteerrnnaattiioonnaall  JJoouurrnnaall  ooff  BBiioollooggiiccaall  SScciieenncceess  
2014; 10(1):90-102. doi: 10.7150/ijbs.7738 

Research Paper 

Knockdown of TRPM8 Suppresses Cancer Malignancy 
and Enhances Epirubicin-induced Apoptosis in Human 
Osteosarcoma Cells  
Yongzhi Wang, Zhonghua Yang, Zhe Meng, Hong Cao, Guangbin Zhu, Tao Liu, Xinghuan Wang  

Department of Urology, Zhongnan Hospital, Wuhan University, Wuhan, China, 430071  

 Corresponding author: Xinghuan Wang. Address: Department of Urology, Zhongnan Hospital, Wuhan University, Wuhan, China, 
430071. E-mail: urologistwxh@gmail.com; Tel: +86-15871805490; Fax: +86-27-6781-3090 

© Ivyspring International Publisher. This is an open-access article distributed under the terms of the Creative Commons License (http://creativecommons.org/ 
licenses/by-nc-nd/3.0/). Reproduction is permitted for personal, noncommercial use, provided that the article is in whole, unmodified, and properly cited. 

Received: 2013.09.24; Accepted: 2013.12.03; Published: 2013.12.22 

Abstract 

As the function of transient receptor potential melastatin member 8 (TRPM8) in osteosarcoma is 
still unknown, we aim to investigate the possible effects and potential mechanisms of TRPM8 on 
cell proliferation, metastasis and chemosensitivity in osteosarcoma cells. We find that TRPM8 is 
aberrantly over-expressed in human osteosarcoma tissues and cell lines. Knockdown of TRPM8 by 
siRNA in osteosarcoma cells leads to the impaired regulation of intracellular Ca2+ concentration 
and then the Akt-GSK-3β pathway and the phosphorylation of p44/p42 and FAK are suppressed. 
Knockdown of TRPM8 not only negatively influences the cell proliferation and metastasis but also 
enhances epirubicin-induced cell apoptosis. Such results reveal that TRPM8 is worthy further 
investigation for its potential as a clinical biomarker and therapeutic target in osteosarcoma. 
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Introduction 
Osteosarcoma is the most common type of pri-

mary malignant cancer originating from bone in chil-
dren and young adolescents. By the mid-1980s, the 
application of neoadjuvant chemotherapy and sur-
gery had improved the five year survival rate dra-
matically from 20% to approximately 70% [1]. How-
ever, despite the advances in multimodality treat-
ments, the progress has been painfully slow and the 
overall survival of patients has reached a plateau in 
the past 20 years [2]. Local recurrence or distant me-
tastasis and chemoresistance represent two important 
mechanisms for therapy failure. Therefore, develop-
ing more targeted treatment approaches is imperative 
as a plateau in efficacy has been reached with current 
treatments [3].  

As we all know that doxorubicin has been 
widely used in the osteosarcoma treatment, however 
such use is limited by its side effects like cardiotoxi-

city and potential nephropathy [4]. Several random-
ized controlled trials (RCTs) suggest that epirubicin 
(EPI) can induce fewer severe side effects, and espe-
cially there is no significant difference in anti-tumor 
response rate and survival between epirubicin and 
doxorubicin [5]. So combination chemotherapy with 
epirubicin and other agents may be an active, rea-
sonably well-tolerated regimen in some osteosarcoma 
patients. 

The role of Ca2+ in global cancer-related cell 
signaling pathways is uncontested. Fluctuations in 
Ca2+ homeostasis may lead to an increase in cell pro-
liferation [6, 7] and even may induce differentiation 
[8] and apoptosis [9]. According to a growing number 
of studies, cationic channels of the transient receptor 
potential (TRP) family represent key players in cal-
cium homeostasis and cell physiopathology. Espe-
cially, further evidence indicates that the transient 
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receptor potential melastatin member 8 (TRPM8), a 
member of the TRP family, plays an important role in 
human cancer.  

TRPM8 is a Ca2+-permeable cation channel and 
also known as ‘cold receptor’, because it can be acti-
vated by cold temperature and menthol. Since the 
discovery of TRPM8 gene in 2001, it has been ob-
served that the abnormal expression of TRPM8 is as-
sociated with the phenotype of cancers originating 
from breast, lung, colon, and prostate [10]. TRPM8 ion 
channel has been the target of various therapeutic 
applications ranging from cancer and urological dis-
order to cold hypersensitivity and pain. Especially in 
recent years, TRPM8 channel has emerged as a 
promising prognostic marker and putative therapeu-
tic target in prostate cancer [11], and growing evi-
dences further suggest that TRPM8 could be a novel 
biomarker and molecular target in other human can-
cers like breast cancer [12], pancreatic cancer [13], etc. 
Nevertheless, until now, there is only one study [14] 
has been performed to investigate the expression of 
TRPM8 in osteoblastic cells, but its roles were not 
addressed in his study. The function of TRPM8 in 
osteosarcoma is still unknown. Given this, this study 
was designed to investigate the possible effects and 
potential mechanisms of TRPM8 on proliferation, 
metastasis and chemosensitivity in human osteosar-
coma cells.  

Materials and Methods 
Cell Lines and Culture 

Human osteosarcoma cell lines MG-63, U2OS, 
SaOS2 and HOS were obtained from American Type 
Culture Collection (ATCC, Manassas, VA, USA) and 
human bone marrow mesenchymal stem cells 
(BMSCs) was obtained from ScienCell Research La-
boratories (San Diego, CA). Cells were cultured in 
RPMI 1640 medium (Gibco BRL, Grand Island, NY, 
USA) supplemented with 100 IU mL-1 penicillin G 
sodium, 100µg mL−1 streptomycin sulphate and 10% 
foetal bovine serum (FBS) (Gibco BRL, Grand Island, 
NY, USA) in a humidified atmosphere consisting of 
95% air and 5% CO2 at 37ºC. 

Tissue Samples 
Tissue samples were used with agreement of the 

patients treated by surgery during January 2010 to 
June 2012 in Zhongnan Hospital of Wuhan Universi-
ty, China. This study was approved by the local re-
search ethics committee (Zhongnan Hospital of Wu-
han University). The osteosarcoma specimens were 
collected from 10 patients who did not receive any 
preoperative chemotherapy or radiotherapy, with 10 
osteochondroma specimens also collected as control. 
For the 10 osteosarcoma patients, 6 were male and 4 

were female with average age of 29.1 ranging from 
16-57 years; and for the 10 osteochondroma patients, 5 
were male and 5 were female, with average age of 23.4 
ranging from 15-28 years. The diagnosis of all samples 
has been reconfirmed by three experienced 
pathologists independently. 

Immunohistochemistry 
Immunohistochemical studies were performed 

by Streptavidin-peroxidase-biotin method. The sec-
tions were immersed with 3% H2O2 for 10min to block 
endogenous peroxidase. After antigen retrieval by 
microwave, new born calf serum was added as 
blocking agent, and10min later, rabbit polyclonal an-
ti-TRPM8 antibody (1:100, Cat #: ACC-049, Alomone 
Labs, Jerusalem, Israel) was added to incubate over-
night (4°C) and then anti-rabbit IgG (BOSTER, China) 
was added to incubate for 20min at room tempera-
ture. After that, streptavidin-biotin-peroxidase solu-
tion (Sigma) was used to incubate for 30min and 3, 
3-diaminobenzidine (Gibco BRL, Grand Island, NY, 
USA) was added to chlorate for 15min. After hema-
toxylin staining, dehydration and hyalinization, the 
slides were covered. Positive staining would show 
brown. 

Evaluation of Immunohistochemistry 
The “immunohistochemical score” (IHS) was 

calculated based on previously published research 
[15]. Immunoreactivity was evaluated prior to the 
collection of patient identity and clinical information. 
The IHC classification of positivity was scored as fol-
lows: (1) ≤ 25% of cells staining positively; (2) 
26%–50% of cells staining positively; (3) 51%–75% of 
cells staining positively; (4) 76%–100% of cells staining 
positively. The intensity of the immunoexpression 
was rated as negative (0), weak (1), moderate (2), or 
strong (3). A consensus was achieved by three of the 
authors in all cases. The final IHS was obtained by 
multiplying the score of extent and intensity. The IHS 
of all specimens was categorized into four groups: −, 
(0–2); +, (3–5); ++, (6–8); +++, (9–12). Scores in the 
range of 0-5 were designated as low expression, and 
scores in the range of 6–12 as high expression. 

Transfection of siRNA 
MG-63 and U2OS cells were seeded in 6-well 

plates at 40%-50% confluence and then were trans-
fected with 10nM siTRPM8 and control siRNA 
(siCON) (synthesized by GenePharma, Shanghai, 
China) respectively by using 5µl Lipofectamine 2000 
(Invitrogen) as recommended by the manufacturer’s 
protocol. Untransfected cells were named Parental 
cells. The sense sequence of siTRPM8 was 
5′-UCUCUGAGCGCACUAUUCA (dTdT)-3′[16], and 
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the sequence of control siRNA was 
5′-AAGGTGGTTGTTTTGTTCACT-3′. The expression 
of TRPM8 in MG-63 and U2OS cells transfected with 
siTRPM8 and siCON was evaluated by Ca2+ imaging 
and western blot. 

Ca2+ Imaging 
The cytosolic Ca2+ concentration ([Ca2+] c) was 

measured using the ratiometric dye Fura-3 (Molecular 
Probes, Leiden, The Netherlands). The temperature 
was maintained at 37ºC using a temperature control-
ler (Cell Microcontrol System, Norfolk, VA, USA). For 
confocal Ca2+ imaging, the cells were loaded in the 
presence of 2.5 µmol L-1 Fluo-3AM dye in the culture 
medium at 37ºC for 2 h. During measurement, the 
cells were incubated in Hanks’ balanced salt solution 
(HBSS) containing 150 mmol L-1 NaCl, 5.4 mmol L-1 
KCl, 2 mmol L-1 CaCl2 , 1 mmol L-1 MgCl2, and 10 
mmol L-1 Hepes (pH adjusted to 7.4 with 1 mol L-1 
NaOH). The emission intensity was measured for 250s 
at 3-s intervals using excitation wavelengths of 488 
nm at an emission wavelength of 525 nm. Menthol 
(Sigma) was added after 15s. The fluorescence inten-
sity indicates the cytosolic Ca2+ concentration. 

Immunofluorescence  
The cells transfected with siTRPM8 and siCON 

were plated onto coverslips and processed for im-
munofluorescence analysis with antibody against 
Ki67 (1:100, Cat #: ab66155, rabbit polyclonal IgG, 
Abcam) and the secondary antibody is fluorescein 
isothiocyanate (FITC) Green goat anti-rabbit (Boster, 
Wuhan, China). The nuclei were counterstained with 
Hoechst 33258 (Beyotime, Shanghai, China) and the 
fluorescence was detected by Olympus inverted flu-
orescence microscope. 

The Hoechst 33258 staining was also used to 
evaluate the cell apoptosis and whether SP600125 
(10μM) (Beyotime Institute of Biotechnology, Shang-
hai, China), special inhibitor of JNK, can abolish the 
effect of EPI treatment. After the Parental, siCON and 
siTRPM8 cells were incubated with the indicated 
disposals, Hoechst 33258 (10μg/ml) was added. After 
incubation at room temperature for 15min, cells were 
washed by PBS for 3 times and finally observed under 
the Olympus inverted fluorescence microscope.  

CCK8 Assay 
Cell growth and viability were measured using 

cell proliferation and cytotoxicity reagent WST-8 
(Roche Biochemicals, Mannheim, Germany). The 
non-transfected and transfected MG-63 and U2OS 
cells were plated in 96-well plates with 2×103/well for 
cell growth assay and 5×103/well for cell viability 
assay. For cell growth assay, the cells were incubated 
for the indicated time; while for the cell viability as-

say, the cells were treated with EPI at the indicated 
concentration for 48h. At the harvest time 10μl of 
CCK8 was added into each well and after one hour’s 
incubation cellular viability was determined by 
measuring the absorbance of the converted dye at 
450nm.  

Cell Cycle and Cell Apoptosis Were Examined 
by Flow Cytometry 

Approximately 1×106 cells for each sample were 
harvested and they were fixed with 70% ethanol at 
4ºC overnight and then re-suspended in PBS con-
taining 40μg mL-1 propidium iodide (PI), 0.1mg mL-1 
RNase and 0.1% Triton X-100 in a dark room. After 
incubation at 37 ºC for 30min, the cells were analyzed 
through flow cytometry. The cell cycle stage was then 
determined and analyzed. 

For cell apoptosis analysis, after receiving the 
indicated disposals, cells were harvested, stained with 
Annexin V-FITC apoptosis detection kit (Abcam, 
Cambridge, MA, USA) and then analyzed by flow 
cytometry. 

Scratch migration Assay and Transwell 
Invasion Assay 

In scratch assay, wound was created with a 
standard 200μL pipette tip [17], and the wounded 
monolayer was washed twice to remove the 
non-adherent cells. The wound closure was moni-
tored using an inverted phase contrast microscope at 
the time the wound was created and 24h after incu-
bation in 1% FBS medium. The distance between 
borderlines was measured at four different equidis-
tant points in four independent fields of each sample 
to get a better estimate. The migration rate was ex-
pressed as a percentage of the control and was calcu-
lated as the proportion of the mean distance between 
the borderline caused by scratching and the border-
line that remained cell-free after re-growing. Three 
independent series of experiments were performed. 

In transwell assay, for each sample, 5×104 cells in 
1% FBS medium were seeded into the mat-
rigel-coated, porous upper chamber inserts (Bection 
Dickinson, San Jose, CA, USA) with 700μl completed 
medium in the lower chamber. After 24h incubation, 
cotton-tipped swabs were used to remove 
non-invasive cells in interior of the inserts. Next, in-
serts were incubated with 400μl 0.1% Crystal Violet 
for 10 min at room temperature. After washed in PBS 
for several times, inserts were placed under an in-
verted phase contrast microscope and eight fields of 
vision were randomly selected for observation. 

Western blot assay 
40μg lysates per sample was resolved in 10% 
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SDS-PAGE with the indicated primary antibodies, as 
described earlier [18]. Antibodies against various 
proteins for western blot such as pAkt (1:1000, #4060), 
Akt (1:1000, #9272), pGSK-3β (1:1000, #9323), GSK-3β 
(1:1000, #12456), p-p44/p42 (1:1000, #4370P), p44/p42 
(1:1000, #4695P), pJNK (1:1000, #4668P), JNK (1:1000, 
#9258P), pFAK (1:1000, #8556), FAK (1:1000, #3285) 
and MMP-2 (1:1000, #4022) were obtained from Cell 
Signaling Technologies (Danvers, MA). The other 
antibody against Cdk4 was purchased from Ne-
omarkers (1:500, Cat. #MS-299-P0, Union city, CA, 
USA) and those against MKP-1 (1:1000, sc-1102), cy-
clinD1 (1:1000, sc-735), GAPDH (1:1000, sc-166574) 
were purchased from Santa Cruz Biotechnology 
(Santa Cruz, CA). 

Statistical Analysis 
The SPSS version 11.5 for Windows (SPSS, Chi-

cago, IL, USA) was used for the statistical analysis. 
The correlation of TRPM8 expression in osteosarcoma 
and osteochondroma specimens was assessed by 
chi-square test. Data were presented as means ± SD of 
the indicated number of experiments. Statistical 
analysis was performed through unpaired t-text, with 
P < 0.05 taken as statistically significant.  

Results 
The expression of TRPM8 in human 
osteosarcoma tissues and cell lines 

The difference of TRPM8 expression between 
osteosarcoma and osteochondroma specimens was 
shown in Fig. 1A and the arrows indicate the positive 
staining. For the expression of TRPM8, 70% osteosar-
coma cases were at high level (7/10) with 30% cases 
(3/10) at low level and the proportion values in oste-
ochondroma cases, which were used as normal con-
trol, was about 10%(1/10) and 90%(9/10). The 
chi-square test demonstrated that the difference of 
TRPM8 expression between osteosarcoma and oste-
ochondroma had statistical significance (p<0.05, Table 
1). Besides, western blot was also performed to ex-
amine the protein expression of TRPM8 in human 
osteosarcoma cells, since the expression of TRPM8 in 
mRNA level has been investigated [14]. As for the 
normal control cell to MG-63 and U2OS cells, human 
osteoblast cell line hFOB1.19 is the best choice. How-
ever, hFOB1.19 cells should be cultured at 34°C, and 
different culture condition may have an influence on 
the protein expression. Based on this, we chose 
BMSCs as normal control. The protein expression of 
TRPM8 was at a high level in MG-63, U2OS, SaOS2 
and HOS compared with BMSCs, among which, the 
expression was higher in U2OS and was approxi-
mately identical in the other three cell lines (Fig. 1B). 

Based on such results, MG-63 and U2OS cells were 
chosen as representatives in the following experi-
ments.  

 

Table 1. The expression of TRPM8 in osteosarcoma and oste-
ochondroma specimens 

 Cases High 
expression 

Low 
expression 

p  

osteosarcoma 10 7 
(70.0%) 

3 
(30.0%) 

0.0225* 
 

 

osteochondroma 10 1 
(10.0%) 

9 
(90.0%) 

  

* The chi-square test demonstrated that the difference of TRPM8 expression be-
tween osteosarcoma and osteochondroma had statistical significance, p<0.05. 

 
 
The efficiency of siTRPM8 was investigated by 

Ca2+ imaging and western blot. Compared with 
siCON cells, the elevation of intracellular Ca2+ levels 
induced by menthol was diminished by TRPM8 
knockdown and the expression of TRPM8 was dra-
matically down-regulated in the cells transfected with 
siTRPM8 in a time and dose dependent manner (Fig. 
1C).  

Knockdown of TRPM8 inhibited cell 
proliferation 

We first assessed the effect of TRPM8 knock-
down on the proliferation of MG-63 and U2OS cells. 
According to the results of CCK8 assay, the siTRPM8 
cells grew more slowly than the Parental and siCON 
cells and the difference was more pronounced after 
day 2. There was no statistical difference between 
Parental and siCON cells (Fig. 2A). 

Immunofluorescence analysis targeting on the 
Ki67 also confirmed the proliferation inhibition effect. 
The Ki67 expression was more markedly reduced in 
siTRPM8 cells compared with the Parental and siCON 
cells (Fig. 2B).  

Next, we examined whether the knockdown of 
TRPM8 has cell cycle arrest effect in MG-63 and U2OS 
cells. Different from the Parental and siCON cells, the 
siTRPM8 cells were blocked in G0/G1 phase (MG-63: 
siTRPM8 67.35% ± 2.14% vs. Parental 43.44% ±1.60%, 
siCON 42.73% ± 1.80%; U2OS: siTRPM8 64.18% ± 
1.76% vs. Parental 45.67% ± 2.08%, siCON 46.43% ± 
4.84%, P < 0.01, Fig. 3A). Moreover, the expressions of 
cyclinD1and Cdk4 as well as p-Akt and p-GSK-3β in 
siTRPM8 cells were markedly decreased. (Fig. 3B) 

Apart from the cell cycle-related proteins, the 
level of phospho-p44/p42, which has been reported to 
be able to promote cell growth[19], was also signifi-
cantly decreased in siTRPM8 cells compared with the 
Parental and siCON cells but the total p44/p42 was 
not affected (Fig. 3C).  
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Fig. 1. The expression of TRPM8 in osteosarcoma tissues and cell lines. A: TRPM8 is over-expressed in osteosarcoma tissues when compared with 
osteochondroma tissues used as normal control (magnification x400), arrows indicate the positive staining cells. Negative controls for immunostaining 
were performed in the absence of anti-TRPM8 antibody. The correlation of TRPM8 expression in osteosarcoma and osteochondroma specimens was 
assessed by chi-square test. B: The expression of TRPM8 in osteosarcoma cell lines was detected by western blot (a) and its abundance was expressed as 
normalized values over BMSCs (b). C: The knockdown efficiency of siRNA targeted on TRPM8 in MG-63 and U2OS cells. (a) Ca2+ imaging indicated that 
the response to menthol was clearly diminished in siTRPM8 cells and the knockdown of TRPM8 leads to impaired regulation of intracellular Ca2+ con-
centration. The fluorescence intensity in y-axis represents intracellular Ca2+ concentration. (b) The time course and dose dependent manner of TRPM8 
siRNA in MG-63 and U2OS cells. (c) The western blot data in (b) was quantified and the results were expressed in histograms. 
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Fig. 2. Knockdown of TRPM8 suppressed growth of MG-63 and U2OS cells. A: The effect of TRPM8 knockdown on MG-63 (a) and U2OS (b) cell 
proliferation was measured by CCK8 assay. Growth of siTRPM8 cells was significantly suppressed at day 2 compared with Parental and siCON cells. 
One-Way ANOVA was used for the data analysis. **P<0.01. OD in y-axis means A450nm and represents cell growth; bars, SD. B: Parental, siCON and 
siTRPM8 cells of MG-63 (a) and U2OS (b) were immunostained with anti-Ki67 antibody (green) and Hoechst33258 (blue), scale bars = 50 μm.  

 
 

Knockdown of TRPM8 inhibited cell migration 
and invasion  

In scratch-wound assay, the migration of 
siTRPM8 cells was significantly suppressed after 24h 
incubation compared with Parental and siCON cells. 
The migration rate was expressed as a percentage 
with the value of Parental cells being 100% and there 
was no statistical difference between Parental cells 
and siCON cells (MG-63: siTRPM8 62.84% ± 6.59% vs. 
Parental 100%±5.13%, siCON 101.65%±4.12%; U2OS: 
siTRPM8 63.43%±8.92% vs. Parental 100%±5.50%, 
siCON 97.04%±2.24%, P < 0.01, Fig. 4A). 

As for cell invasion assay, the number of the in-
vaded siTRPM8 cells was significantly reduced com-
pared with Parental and siCON cells. The cell inva-
sion capability was represented as the number of the 
invaded cells per field (MG-63: siTRPM8 37.67±10.05 
vs. Parental 105.67±7.35, siCON 106.0±9.10; U2OS: 
siTRPM8 21.67±14.1 vs. Parental 76.0±8.63, siCON 
77.0±5.95, P < 0.01, Fig. 4B). Moreover, the expressions 
of p-FAK and MMP-2 were decreased in siTRPM8 

cells, both of which play key roles in cell migration 
[20, 21], a function required for the invasion and me-
tastasis of cancer cells (Fig. 4C).  

In order to exclude the possibility that the inhi-
bition of the invasion and metastasis of TRPM8 
knockdown were caused by reduced cell viability 
and/or proliferation, CCK-8 assay and Annexin 
V-FITC assay were performed to examine the prolif-
eration and apoptosis status of si-TRPM8 cells after 
incubation in 1% FBS medium for 24h. Compared 
with siCON cells, TRPM8 knockdown do not affect 
the proliferation and apoptosis of MG-63 and U2OS in 
24h, indicating that the inhibitory effect of TRPM8 
knockdown on the invasion and metastasis was not 
caused by reduced cell viability and/or proliferation 
(Supplementary Fig. 1). 

Knockdown of TRPM8 enhanced the 
epirubicin-induced apoptosis  

Although the knockdown of TRPM8 failed to 
trigger cell apoptosis (Fig. 5B and 5C), it facilitated the 
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cell apoptosis induced by EPI. This was confirmed by 
the CCK8, Annexin V-FITC and Hoechst 33258 stain-
ing assays. The CCK8 assay showed that, compared 
with the Parental and siCON cells, the viability of 
siTRPM8 cells was dramatically weakened in a 
dose-dependent manner after incubated with EPI at 
the indicated concentration for 48h (Fig. 5A). The 
concentration of EPI used in the following experi-
ments was set at 500ng/ml according to the CCK8 

assay. The Annexin V-FITC assay revealed that 
knockdown of TRPM8 facilitated EPI-induced cell 
apoptosis when compared with the Parental and 
siCON cells (MG-63: siTRPM8 32.83%±1.23% vs. Pa-
rental 20.90%±0.82%, siCON 20.27%±0.27%; U2OS: 
siTRPM8 27.55%±1.17% vs. Parental 15.54%±0.82%, 
siCON 15.36%±0.93%, P < 0.01, Fig. 5B). The Hoechst 
33258 staining assay also demonstrated this result 
(Fig. 5C).  

 

 
Fig. 3. Knockdown of TRPM8 induced G0/G1 arrest and decreased the level of phospho-p44/p42. A: (a) Knockdown of TRPM8 induced G0/G1 arrest. 48h 
after the indicated transfection, cells were harvested and cell cycle was examined. (b) Compared with Parental and siCON cells, the accumulation of cells 
in G0/G1 phase was significantly increased in siTRPM8 cells, **P<0.01. B: (a) Knockdown of TRPM8 suppressed the Akt-GSK-3β pathway and decreased the 
expression of cyclinD1 and Cdk4. 48h after the indicated transfection, cells were harvested and western blot was performed. (b) The western blot results 
were quantified and statistic analysis was performed, *P<0.05. C: (a) Knockdown of TRPM8 decreased the level of phospho-p44/p42. (b) The western blot 
results were quantified and statistic analysis was performed. *P<0.05. All the data in this figure was analyzed by One-Way ANOVA.  
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Fig. 4. Knockdown of TRPM8 inhibited cell migration and invasion. A: Knockdown of TRPM8 inhibited cell migration in MG-63 (a) and U2OS (b) cells 
(magnification x200). (c) The migration rate was expressed as a percentage with the value of Parental cells being 100% and the migration was significantly 
suppressed in siTRPM8 cells, **P<0.01. B: Knockdown of TRPM8 inhibited cell invasion. (a) The invaded siTRPM8 cells were obviously less than the invaded 
Parental and siCON cells (magnification x200). (b) Values are presented as invaded cells/field, **P<0.01. C: (a) Knockdown of TRPM8 suppressed the 
expression of pFAK and MMP-2. (b) The western blot results were quantified and statistic analysis was performed, **P<0.01, *P<0.05. All the data in this 
figure was analyzed by One-Way ANOVA.  
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Fig. 5. Knockdown of TRPM8 enhanced epirubicin-induced apoptosis. A: Knockdown of TRPM8 significantly reduced the viability of MG-63 (a) and U2OS 
(b) cells, **P<0.01. B: (a) Cell apoptosis was analyzed by Annexin V assay. (b) Knockdown of TRPM8 enhanced epirubicin-induced apoptosis, **P<0.01. C: (a) 
The Hoechst 33258 staining assay revealed that down regulation of TRPM8 facilitated cell apoptosis in MG-63 and U2OS cells. Arrows indicate apoptotic 
cells. (b) The quantitative data showed the percentage of apoptotic cells in EPI-treated MG-63 and U2OS cells, **P<0.01. All the data in this figure was 
analyzed by One-Way ANOVA. 

 
Studies suggest that the activation of JNK in-

creases after EPI treatment and JNK depletion confers 
resistance to EPI-induced apoptosis [22]. To figure out 
the possible function of JNK in the EPI-induced 
apoptosis, its inhibitor SP600125 was applied. The 
efficiency of SP600125 was evaluated by western blot 
and the result revealed that the phosphorylation of 
JNK was obviously decreased (Fig. 6B). The Hoechst 
33258 staining assay suggested that the EPI-induced 
apoptosis was partly abolished (Fig. 6A). 

Knockdown of TRPM8 suppressed the 
phosphorylation of p44/p42 and facilitated 
epirubicin-induced JNK activation 

Compared with the Parental and siCON cells, 
the level of phospho-p44/p42 was markedly reduced 
in siTRPM8 cells (Fig. 3C). However, phospho-JNK 
was detected neither in Parental and siCON cells nor 

in siTRPM8 cells (Fig. 7C a). EPI could activate 
p44/p42 in a time-dependent manner in siCON cells, 
but such manner disappeared when TRPM8 was 
knocked down (Fig. 7A). Especially, the level of 
p-p44/p42 in siTRPM8 cells was still lower than that 
in the Parental and siCON cells after EPI was applied 
(Fig. 7B). However, EPI could dramatically activate 
JNK especially in siTRPM8 cells (Fig. 7C b). Why the 
knockdown of TRPM8 can suppress the activation of 
p44/p42 and facilitate the activation of JNK induced 
by EPI? To figure out this question, we analyzed the 
MEK, an upstream factor of p44/p42, and the mito-
gen-activated protein kinase phosphatase-1(MKP-1), 
an endogenous negative regulator of MAPKs. The 
results revealed that knockdown of TRPM8 had no 
impact on phospho-MEK, but decreased the expres-
sion of MKP-1 (Fig. 7D). 
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Fig. 6. SP600125 (SP), the inhibitor of JNK, partly abolished the effect of EPI treatment. A: The Hochest 33258 assay (a) and its quantitative data (b) 
revealed that EPI-induced apoptosis was partly abolished by SP600125, *P<0.05. Arrows indicate apoptotic cells. B: (a) The efficiency of SP600125 was 
examined by western blot, and the phosphorylation of JNK induced by EPI was significantly suppressed by SP600125 in siCON and siTRPM8 cells. (b) The 
western blot results were quantified and the data was analyzed by t-text, *P<0.05. 

 

Discussion  
TRPM8, a Ca2+-permeable cation channel, be-

longs to the melastatin subfamily of TRP channels and 
it is also known as the so-called ‘cold’ receptor protein 
for it can be activated by cold temperature and men-
thol. Researches on TRPM8 are growing rapidly, 
which mainly focus on thermosensation and cancer 
biomarker. For thermosensation, the role of TRPM8 in 
mediating the cold-evoked excitation has been fairly 
well established [23, 24]. Being a cancer biomarker, 
TRPM8 is associated with the phenotype of cancers 
originating from breast, lung, colon, prostate and 
bone as stated in this study. For prostate cancer, the 
expression of TRPM8 increases in early-stage [10] and 
then decreases as tumor progresses to andro-
gen-independent stage [25]. Our former studies sug-

gest that the overexpression of TRPM8 in PC-3 cells 
[26] or the activation of TRPM8 channel by menthol in 
DU145 cells [27] can reduce cell proliferation and mi-
gration. For breast cancer, TRPM8 is overexpressed 
and the expression level strongly correlates with pro-
liferative parameters such as SBR grade, Ki67 prolif-
eration index and tumor size [28]. For pancreatic ad-
enocarcinoma, siRNA-mediated knockdown of 
TRPM8 does not induce apoptosis but induces repli-
cative senescence, which suggests that targeted inhi-
bition of TRPM8 may enhance tumor sensitivity to 
therapeutics [29]. In this study, we also found that 
TRPM8 was overexpressed in osteosarcoma and was 
required for cell proliferation and motility, especially, 
siRNA-mediated knockdown of TRPM8 enhanced 
EPI-induced apoptosis. More and more studies sug-
gest that Ca2+ is a versatile intracellular messenger 
and it has an influence on the phosphorylation of Akt 
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and p42/p44. The Ca2+ imaging assay revealed that 
knockdown of TRPM8 lead to the impaired regulation 
of intracellular Ca2+ concentration. So the aberrant 
intracellular Ca2+ levels may be responsible for the 
decrease of p-Akt and p-p42/p44. 

The activated Akt can phosphorylate and inhibit 
GSK-3β function and leads to de-phosphorylation and 

stabilization of cyclin D1, which can form compound 
with Cdk4 to regulate cell cycle. Ca2+ could bind the 
PH domain of activated Akt to prevent or delay its 
inactivation by an Akt phosphatase, and then the in-
activation of Akt suppressed its downstream GSK-3β 
and cyclinD1 and the cell cycle was arrested in the 
G0/G1 phase. 

 
 
 

 
Fig. 7. The changes of p-p44/p42 and pJNK. A: After transfected with siCON and siTRPM8, MG-63 (a) and U2OS (b) cells were treated with 500ng/ml EPI 
for the indicated time and then western blot was performed to investigate the p-p44/p42 and p44/p42. (c) The results of the western blot were quantified 
and expressed in histograms. B: (a) After 48h EPI treatment, p-p44/p42 was analyzed in each sample by western blot. (b) The quantitative data of the 
western blot and statistic analysis was performed by One-Way ANOVA, **P<0.01, *P<0.05. C: Cells were prepared as indicated in material and methods, 
and p-JNK and JNK was analyzed by western blot. Knockdown of TRPM8 had no influence on the phosphorylation of JNK (a); however, after EPI treatment 
it enhanced the phosphorylation of JNK (b). (c) The results of western blot in (b) were quantified and One-Way ANOVA was applied for the statistic 
analysis, *P<0.05. D: (a) p-MEK, MEK and MKP-1 was investigated by western blot in Parental, siCON and siTRPM8 cells. (b) The results of western blot 
were quantified and One-Way ANOVA was applied for the statistic analysis, *P<0.05. 
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As for p44/p42, which has been reported to be 
able to promote cell growth, the phosphorylation 
suppression may be resulted from the aberrant intra-
cellular Ca2+ levels rather than MEK and MKP-1. Be-
cause knockdown of TRPM8 had no influence on the 
activation of MEK, the upstream of p44/p42, and es-
pecially it decreased the expression of MKP-1 which 
can de-phosphorylate all three MAPKs. Studies sug-
gest that elevated calcium concentration can either 
activate or, less frequently, inhibit the 
p44/p42-MAPK pathway [30, 31]. Seongho Ryu [32] et 
al found that aberrant Ca2+ levels decreased the acti-
vation of p44/p42 as well as FAK, because p44/p42 
was able to phosphorylate FAK. And such results 
were also found in this study. So the aberrant Ca2+ 
levels may play an important role in the decrease of 
p-p44/p42 and p-FAK caused by TRPM8 knockdown 
and further inhibited cell proliferation and motility.  

In addition to the above functions, knockdown 
of TRPM8 also enhanced epirubicin-induced apopto-
sis in osteosarcoma cells. This is associated with the 
MAPK pathway.  

Many drugs used in cancer therapy activate not 
only the apoptosis but also the anti-apoptotic signal 
transduction pathways that promote survival, and 
possibly limit their own antitumor efficacy. One no-
table example is the nuclear factor κB pathway, whose 
activation results in enhanced transcription of Bcl-2 
homologs such as Bcl-xL [33]. Another example is the 
p44/p42-MAPK pathway whose activation generally 
results in an increase of the threshold for cell death 
[34]. Anthracycline-based antitumor antibiotics have 
been reported to be able to activate p44/p42-MAPK in 
some cell systems, including primary rat ventricular 
myocytes [35, 36], neuroblastoma cells [37], rat hepa-
toma cells [38], human cervical carcinoma cells [39] 
and monoblasts [40]. And in this study, we found that 
EPI, one of the anthracycline-based antitumor antibi-
otics, can activate p44/p42-MAPK in siCON cells in a 
time-dependent manner, but such manner disap-
peared in siTRPM8 cells. Especially, the level of 
p-p44/p42 in siTRPM8 cells was still lower than that 
in the Parental and siCON cells after EPI treatment. 
George et al. found that the activation of 
p44/p42-MAPK, induced by anthracycline-based an-
titumor antibiotics, was anti-apoptotic [41]. Therefore 
the knockdown of TRPM8 may decrease the threshold 
for EPI-induced cell death.  

Activation of JNK is very important, because 
studies suggest that the activation of JNK increases 
after EPI treatment and JNK depletion confers re-
sistance to EPI-induced apoptosis [22]. Although the 
knockdown of TRPM8 failed to activate JNK, it facili-
tated the activation of JNK induced by EPI. Such fa-
cilitation may be resulted from the down-modulation 

of MKP-1, because it can de-phosphorylate JNK and 
p38 with a much higher affinity and de-phosphorylate 
p44/p42 with a much lower affinity [42]. MKP-1 is the 
prototypic member in the family of dual-specificity 
phosphatases that dephosphorylate tyrosine and 
threonine residues on target proteins. Growing evi-
dences suggest that MKP-1 may play a role in chem-
otherapy resistance. Overexpression of MKP-1 is able 
to protect cancer cells from chemotherapy-mediated 
apoptosis by limiting JNK activity, such as cispla-
tin-induced apoptosis in human lung cancer cells [43] 
and doxorubicin-, mechlorethamine-, paclitax-
el-induced apoptosis in breast cancer cells [44]. Stud-
ies have revealed that the repression of MKP-1 by 
anthracyclines or siRNA can increase phosphoryla-
tion of p44/p42 [41] and the induction of MKP-1 by 
proteasome inhibitor can decrease the phosphoryla-
tion of p44/p42 [45]. However, there are also studies 
indicating that MKP-1 expression is inversely corre-
lated to JNK but not to p44/p42 enzymatic activity 
[46, 47], and our results agree with it. The knockdown 
of TRPM8 facilitated the EPI-induced activation of 
JNK and decreased the phosphorylation of p44/p42 
and the expression of MKP-1, which suggests that the 
expression of MKP-1 is inversely correlated to the 
activation of JNK but not to p44/p42 in osteosarcoma 
cells. 

When the activation of JNK was inhibited by its 
special inhibitor SP600125, the effect of EPI treatment 
was partly abolished. So the enhancement of EPI 
treatment caused by the knockdown of TRPM8 may 
be partly through JNK activation and perhaps the 
decrease of p-p44/p42 is also involved, because 
p44/p42 activation generally results in an increase of 
the threshold for cell death.  

In conclusion, we are the first to report that 
TRPM8 is aberrantly overexpressed in osteosarcoma, 
and the knockdown of TRPM8 not only negatively 
influences the proliferation and malignant progres-
sion of osteosarcoma cells but also facilitates 
EPI-induced apoptosis. Therefore, TRPM8 is worthy 
further investigation for its potential as a clinical bi-
omarker and therapeutic target in osteosarcoma. In 
spite of these findings, there are still deficiencies 
which deserve further investigation in this study, 
such as osteochondroma was used as normal control 
and the proofs of regulation between TRPM8 and 
these changed proteins induced by its downregula-
tion as well as the in vivo mouse model experiments. 

Abbreviations 
TRPM8: transient receptor potential melastatin 

member 8; BMSCs: human bone marrow mesenchy-
mal stem cells; EPI: epirubicin. 
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