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Abstract
Purpose  Transient receptor potential melastatin 2 (TRPM2), a calcium-permeable ion channel, is shown as a prognostic 
marker candidate in prostate cancer (PCa) and an important regulator of autophagy. We aimed to determine the changes in 
TRPM2 and autophagic–apoptotic gene expression levels in human prostate adenocarcinomas, and to investigate the affect 
of TRPM2 on autophagic pathways in PC-3 cell line.
Methods  Human prostate tissues were classified considering the grade levels and were divided into the control, BPH, 
and grade 1–5 groups. mRNA expression levels of genes were determined by qPCR. In addition, TRPM2 was evaluated 
immunohistochemically for each group. In PC-3 cell line, TRPM2 was silenced through siRNA transfection, and autophagy 
induction was analyzed by acridine orange (AO) staining.
Results  The qPCR and immunoreactivity results showed that the increased TRPM2 expression levels in human PCa samples 
were paralleled with higher grade levels. The autophagic–apoptotic gene expressions showed high variability in different 
grade levels. Also, silencing TRPM2 in PC-3 cells altered autophagic gene expressions and caused autophagy induction 
according to the AO staining results.
Conclusion  We showed that the autophagy–TRPM2 association may take place in the molecular basis of PCa and accord-
ingly this connection may be targeted as a new therapeutic approach in PCa.

Keywords  Prostate cancer · Ion channels · Transient receptor potential melastatin 2 (TRPM2) · Autophagy · Gene 
expression

Introduction

Prostate cancer (PCa) is the second most common cancer 
worldwide for males (Ferlay et al. 2015) and is one of the 
leading causes of cancer-related death (Borley and Feneley 
2009). Although it has a high incidence, still little is known 
about the etiology (Reynolds and Kyprianou 2006). While 

the majority of localized prostate cancers can be controlled 
with surgery and/or radiation, metastatic disease remains a 
lethal disease with no curative options (Palmbos and Hus-
sain 2016). Studies are carried out at the molecular level for 
the induction of apoptosis (Reynolds and Kyprianou 2006) 
or for the inhibition of cancer invasion (Bao et al. 2005) to 
create new treatment options but still more efforts should 
be made to develop protective strategies that will reduce 
the negative consequences of PCa (Mahmoud et al. 2014).

Ion channels, regulating the flow of ions across biologi-
cal membranes (Huang and Yan 2014), may have onco-
genic or tumor suppressor properties in different cancer 
types (Lang and Stournaras 2014). Alterations in the cal-
cium (Ca2+) channels affect the intracellular Ca2+ levels 
and Ca2+-dependent processes such as proliferation, apop-
tosis (Prevarskaya et al. 2007) and autophagy (Kondrat-
skyi et al. 2013). Recently, ion channels have been defined 
as major regulators of both basal and induced autophagy 
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(Kondratskyi et al. 2018). Autophagy is a cellular cata-
bolic process in which various molecules are degraded 
and recycled to maintain cellular homeostasis (Ravikumar 
et al. 2010). Autophagy consists of several phases such as 
induction, nucleation, elongation, fusion, and degradation. 
In each stage of the autophagy, multiple autophagy-related 
genes (ATG) play a role (Subramani and Malhotra 2013). 
It is stated that autophagy deregulation can facilitate tumor 
development by affecting many physiological processes 
and in some cases can suppress tumor formation. (Choi 
et al. 2013; White 2015). Recently, it has been reported that 
increases and decreases in some autophagic gene expres-
sions in several PCa investigations lead to disruption of 
autophagic mechanisms (Ouyang et al. 2013; Morell et al. 
2016).

Transient receptor potential melastatin 2 (TRPM2) ion 
channel is a potential candidate to contribute to Ca2+ homeo-
stasis in PCa cells (Flourakis and Prevarskaya 2009). Also, 
increased TRPM2 expression in PCa has been suggested 
that it can be used as a prognostic marker (Prevarskaya et al. 
2007). TRPM2-dependent Ca2+ influx induced by oxidative 
stress inhibits autophagy, leading to cells becoming more 
sensitive to death. However, oxidative stress stimulates 
autophagy (and not cell death) in the absence of the TRPM2-
dependent Ca+ 2 influx (Wang et al. 2016). TRPM2 inhibi-
tion may be beneficial for inducing apoptosis and autophagy 
and increase the effectiveness of chemotherapy regimens 
(Zeng et al. 2010).

Although the roles of the TRPM2 ion channel in prolif-
eration and apoptosis are largely determined, the knowledges 
about the mechanisms by which TRPM2 regulate autophagy 
is still poorly understood. In this study, we aimed to identify 
the changes in autophagic–apoptotic gene expression levels 
in TRPM2-expressing human prostate adenocarcinomas and 
to evaluate the effects of TRPM2 inhibition, mediated by 
small interfering RNA (siRNA), on gene expression levels 
which have a role in autophagic and apoptotic pathways in 
PC-3 cell line.

Materials and methods

Cell culture

In the study, PC-3 cell line having high metastatic poten-
tial, representative for advanced prostate cancer, expressing 
high levels of TRPM2, androgen independent, and resistant 
to many chemotherapy drugs and apoptosis inhibitors was 
used. RPMI-1640 medium (Cat. No. R0883, Sigma–Aldrich, 
Germany) containing fetal bovine serum 10% (Cat. No. 
F6178, Sigma–Aldrich, USA) was used to grow PC-3 cells 
(ATCC® CRL-1435™). The cells were cultured in incuba-
tor (Nuve, Turkey) with 5% CO2 and 95% air at 37 °C.

siRNA transfection

The PC-3 cells were plated on six-well cell culture plates 
and transfected with either siRNA specific to TRPM2 (Cat. 
No. 1027416, Qiagen, USA) or negative control siRNA (Cat. 
No. 1027280, Qiagen, USA) using HiPerfect® transfection 
reagent (Cat. No. 301704, Qiagen, Germany) according to 
the manufacturer’s instructions and then incubated for 72 h. 
Using the TRPM2 human gene test (Cat. No. QT01870407, 
Qiagen, Germany), quantitative real time-polymerase chain 
reaction (qPCR) was performed to determine whether 
silencing was occured. According to the qPCR result, the 
following calculation method was used to calculate the per-
centage of siRNA silencing: ΔΔCT mean = ΔCT TRPM2-
siRNA–ΔCT negative control; fold change = 2− ΔΔCT; per-
centage of silence = 100 × (1–fold change).

3‑[4,5‑Dimethylthiazol‑2‑yl]‑2,5‑diphenyl tetrazolium 
bromide assay

Colorimetric 3-[4,5-dimethylthiazol-2-yl]-2,5-diphe-
nyl tetrazolium bromide (MTT) (Cat. No. M2128, 
Sigma–Aldrich, USA) assay was used to determine cell 
viability. The PC-3 cells were seeded in 96-well plates at a 
density of 1 × 103 cells per well. Each well was subjected to 
100 µl culture medium and 100 µl specific TRPM2 inhibi-
tor 8-bromoadenosine-5′-O-diphosphoribose (8-Br-ADPR) 
(Cat. No. MBS256039, MyBioSource, USA) at different 
concentrations (1–100 µM) and cultured for 24 or 48 h. 
MTT (0.5 mg/ml in PBS) was added to the wells and then 
incubated for 2 h at 37 °C. 100 µl/well of Me2SO (Cat. No. 
320293, Sigma–Aldrich, USA) was added after the removal 
of MTT solution to dissolve the cells. Absorbance values 
were measured at 540 nm wavelength via spectrophotometer 
(BioTek Instruments, USA). Each of the experimental con-
ditions was set to repeat at least three times (Ferreira et al. 
2013; Denizot and Lang 1986; Mosmann 1983). Cell count 
and viability were also measured with an automated cell 
counter (BioRad TC20, Singapore) by performing trypan 
blue (0.4%, Cat no: 1450013, Bio-Rad) staining (data not 
shown).

Acridine orange staining

The PC-3 cells were incubated in six-well plates, filled as 
1 × 105 cells per well, for 24 h. The cells were then incu-
bated with dimethyl sulphoxide (DMSO) (Cat. No. D8418, 
Sigma Aldrich, USA), negative control siRNA, or TRPM2-
siRNA administrations for 24 h. At the end of the incuba-
tion, the medium was removed and the cells were stained by 
phosphate-buffered saline (PBS) (Cat. No. P5368, Sigma 
Aldrich, USA) containing 1 µg/ml acridine orange (AO) 
(Cat. No. A1301, Invitrogen™, USA) for 15 min at 37 °C 
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and were examined under a fluorescence microscope (Olym-
pus, Japan) after washing.

Total RNA isolation from cell culture

RNA isolation from the PC-3 cells was conducted with 
GeneJet RNA Purification kit (Cat. No. K0731, Thermo 
Scientific, Lithuania) according to the manufacturer’s rec-
ommended protocol.

Human tissue specimens

Ethical committee approval was obtained from the Ethics 
Committee for Non-Interventional Studies of Firat Uni-
versity and the research was undertaken with appropriate 
informed consent of participants. The paraffin blocks of 
prostate tissues (transurethral resection (TUR) samples) 
were obtained from the Pathology department of the Fac-
ulty of Medicine of Firat University. 180 human prostate 
tissue samples, taken between 2010 and 2016, were divided 
into 7 groups according to the gleason score (GS) system of 
WHO 2016; Control, benign prostate hyperplasia (BPH), 
grade group 1 (GS ≤ 6), grade group 2 (GS = 7 (3 + 4)), 
grade group 3 (GS = 7 (4 + 3)), grade group 4 (GS = 8) and 
grade group 5 (GS = 9–10).

Total RNA isolation from paraffin‑embedded tissue samples

Total RNA from paraffin-embedded prostate tissues was 
extracted using a modification of the methods described by 
Sharma et al. (2012) and Ma (2012). Briefly, 20 µm thick-
ness five sections were taken into the sterile tubes and incu-
bated for an hour at 65 °C. After the paraffin removal by 
xylene (Cat. No. 534056, Sigma Aldrich, USA) three times 
for 5 min, rehydration was carried out through sequential 
washing 100%, 70%, and 50% ethanol (Cat. No. K32494886-
339, Merck, Germany) diluted in nuclease-free water (Cat. 
No. 7732-18-5, BioShop, Canada). RNA purified by phe-
nol–chloroform extractions was precipitated by the addition 
of an equal volume of isopropanol (Cat. No. I9516, Sigma, 
USA) at − 20 °C overnight. The RNA pellet was, respec-
tively, washed with 75% ethanol, dried and resuspended in 
10–30 µl of nuclease-free water.

Complementer DNA synthesis

The PCR for complementer DNA (cDNA) synthesis was 
performed by using a High-Capacity cDNA Reverse Tran-
scription Kit (Cat. No. 4368814. Applied Biosystems, USA) 
and thermal cycler (Veriti, Applied Biosystems, Singapore) 
at 25 °C for 10 min, 37 °C for 120 min and 85 °C for 5 min, 
according to the manufacturer’s instructions.

Quantitative polymerase chain reaction analysis

mRNA levels of TRPM2, autophagic and apoptotic genes 
were analyzed by quantitative polymerase chain reaction 
(qPCR) in prostate specimens obtained from both paraffin 
blocks and cell cultures. SYBR-green-based TRPM2 primer 
(Cat. No. 1027416, Qiagen, USA), autophagy primers (Cat. 
No. HATPL-I, Human Autophagy Primer Library, Real-
TimePrimers.com) and apoptosis primers (Cat. No. HPA-I, 
Human Apoptosis Primer Library, RealTimePrimers.com) 
were used for the gene expression analysis at mRNA level. 
In Table 1, the genes, assessed using qPCR analysis in PC-3 
cell line or paraffin-embedded prostate tissues, and their 
properties were given. The mixture required for evaluation 
of TRPM2 and autophagic–apoptotic gene expressions was 
prepared with iTaq universal SYBR green supermix (Cat. 
No. 172–5121, Bio-Rad, USA). mRNA expression levels 
of the genes were determined by qPCR system (7500 Real 
Time-PCR, Applied Biosystems, Singapore). In the study, 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Cat. 
No. QT00079247, Qiagen, USA) was used as a reference 
gene. At the end of qPCR analysis, 2−∆∆Ct method was used 
to calculate the differences in gene expression.

Immunohistochemistry

Immunohistochemical staining was performed in 5 µm sec-
tions taken from paraffinized prostate tissue blocks. TRPM2 
primary antibody (rabbit polyclonal, Cat. No. PA2231, 
Boster Immunoleader, Pleasanton, CA) and a biotinylated 
goat anti-polyvalent secondary antibody [TP–060-BN, 
Biotinylated Goat Anti-Polyvalent (anti-mouse/rabbit IgG), 
Thermo Scientific] were diluted at 1:200 with PBS. The 
incubation times and temperatures for the primary and sec-
ondary antibodies were set to 60 min at 37 °C and 30 min at 
37 °C, respectively. Streptavidin peroxidase (TS-060-HR, 
Streptavidin Peroxidase, Thermo Scientific) and 3-amino-
9-ethylcarbazol (AEC) solution (TA-060-HA, AEC Substrate 
System, Thermo Scientific) were used for visualization. 
Preparations were evaluated and photographed by Olympus 
BX 50 microscope. The immunohistochemical histoscore 
was calculated on the basis of immunoreactivity prevalence 
(0.1: < 25%, 0.4: 26–50%, 0.6: 51–75%, 0.9: 76–100%) and 
severity (0: no, + 0.5: very little, + 1: little, + 2: medium, 
+ 3: severe) (Histoscore = prevalence × severity).

Statistics

All descriptive and inferential statistical analyses were 
performed with IBM Statistical Package for the Social Sci-
ences (SPSS) version 22.0 software (Chicago, IL, USA). 
Depending on data distribution, the Mann–Whitney U test 
or one way ANOVA was conducted for group comparisons. 
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Pearson correlation coefficient was determined to study 
relations between variables. The qPCR data were analyzed 
using the ΔΔCt module at the QiagenGeneGlobe Data 
Analysis Center portal: http://www.qiage​n.com/us/shop/
genes​and- pathways/data-analysis-center-overview-page/. 

The qPCR module transforms threshold cycle (Ct) values 
to calculate results for gene expression. The efficiency of 
all the primers used in the study was shown to be over 
90%. p < 0.05 was considered as significant. Data are 
expressed as the median and range.

Table 1   Genes analyzed with qPCR in PC-3 cell line and paraffin-embedded prostate tissue samples

Gene name Gene symbol Chromo-
somal locali-
zation

Related pathways

Unc-51-like kinase 1 ULK1 12q24.33 Autophagy induction/cellular senescence/AMPK signal-
ing pathway

Unc-51-like kinase 2 ULK2 17p11.2 Autophagy induction/p53 pathway (RnD)/longevity 
regulating pathway

RB1-inducible coiled-coil 1 RB1CC1 8q11.23 Autophagy induction
Autophagy-related 2 ATG2A 11q13.1 Autophagy induction
Phosphoinositide-3-kinase, class 3 PIK3C3 18q12.3 Autophagy vesicle nucleation/glucose/energy metabo-

lism and signaling
Phosphoinositide-3-kinase, regulatory subunit 4 PIK3R4 3q22.1 Autophagy vesicle nucleation/CTLA4 signaling /

p70S6K signaling
Autophagy/beclin-1 regulator 1 AMBRA1 11p11.2 Autophagy vesicle nucleation/PtdIns3KC3 activation/

cell proliferation
SH3-domain GRB2-like endophilin B1 SH3GLB1 1p22.3 Autophagy vesicle nucleation/ER-to-Golgi
UV radiation resistance associated gene UVRAG​ 11q13.5 Autophagy vesicle nucleation/vesicle maturation/tumor 

suppression
Beclin 1 BECN1 17q21.31 Autophagy vesicle nucleation/tumor suppression
Beclin 2 BECN1L1 1q43 Autophagy vesicle nucleation/G-protein coupled recep-

tors turnover
Beclin 1-associated autophagy-related key regulator BARKOR 14q22.3 Autophagy vesicle nucleation
Autophagy-related 12 ATG12 5q22.3 Autophagy vesicle elongation/induction of immune 

system
Autophagy-related 5 ATG5 6q21 Autophagy vesicle elongation/induction of IFN-alpha/

beta pathways
Autophagy-related 10 ATG10 5q14.1 Autophagy vesicle elongation/senescence
Gamma-aminobutyric acid receptor-associated protein GABARAP 17p13.1 Autophagy vesicle elongation/vesicle-mediated transport
Autophagy-related 7 ATG7 3p25.3 Autophagy vesicle elongation/innate immune system
Autophagy-related 3 ATG3 3q13.2 Autophagy vesicle elongation/senescence
Autophagy-related 4 ATG4A Xq22.3 Autophagy vesicle elongation/cellular senescence
Autophagy-related 16-like 1 ATG16L1 2q37.1 Autophagy vesicle elongation/cellular senescence
Microtubule-associated protein 1 light chain 3 alpha MAP1LC3A 20q11.22 Autophagy vesicle elongation/Pink/Parkin-mediated 

mitophagy
Microtubule-associated protein 1 light chain 3 beta MAP1LC3B 16q24.2 Autophagy vesicle elongation/Pink/Parkin-mediated 

mitophagy
Lysosomal-associated membrane protein 1 LAMP1 13q34 Fusion and degradation stage in autophagy
Lysosomal-associated membrane protein 2 LAMP2 Xq24 Fusion and degradation stage in autophagy
Lysosomal-associated membrane protein 3 LAMP3 3q27.1 Fusion and degradation stage in autophagy
Tumor protein P53 TP53 17p13.1 Glioma and IL-2 pathway
Tumor protein P73 TP73 1p36.32 Gene expression and influenza A
BCL2-associated X protein BAX 19q13.33 HTLV-I infection and p53 pathway
B-cell CLL/lymphoma 2 BCL-2 18q21.33 Inhibition of beclin 1-dependent autophagy
Transient receptor potential cation channel subfamily 

M member 2
TRPM2 21q22.3 Ion channel transport and CREB pathway

http://www.qiagen.com/us/shop/genesand-
http://www.qiagen.com/us/shop/genesand-
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Results

Assessment of cell viability and siRNA transfection 
efficiency

PC-3 cells were exposed to 8-Br-ADPR, a specific TRPM2 
inhibitor, for 24 or 48 h, respectively, and cell viability 
was measured using MTT assay. Results demonstrated that 
cytotoxicity in PC-3 cells was induced by 8-Br-ADPR in 

a time-dependent manner, with all doses of 8-Br-ADPR 
resulting in a significant decrease in cell viability com-
pared with the untreated control group at 48 h (p < 0.000) 
(Fig. 1a). After the TRPM2-siRNA transfection, TRPM2 
mRNA expression level was detected by qPCR. TRPM2 
mRNA expression level in TRPM2-siRNA group demon-
strated significant decrease compared to the control group 
(p = 0.007). Percentage of TRPM2-siRNA silencing was 
calculated as 87.5% using gene-silencing calculation 
method (Fig. 1b).

Fig. 1   Cell viability analysis 
and TRPM2 mRNA expres-
sion fold change in PC-3 cells. 
a Bar graph presentation of 
cell viability. Viability of PC-3 
cells was assayed 24 and 48 h 
after treatment with 1, 3.33, 
6.75, 12.5, 25, 50 or 100 µM 
8-Br-ADPR. Optical density 
values of treatment groups were 
expressed as percentage of via-
bility compared to the DMSO 
control. Each bar represents the 
mean value with standard devia-
tion (mean ± SD) from three 
independent experiments. Data 
with asterisk significantly differ 
from DMSO control (Student’s 
t test, *p < 0.05). b Bar graph 
presentation of TRPM2 mRNA 
expression levels in control, 
negative control and TRPM2-
siRNA groups. Each bar repre-
sents the mean ± SD of three 
separate experiments performed 
in 3–9 wells. *p < 0.05
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Autophagic flux is increased by TRPM2‑siRNA 
transfection in PC‑3 Cells

Autophagy induction was determined using AO dye, which 
is widely preferred in autophagy studies. At the natural pH 
(pH = 7) AO, a hydrophobic green fluorescent molecule, pro-
tonates in acidic vesicle organelles (AVOs) and forms bright 
red fluorescent-emitting clusters. As shown in Fig. 2, the 
control and negative control siRNAs showed mostly green 
fluorescence and very little red fluorescence. This status 
indicates that there was a small amount of AVOs. However, 
in TRPM2-siRNA-treated cells, there was an increase in 
the amount of red fluorescent-emitting clusters compared 

to control cells (p < 0.05) (Fig. 2). This result revealed that 
TRPM2-siRNA treatment was able to induce autophagy in 
PC-3 cells.

TRPM2‑siRNA transfection in PC‑3 Cells 
increases mRNA expression levels of autophagic 
and apoptotic genes

The data demonstrate significantly increased mRNA 
expression levels of Unc-51 Like Kinase 1 (ULK1), Unc-
51 Like Kinase 2 (ULK2), Autophagy/beclin-1 regula-
tor 1 (AMBRA1), Beclin 1 (BECN1), Autophagy-related 
5 (ATG5), Autophagy-related 16-like 1 (ATG16L1), 

Fig. 2   Acridine orange staining for autophagy study by fluorescence 
microscopy. AO staining led to an increase in red fluorescent AVOs 
within the PC3 cells transfected with TRPM2-siRNA. 20 photos were 
taken at the same magnification (×100 and ×400) and the percentage 

of cells containing AVO’s emitted red fluorescent was calculated for 
each group. Results are presented in the lower histogram. *p < 0.05 
(Lin et al. 2017)
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Lysosomal-Associated Membrane Protein 1 (LAMP1) and 
BCL2-Associated X Protein (BAX) in the TRPM2-siRNA 
group compared with control (p < 0.05). On the other hand, 
there was no statistically significant difference between 
TRPM2-siRNA and control group in terms of RB1-induc-
ible coiled-coil 1 (RB1CC1), phosphoinositide-3-kinase, 
class 3 (PIK3C3), phosphoinositide-3-kinase, regulatory 
subunit 4 (PIK3R4), SH3-domain GRB2-like endophilin 
B1 (SH3GLB1), UV radiation resistance-associated gene 
(UVRAG), beclin 2 (BECN1L1), autophagy-related 12 
(ATG12), microtubule-associated protein 1 light chain 3 
alpha (MAPLC3A), microtubule-associated protein 1 light 
chain 3 beta (MAPLC3B), tumor protein P53 (TP53), tumor 
protein P73 (TP73) and B-cell CLL/lymphoma 2 (BCL-2) 
mRNA expression levels (p < 0.05). Furthermore, no sig-
nificant reduction at the level of mRNA expression of any 
autophagic gene was observed. mRNA fold changes and p 
values of autophagic–apoptotic genes assessed in PC-3 cells 
are given in Table 2 and Fig. 3.

Autophagic–apoptotic gene expression levels 
altered in human prostate adenocarcinoma samples

ULK2, AMBRA1, BECN1, beclin 1-associated autophagy-
related key regulator (BARKOR), autophagy-related 
10 (ATG10), lysosomal-associated membrane protein 2 
(LAMP2) and BAX mRNA expression levels were increased 
in all groups compared with the control group (p < 0.05). It 
was found that the ATG5 mRNA expression level showed 
decrease in the BPH, grade group 1, grade group 2, and 

Table 2   Comparing to control group fold change (F.C.) and p value 
of mRNA expression levels in human PC-3 cells

Symbol Negative control TRPM2-siRNA

F. C. p value F. C. p value

ULK1 0.98 0.943 2.08 0.045
ULK2 3.58 0.016 5.74 0.008
RB1CC1 0.76 0.325 1.27 0.380
PIK3C3 0.64 0.152 0.93 0.786
PIK3R4 0.82 0.454 0.91 0.714
AMBRA1 1.53 0.162 2.48 0.027
SH3GLB1 1.06 0.827 1.88 0.072
UVRAG​ 0.68 0.207 1.06 0.832
BECN1 2.25 0.039 3.55 0.016
BECN1L1 0.72 0.252 1.04 0.876
ATG12 1.84 0.061 1.65 0.090
ATG5 1.29 0.354 1.98 0.048
ATG16L1 2.41 0.033 3.73 0.015
MAP1LC3A 0.56 0.087 0.69 0.207
MAP1LC3B 0.87 0.583 1.22 0.454
LAMP1 1.65 0.115 2.56 0.025
LAMP2 0.64 0.151 0.82 0.460
LAMP3 0.51 0.059 0.74 0.286
TP53 1.44 0.220 1.57 0.145
TP73 0.93 0.794 1.61 0.130
BAX 1.75 0.096 2.47 0.029
BCL-2 1.28 0.360 0.92 0.753
TRPM2 0.84 0.520 0.15 0.007

Fig. 3   Heat map graph of gene expression data, clustergram analy-
sis in human PC-3 cells. This analysis was performed using RNAs 
obtained from PC-3 cells. The mRNA expression obtained using 
qPCR for the targets selected from the genes in Table 1 is shown as 
a graph of the profile of the heat map. Genes clustered according to 

their expression patterns. The red color on the heat map indicates 
genes that are highly expressed compared to control; green color, 
genes that are expressed at low level; whereas black color represents 
genes that are equal to the control
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grade group 4 groups compared with the control group 
(p < 0.05). Gamma-aminobutyric acid receptor-associated 
protein (GABARAP) expression decreased in grade group 
1 and grade group 2 groups compared to control group 
(p < 0.05). Autophagy-related 7 (ATG7) expression was 
found to be increased in all groups except the grade group 
5 compared to the control group (p < 0.05). The expression 
of autophagy-related 3 (ATG3) was increased in the grade 
group 1 and grade group 2 groups compared to the con-
trol group (p < 0.05). The expression of autophagy-related 
4A (ATG4A) showed a decrease only in the grade group 5 
(p < 0.05). The expression of ATG16L1 was increased in 
BPH, grade group 1 and grade group 5 groups (p < 0.05). 
TP73 expression was reduced in all groups except grade 
group 5 compared with the control group (p < 0.05). There 
was no statistically significant change for all the genes except 
for the differences mentioned above. mRNA fold changes 
and p values of autophagic–apoptotic genes assessed in 
human prostate tissue samples are given in Table 3 and 
Fig. 4. Also, it was found that there was a positive correla-
tion between grade level and ULK2, AMBRA1, BECN1, 
ATG12, ATG10 mRNA levels and a negative correlation 
between grade level and RBCC1, ATG4A, LAMP1, TP73, 
BCL2 mRNA levels.

High grade level in PCa is associated with increased 
TRPM2 expression

TRPM2 mRNA levels were increased in groups of grade 
group 2, grade group 3, grade group 4 and grade group 5 
compared to control (p < 0.05) but it did not change sig-
nificantly in the other groups. In addition, a significant cor-
relation was found between the grade level increase and the 
increase in TRPM2 mRNA levels (r = 0.964 and p = 0.000) 
(Table 3). TRPM2 protein levels were studied individually 
for each prostate specimen using immunohistochemical 
staining (Table 4). Results of qPCR and immunoreactivity 
were consistent. TRPM2 immunoreactivity was observed in 
the cytoplasm of gland cells (black arrow) in human prostate 
tissues (healthy control, BPH and grade group 1–5) using 
light microscopy (Fig. 5). However, TRPM2 immunoreac-
tivity was not observed in the nucleus or cytoplasm of basal 
or stromal cells of all samples. TRPM2 was expressed dif-
ferentially in intensity in the primary prostatic adenocar-
cinoma of grade levels 1–5. Similar to the luminal cells of 
benign prostatic glands, TRPM2 was weakly, moderately or 
strongly expressed in all the tumor glands of grade group 
1–5. Among the 40 cases of PCa grade level 1; 30 (75%) 
showed moderate (+ 2), 5 (12.5%) showed strong (+ 3) and 
5 (12.5%) showed weak or negative TRPM2 reactivity. In 
100 cases of PCa grade level 2–5; 80 (80%) showed strong 
(+ 3), 11 (11%) showed moderate (+ 2) and 9 (9%) showed 
weak TRPM2 reactivity (Table 5).

Discussion

Treatment options in PCa, especially at the metastatic 
level, are quite limited and this leads to an increase in mor-
tality. The aim of the study was to determine the molecu-
lar mechanisms involved in metastatic PCa. TRPM2 is 
expressed selectively in a variety of prostate cell lines 
(normal or cancerous), but it is excessively expressed in 
PCa compared with normal prostate epithelium or BPH 
cells (Sikka et al. 2005; Zeng et al. 2010). Thus, it is con-
sidered that TRPM2 ion channel can plays a key role in 
PCa initiation or progression even though its molecular 
mechanism is not known. Carried out starting from this 
idea, the main findings we have obtained in the study are 
as follows. TRPM2 expression significantly increased in 
parallel with the higher grade levels in human PCa tis-
sue specimens. Furthermore, the expressions of most 
autophagic genes expressing more mRNAs with the 
increase of grade level, decreased in the samples with 
the highest grade levels. Silencing of TRPM2 by siRNA 
transfection caused significantly increase of autophagic 
and apoptotic gene expressions at mRNA level. Also 
inhibition of TRPM2 by 8-Br-ADPR led to significant 
reduction in cell viability of PC-3 cells. This is the first 
study to identify TRPM2-siRNA transfection-enhanced 
specific autophagic gene expression in the PC-3 cell line, 
8-Br-ADPR-reduced cell viability in PC-3 cell lines and 
TRPM2 immunoreactivity in PCa tissues with different 
grade levels.

Role of TRPM2 channel in Ca2+ flow was reported 
to be critical in hydrogen peroxide (H2O2)-induced cell 
death and autophagy (Chen et al. 2008; Lange et al. 2009; 
Wang et al. 2016). It has been reported that H2O2 induces 
apoptosis in PC-3 cells but inhibits autophagy. Also 
when TRPM2 is inhibited in PC-3 cell lines, autophagy 
is induced for cell survival (Wang et al. 2016). We exam-
ined the effects of TRPM2 siRNA on the expression of 
critical autophagy and apoptosis pathway component 
genes (ULK1/2, AMBRA1, ATG5, BAX, etc). In this 
study, we demonstrated that TRPM2 silencing in PC-3 
cell lines enhances both autophagic and apoptotic gene 
expressions similar to Wang et  al.’s. Autophagic gene 
expressions were not analyzed in Wang et al’s study. In 
this respect, this is the first study to show that autophagic 
gene expressions increase with TRPM2 silencing. TRPM2 
plays a role in autophagic mechanisms as well as apoptotic 
mechanisms in PCa cells. In particular, it was observed 
that ULK1 and ULK2 involved in the induction phase, 
AMBRA1 and BECN1 involved in the nucleation phase, 
ATG5 and ATG16L1 involved in the elongation phase, 
and LAMP1 mRNA expressions in the fusion phase were 
significantly increased by TRPM2-siRNA transfection. It 
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has also been determined that TRPM2 silencing increases 
proapoptotic BAX, one of the genes involved in apoptosis. 
TRPM2-siRNA transfection in the PC-3 cell line is likely 
to mediate the rise of cell death and autophagy by increas-
ing the expressions of apoptotic and autophagic genes. 
In addition, the results from our MTT experiments with 
8-Br-ADPR show that 8-Br-ADPR has antitumor activity, 
especially at 48 h. In this respect, it is thought that TRPM2 
silencing or 8-Br-ADPR can be used as therapeutic target 

in PCa treatment. In future studies, it is important to inves-
tigate how 8-Br-ADPR will result in in vivo experiments 
and what the effects on healthy tissues will be.

TRPM2 has similar functions in many types of cancer, 
such as breast and PCa. Its roles in lots of cancer types are 
most likely survive and proliferation (Blake et al. 2017). 
Increased TRPM2 expression in PCa has been suggested to 
be used as prognostic markers (Prevarskaya et al. 2007). The 
non-coding RNA (ncRNA) transcript of TRPM2, an anti-
sense, (TRPM2-AS) (Orfanelli et al. 2015) may have nega-
tive regulatory affects on its sense partner. It was shown that 
TRPM2-AS is overexpressed both in PCa tissues and tumor 
cell lines compared to the control. Also it was reported that 
TRPM2-AS expression is correlated with high GS, metas-
tasis, positive lymph nodes which are poor prognosis indi-
cators. Supressing of TRPM2-AS expression in PCa cells 
caused apoptosis, so this ncRNA may have a essential role 
in survival of PCa cells (Lavorgna et al. 2015). Although 
TRPM2-AS was not assessed in our study, TRPM2 signifi-
cantly increased when compared to the control from grade 
level 2 to grade level 5 PCa.

Several recent studies have shown that genes, involved 
in autophagy, play a crucial role in the etiopathogenesis of 
cancer (Mowers et al. 2018). The prognostic significance 
of some autophagic markers in patients undergoing radi-
cal prostatectomy was evaluated, some of them potentially 
related to PCa. (Liu et al. 2015). It has been identified that 
genetic alterations in PCa that are responsible for autophagy 

Fig. 4   Heat map graph of gene expression data, clustergram analysis 
in human tissue specimens. This analysis was performed using RNAs 
obtained from human paraffin tissue samples. The mRNA expres-
sion obtained using qPCR for the targets selected from the genes in 
Table  1 is shown as a graph of the profile of the heat map. Genes 

clustered according to their expression patterns. The red color on the 
heat map indicates genes that are highly expressed compared to con-
trol; green color, genes that are expressed at low level; whereas black 
color represents genes that are equal to the control

Table 4   TRPM2 protein levels of paraffin block prostate tissue speci-
mens for each group

Undetected Downregula-
tion

Moderate Upregulation

Control – 1 (5%) 16 (80%) 3 (15%)
BPH 1 (5%) 3 (15%) 11 (55%) 5 (25%)
Grade group 

1
1 (2.5%) 4 (10%) 30 (75%) 5 (12.5%)

Grade group 
2

– 2 (10%) 2 (10%) 16 (80%)

Grade group 
3

– 2 (10%) 4 (20%) 14 (70%)

Grade group 
4

– 1 (5%) 2 (10%) 17 (85%)

Grade group 
5

– 4 (10%) 3 (7.5%) 33 (82.5%)

Total 2 17 68 93
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as allele loss in the gene region, amplification, or gene 
expression changes (Costa et al. 2016). In discussing the 
findings of our study, for the purpose of establishing a gen-
eral picture about the expression changes of genes involved 
in the autophagic stages in PCa have been discussed sepa-
rately genes involved in each stage such as induction, elon-
gation, nucleation, fusion, and lysis.

From the ULK1, ULK2, RB1CC1 and autophagy relates 
2A (ATG2A) genes involved in induction of autophagy, the 
mRNA levels of ATG2A and ULK2 increased, other gene 
expression no change in PCa than control. ULK1 and ULK2, 
transcriptional targets of TP53, are upregulated by TP53 in 
response to DNA damage. This upregulation is essential for 
the sustained autophagy induced by DNA damage. Thus, 
the increase in autophagy contributes to subsequent cell 
death. In light of this information, ULK1 and ULK2 may 
have an important role in tumor suppression in mammalian 
cells and can contribute to the efficacy of chemotherapeu-
tic drugs (Gao et al. 2011). Moreover Zhang et al. (2016), 
reported that in patients with both high expression of ULK1 
and leucine-rich PPR motif-containing protein mitochon-
drial (LRPPRC) were significantly related with GS, serum 
prostate specific antigen (PSA) levels and metastasis. They 
also showed that the increased ULK1 expression was signifi-
cantly correlated with the incidence of biochemical recur-
rence (BR). It was determined in another study that ULK1 
expression level, serum PSA level, pathologic stage, GS, 
seminal vesicle invasion, and surgical margin status were 

Fig. 5   TRPM2 immunoreactivity in paraffin block prostate tissue 
specimens. TRPM2 immunoreactivity was clearly observed at cyto-
plasm of gland cells (black arrow) in the control prostate tissues (a), 
the cytoplasm of the benign glandular cells and surrounding mus-

cle tissue cells (black arrow) in BPH (b), the cytoplasm of malig-
nant gland cells (black arrow) in grade group 1 (c) and cytoplasm of 
malignant gland cells (black arrow) in grade group 3 (d)

Table 5   TRPM2 immunoreactivity histoscore of paraffin block pros-
tate tissue specimens for each group compared with control

Group Histoscore ± SE (prevalence × 
severity)

p value

Control 0.44 ± 0.11 –
BPH 0.45 ± 0.13 1
Grade group 1 0.43 ± 0.15 0.995
Grade group 2 1.08 ± 0.12 0.011
Grade group 3 1.02 ± 0.13 0.032
Grade group 4 1.1 ± 0.1 0.007
Grade group 5 1.06 ± 0.13 0.021
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significant predictors of BR (Liu et al. 2015). John Clotaire 
et al. (2016) reported that ULK2 is upregulated both in PCa 
cells and in tissues. In the present study, although no change 
was observed in the TP53 expression, the ULK2 expression 
significantly changed in the PCa compared to the control and 
BPH tissues. This finding suggests that an increase in ULK2 
may also occur independently from TP53. Tang et al. (2017) 
reported that silencing of ATG2A caused the formation of 
immature autophagosomal membranes, which induced apop-
tosis as a result of non-conical caspase-8 activation in the 
absence of nutrients via an intracellular death-inducing sign-
aling complex (iDISC). In this respect, ATG2A is shown as 
a new target mediated to cancer cell death. As we showed in 
our study, it is possible that the increase in expression levels 
of the ATG2A and ULK2 genes, which act in the induction 
phase of autophagy, is a mechanism that protects PCa cells 
from apoptosis.

From the PIK3C3, PIK3R4, AMBRA1, SH3GLB1, 
UVRAG, BECN1, BECN1L1, and BARKOR genes involved 
in nucleation stage of autophagy, AMBRA1, BECN1, and 
BARKOR increased but others did not alter significantly in 
PCa compared to the control. Falasca et al. (2015), stated 
that the increased expression of AMBRA1 in PCAs may be 
a marker of progression. Zhu et al. (2017) reported in their 
studies of six autophagic protein analysis that the BECN1 
and ULK1 expressions decreased in the PCa groups com-
pared to the control, while the ATG5, ATG7 and MAPLC3B 
expressions did not change. They also stated that as grade 
and stage increases in PCa, autophagy decreases.

From the ATG12, ATG5, ATG10, GABARAP, ATG7, 
ATG3, ATG4A, ATG16L1, MAPLC3A, and MAPLC3B 
genes involved in elongation stage of autophagy, the increase 
of ATG16L1, ATG7, ATG3, ATG10 gene mRNA levels and 
the decrease in GABARAP, ATG4A, ATG5 gene mRNA 
levels were detected in PCa compared to the control. The 
silencing of ATG3 and ATG7 in PC-3 and DU145 cell 
lines were shown to increase cell apoptosis induced by 
AZT5363, an AKT inhibitor (Lamoureux and Zoubeidi 
2013). Increased expression of ATG10 is associated with 
lymphovascular invasion and lymph node metastasis in 
colorectal cancers. Sotgia et al. (2013) have shown that 
ATG16L1 specifically increases cancer cell metastasis in 
their investigations of target genes for cancer treatment. 
In this respect, the increase of ATG3, ATG7, ATG10, and 
ATG16L1 gene expressions in PCa tissues can be regarded 
as important autophagic mechanisms for maintaining cell 
survival and these genes have potential to be new targets in 
PCa treatment. Monoallelic loss of the essential autophagy 
gene ATG5 genes have been frequently found in PCas (Costa 
et al. 2016). On the other hand, Li et al. (2015), indicated 
that the ATG5 mRNA expression level is higher in PCa than 
in BPH tissues. The upregulated expression of ATG5 might 
play a role in the tumorigenesis of PCa. In the current study, 

it was shown that there was a decrease in ATG5 expression 
at BPH, grade level 1, grade level 2, grade level 4 groups 
compared to the control so that it is compatible with the 
majority of the work.

GABARAP, which was identified to be reduced in grade 
level 1, grade level 2, and grade level 3 PCa tissues in our 
study, is responsible for selective autophagy and cargo rec-
ognition in the elongation phase of autophagy. In addition, 
GABARAP, which functions in the phagophore closure, is 
not widely used as an autophagic marker although it is simi-
lar to the LC3, which functions in the phagophore elongation 
and is an autophagic marker (Szalai et al. 2015). In fact, the 
decreased GABARAP mRNA levels are suitable for scoring 
systems 2–6, 7, 8–10 in the gleason scoring system. Sig-
nificant changes were observed in autophagic mechanisms, 
especially in the transition from 6 to 7 between scores.

Monoallelic loss of the essential autophagy gene BECN1, 
MAPLC3, ATG5 and zinc finger and BTB domain contain-
ing 24 (ZBTB24) genes have been frequently found in PCas. 
The protein expression of BECN1 and MAPLC3 has been 
demonstrated to be lower in prostate adenocarcinoma than 
in BPH (Costa et al. 2016). Nevertheless, a recent study has 
demonstrated that about 35% of PCa shows an overexpres-
sion of key autophagy proteins (MAPLC3 and p62) directly 
related to a high GS, indicating that autophagy signaling may 
be important for cell survival in high-grade PCa (Naponelli 
et al. 2015). Significantly, overexpressed MAPLC3B expres-
sion was detected in PCa tissues compared to BPH. How-
ever, it was found that positive LC3B immunoreactivity 
in PCa, as a marker of increased autophagy, was indepen-
dently associated with a reduced disease-specific mortality 
(Mortezavi et al. 2017). Although we did not perform allelic 
deletion analysis in our study, we found that there were no 
changes in the expressions of BECLIN and MAPLC3 when 
compared to BPH or control tissues.

From the LAMP1, LAMP2 ve lysosomal-associated 
membrane protein 3 (LAMP3) genes involved in fusion 
and degredation stages of autophagy, LAMP1 and LAMP3 
mRNA expressions did not alter, the expression of LAMP2 
gene significantly increased. Overexpression of LAMP1, 
a heavily glycosylated lysosomal membrane protein, was 
observed in PCa tissues. Morell et al. (2016) reported that 
LAMP2 is overexpressed in LNCaP PCa cells, silencing 
LAMP2 in LNCaP cell lines also inhibits autophagy. In this 
respect, the increased LAMP2 mRNA in PCa is one of the 
most important indicators of increased autophagy.

The number of studies searching autophagic gene tran-
scriptoma in PCa is very small and most of the autophagic 
genes analyzed in the present study were not evaluated in 
previous PCa studies. Many studies have been carried out 
to evaluate autophagic gene expressions depending on grade 
and stage in PCa specimens. In the majority of these stud-
ies, a single or a few autophagic gene analyses have been 
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conducted, and as a result, it has been stated that in some 
studies autophagy has decreased and in others autophagy 
has increased in PCa (Zhu et al. 2017). One of the most 
important findings in the current study is the increase in 
the expression of ULK2, AMBRA1, BECN1, BARKOR, 
ATG10, ATG7, ATG16L1, and LAMP2 except for the 
decrease in ATG5, ATG4A, and GABARAP genes in com-
parison with the control in BPH and PCa samples of differ-
ent grade levels. There is no change in the expression of 12 
genes that play a role in autophagy. The fact that MAPLC3, 
the most important autophagic marker, did not change, and 
the increase in BECN1 and LAMP2 supports the increase 
of autophagy in PCa. However, there was no significant cor-
relation between the increase in grade level and the increase 
in gene expression in the altered genes.

As to the apoptosis-related genes analyses that we per-
formed on paraffinized prostate tissues, it was shown that 
Bax significantly increased, TP53 and BCL-2 did not 
change, and TP73 decreased significantly in the cancer 
groups compared to the control.

Autophagic changes in the PC-3 cell line in which 
TRPM2 is silenced appear to be common to the increase 
in ULK2 and BECN1 when compared to the PCa tissues 
expressing TRPM2. Although this data may seem contradic-
tory at first glance, many ion channels and autophagic genes 
in PCa should not be overlooked as they work together and 
participate in the process of cancer formation.

Our study has several limitations. In terms of mRNA 
expressions of autophagic genes some differences were 
observed in paraffin PCa tissue samples and PC-3 cells. The 
expression of the PIK3C3, PIK3R4, and SH3GLB1 genes, 
only assessed in TRPM2-siRNA tranfected PC-3 cells was 
not analyzed in paraffin PCa tissue samples. However, PC-3 
cell lines were shown to express these genes. The most likely 
reasons for this include the presence of alternative splice 
variants of these genes and genetic alterations that occur 
throughout the passage of cell lines. The survival analysis 
of patients was not performed in our study because this data 
are not available for most patients. ATG2A, ATG3, ATG4A, 
ATG7, ATG10, and GABARAP genes only evaluated in par-
affinized PCa tissue samples were not studied at PC-3 cell 
lines due to sample inadequacy. Since our study focused 
only on performing autophagic gene transcriptomics analy-
sis on different grade levels, no analysis was performed on 
PSA, lymph node metastasis, or other clinical parameters 
with these genes. In the recent years, the MTT assay, which 
has been accepted as the gold standard of cytotoxicity tests 
for a long time, has led to negative thoughts about the reli-
ability of cell viability data. Although all cell viability and 
cell count analyzes were also controlled by an automated 
cell counting device in our study, the necessity of apply-
ing another cell proliferation assay is obvious. qRT-PCR, 
which yields very valuable data, is the most sensitive gene 

expression method for detecting mRNA levels. However, 
many events in the cells occur at the protein level and after 
the proteins are transcribed from the mRNA can undergo 
different modifications. For these reasons, the data we have 
obtained must be verified at the protein level.

Conclusion

The data obtained about the relationship between 
Ca2+-permeable ion channels and autophagy suggest that 
this association plays a role in cancer and chemotherapy 
resistance. As a result of further work in this area, new 
strategies can be developed that can be used to treat cancer. 
TRPM2-siRNA transfection clearly increases the expres-
sion of genes involved in autophagic pathways in PC-3 cells. 
This data demonstrates that TRPM2 suppression can block 
apoptosis from one side and activate autophagic mechanisms 
from the other. It was also determined that autophagy can 
function in cancer in ways that both cause survival and death 
of the cell. Determining that autophagy is associated with 
TRPM2 which may contribute to the development of cancer 
therapies that target TRPM2 leading to autophagy inhibition 
or overexpression leading to autophagic killing of the host.
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