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	 Background:	 Prostate cancer (PCa) is considered to be the 4th most common cancer in males in the world. This study aimed 
to explore effects of atorvastatin on colony formation of PCa cells and radio-resistance of xenograft tumor 
models.

	 Material/Methods:	 PCa cell lines, including PC3, DU145, and Lncap, were treated with irradiation (4 Gy) and/or atorvastatin (6 μg/mL). 
Cells were divided into tumor cell group, irradiation treatment group (IR group) and irradiation+atorvastatin 
treatment group (IR-AS group). Xenograft tumor mouse model was established. Plate clone formation assay 
(multi-target/single-hit model) was conducted to evaluate colony formation. Flow cytometry analysis was em-
ployed to detect apoptosis. Interaction between Bcl-2 and MSH2 was evaluated with immuno-fluorescence 
assay.

	 Results:	 According to the plate colony formation assay and multi-target/single-hit model, IR-treatment significantly sup-
pressed colony formation in PCa cells (including PC3, DU145, and Lncap cells) compared to no-IR treated cells 
(P<0.05). Atorvastatin remarkably enhanced inhibitive effects of irradiation on colony formation of PCa cells 
(P<0.05), however, the IR+AS group demonstrated no effects on apoptosis, comparing to IR group (P>0.05). 
Atorvastatin administration (IR+AS group) significantly reduced tumor size of IR-treated PCa cells-induced xe-
nograft tumor mice (P<0.05). Bcl-2 interacted with MSH2 both in tumor tissues of xenograft tumor mice.

	 Conclusions:	 Atorvastatin administration inhibited colony formation in PCa cells and enhanced effects of radiotherapy on 
tumor growth of xenograft tumor mice, which might be associated with interaction between Bcl-2 and MSH2 
molecule.
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Background

Clinically, prostate cancer (PCa) is considered to be the 4th most 
common cancer in males and the leading non-cutaneous tumor 
in males worldwide [1,2]. Meanwhile, PCa is also considered as 
the 6th most prevalent cause for cancer-associated death [3]. 
In the USA, appropriately 190 000 new PCa cases were diag-
nosed, causing about 26 000 death, according to the report of 
American Cancer Society [4]. Although the current therapeu-
tic strategies, such as radiotherapy and chemotherapy, are ef-
fective and available for most patients; all of these therapeu-
tic strategies always induce radio- or chemo-resistance and 
impact life-quality of PCa patients [5,6]. PCa radio-resistance 
usually causes relapse of PCa in a clinical setting, which might 
be associated with the inhibition of tumor cell apoptosis and 
modulation of tumor cell cycles [7,8]. Recent studies [9,10] re-
ported that effects and clinical outcomes of radiotherapy (or 
radio-resistance of PCa) are closely associated with DNA repair 
processes of tumor cells [9,10]. Moreover, the apoptosis in tu-
mor cells has also been proven to be correlated with DNA re-
pair related molecules [11]. Therefore, we attempted to clar-
ify the roles of DNA repair and Bcl-2 molecule in the PCa cell 
proliferation and tumor growth.

Statins, as a class of lipid-lowering drugs, could decrease the 
cancer-associated death of plenty cancers, such as PCa [12,13]. 
Among these statins, atorvastatin is one of the most commonly 
used statins for treating cancers clinically [14,15]. He et al. [16] 
proved that atorvastatin could promote the radio-sensitivity 
and trigger the tumor cell apoptosis, however, the effects-
associated mechanism is also unclear. Previous studies [16] 
have reported that irradiation causes radio-resistance of can-
cer cells by suppressing apoptosis and activating autophagy. 
However, the other signaling pathways might also participate 
in the anti-tumor effects of atorvastatin and radio-resistance. 
Therefore, we speculated that atorvastatin might suppress 
PCa cells proliferation and inhibit tumor growth by modulating 
apoptosis-associated or DNA repair-associated mechanisms.

Material and Methods

Cell culture, treatment, and trial grouping

In this study, human PCa cell lines, PC-3, DU145, and Lncap 
(Shanghai Cell Bank of China Academia Sinica, Shanghai, China), 
were utilized in the following experiments. DU145 cells were 
cultured in Dulbecco’s modified eagle medium (DMEM, Gibco 
BRL., Co., Ltd., Grand Island, NY, USA), while PC-3 and Lncap 
cells were cultured in Roswell park memorial institute 1640 
(RPMI-1640, Gibco BRL., Co., Ltd.). All cells were cultured in 
aforementioned mediums supplementing with 1% penicillin-
streptomycin (Beyotime Biotech., Shanghai, China) and con-
taining 10% fetal bovine serum (FBS, Gibco BRL. Co. Ltd.) at 
37°C in 5% CO2. All PC-3, DU145, and Lncap cells were treat-
ed with different dose of irradiation as followings: 2 Gy/min, 
4 Gy/min, and 8 Gy/min.

For each cell line, cells were divided into 3 groups, including 
PCa cells without any treatment (PC3 group, DU145 group, 
Lncap group), irradiation administrated PCa cells (PC3+IR 
group, DU145+IR group, Lncap+IR group) and irradiation com-
bining atorvastatin administrated PCa cells (PC3+IR+AS group, 
DU145+IR+AS group, Lncap+IR+AS group). Atorvastatin used 
in the aforementioned groups was purchased from Shanghai 
Yuanye Bio-Technology Co., Ltd. (Shanghai, China).

Quantitative real-time polymerase chain reaction (qRT-
PCR) assay

Total RNAs of tumor cells or tumor tissues were extracted 
using TRIzol and associated regents (Beyotime Biotech., Co., 
Ltd., Shanghai, China). Take the extracted RNAs as template, 
the complementary DNAs (cDNAs) were synthesized using 
Takara PrimeScript II 1st strand cDNA Synthesis Kit (Cat. No. 
6210A/B, Takara, Dalian, China) according to the instruction of 
manufacturer. Also, take the synthesized cDNAs as template, 
mRNA levels of both Bcl-2 and MSH2 were determined using 
SYBR Green I PCR kit (Western Biotech.) with the specific prim-
ers (Table 1). The amplified genes were captured and analyzed 
using a professional gel scanning system (Mode: GDS8000, 

Genes  Sequences Length (bp)

Bcl-2
Forward 5’-AGGGACGGGGTGAACTGG-3’

175
Reverse 5’-CTACCCAGCCTCCGTTATCC-3’

MSH2
Forward 5’-AGAATATGAAGAAGCCCAGGATG-3’

160
Reverse 5’-TCGTACATATGGAACAGGTGCTC-3’

Actin
Forward 5’-TGACGTGGACATCCGCAAAG-3’

250
Reverse 5’-CTGGAAGGTGGACAGCGAGG-3’

Table 1. Primers for the real-time polymerase chain reaction assay.
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UVP, Sacramento, CA, USA) due to instruction of the equip-
ment. The final levels of Bcl-2 and MSH2 mRNAs were calcu-
lated and analyzed using the 2–DDct method [17].

Plate clone formation assay

PC-3, DU145, and Lncap cells were cultured and seeded onto 
6-well plates (Costar-Corning, Corning, NY, USA) at final densi-
ty of 1000 cells per well. When the aforementioned cells were 
adherent, cells were treated with HCl contained solvent control. 
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Figure 1. �The irradiation administration significantly reduced colony formation of PC-3, DU145 and Lncap cells. (A) Colony formation 
images for PC-3, DU145, and Lncap cells. (B) Statistical analysis for colony formation of PC-3, DU145, and Lncap cells 
undergoing irradiation treatment. * P<0.05, ** P<0.01 versus 0 Gy group, # P<0.05 versus 4 Gy group.
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When cells in 6-well plates growth to the density of 50% per 
cluster, which were washed with the phosphate-buffered sa-
line (PBS) and fixed with 4% paraformaldehyde (Sigma-Aldrich, 
St. Louis, MO, USA). The cells were stained using 0.1% crystal 
violet (Sigma-Aldrich) and washed with PBS again. Eventually, 
the formed clones were observed using naked eye from the 
randomly selected fields (at least 6 fields) under the microsco-
py (100× magnification, Mode: CFI60, Nikon, Japan).

Colony formation assay on multi-target/single-hit model

In this study, the colony formation assay was also conducted 
on the multi-target/single-hit model. The atorvastatin (at final 
concentration 6 μg/mL) with mild cytotoxicity was selected for 
the following tests or experiments. The single cell suspensions 
for the PC3, DU145, and Lncap cells in logarithmic-phase were 
harvested and cultured in the 24-well cell culture plates at den-
sity of 200 cells/well. Each PCa cell (PC3, DU145, and Lncap) 
included 2 groups: IR group and IR+AS group. At 24 hours 

post the treatment, PCa cells were irradiated using irradia-
tion (at dose of 0 Gy, 4 Gy and 8 Gy) for the following 10-day 
culture, fixed using the ethyl alcohol (100%) for 15 minutes 
and stained using the 0.1% crystal-violet for another 20 min-
utes. The numbers for the clones equal or more than 50 were 
counted using the inverted microscope to analyze cloning ef-
ficacy (CE). Based on multi-target/single-hit model (surviving 
fraction (SF)=1-(1-e–Dq/D0)N), the cell-survival curve was drawn 
using the Sigma-Plot 2001 Demo software. In the aforemen-
tioned formula, Dq was designed as quasi-threshold dose, D0 
was designed as mean lethal dose. Meanwhile, the sensiti-
zation enhancement ratio (SER) was also calculated with the 
following formula: SER=D0 in control group/D0 in experimen-
tal group. The aforementioned experiments were conducted 
at least for 6 times.
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Figure 2. �Assessment for colony formation of PC3, DU145, and Lncap cells undergoing irradiation (IR) and/or atorvastatin 
administration. (A) Colony formations of PC3 cells undergoing atorvastatin (AS) and/or IR administration. (B) Colony 
formations of DU145 cells undergoing AS and/or IR administration. (C) Colony formations of Lncap cells undergoing AS 
and/or IR administration. * P<0.05, ** P<0.01 versus PC3 or DU145 or Lncap group. # P<0.05 versus PC3+IR or DU145+IR or 
Lncap+IR group.
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Flow cytometry analysis

About 24 hours post treatment of irradiation and/or atorv-
astatin, PC-3, DU145, and Lncap cells were stained with the 
propidium iodide (PI) and fluorescein isothiocyanate (FITC)-
conjugated Annexin V (Apoptosis Detection Kit, Beyotime 
Biotech. Shanghai, China), according to the manufacturer’s 
instruction. The apoptosis of PCa cells was captured and ana-
lyzed with FACScan flow cytometer (BD Biosciences, San Jose, 
CA, USA). The apoptotic rate in this study was represented as 
the late apoptotic rate plus the early apoptotic rate.

Immuno-fluorescence assay

PCa cells or the tumor tissues were fixed using 10% paraformal-
dehyde (Sangon Biotech.) and treated with 3% H2O2 (Beyotime 
Biotech.) to inactivate the endogenous peroxidase. Briefly, 
the PCa cells were incubated with the rabbit anti-human Bcl-2 
polyclonal antibody (1: 1000, Cat. No. ab32124) and mouse 
anti-human MSH2 monoclonal antibody (Cat. No. ab52266; 
1: 200) at 4°C overnight. Then, the PCa cells were incubated 
with Alexa Fluor FITC-conjugated goat anti-rabbit IgG (Cat. No. 

ab6718; 1: 500) to detect Bcl-2 signals or treated with Alexa 
Fluor 647-conjugated goat anti-mouse IgG (Cat. No. ab150115; 
1: 500) to examine MSH2 signals. Finally, the merged co-immuno-
fluorescence images were captured and combined using the la-
ser scanning confocal microscopy (Mode: GCS-SP5, Leica Inc., 
Ltd., Germany), according to the instruction of the equipment.

Establishment of Xenograft tumor animal model and 
tumor volume analysis

BCLB/C nude mice (Chongqing Tengxin Biotech., Co., Ltd., 
Chongqing, China), male (6 weeks old), weighting about 20 g, 
were applied in this study to establish xenograft tumor ani-
mal model. In brief, PC-3, DU145 or Lncap cells were inject-
ed into mice flanks subcutaneously at 1st week and end-
ing at the 4th week. Then, from the 1st week to 4th week post 
the PCa cells injection, the sizes of tumor (using the formula: 
(length×width2)/2) and body weight of mice in each group were 
measured and calculated, according to the previous study de-
scribed [19]. Meanwhile, the tumor tissues were also extract-
ed and employed to evaluate expressions of Bcl-2 using west-
ern blotting assay.
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Figure 3. �The cell survival curve dependent on clone formation on multi-target/single-hit model. (A) Clone formation for PC3 cells. 
(B) Clone formation for DU145 cells. (C) Clone formation for Lncap cells. * P<0.05, ** P<0.01 versus PCa cells in PC3 or DU145 
or Lncap group without AS treatment.
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All procedures followed the Guidance of the National institute 
of Health Guide for Care and Use of Laboratory Animals. Also, 
the animal experiments were approved by Ethics Committee 
of Lanzhou University Second Hospital, Lanzhou, China.

Statistical analysis

Data in this study were represented as the mean±standard de-
viation (SD) and analyzed using professional SPSS software 
(version: 20.0, SPSS Inc., Chicago, lL, USA). The ANOVA validat-
ed by Tukey’s post-hoc test was used to compare differenc-
es among multiple groups. Student’s t test was used to com-
pare differences between 2 groups. The experiments in this 
study were conducted at least for 6 repeats. The P<0.05 was 
assigned as statistical difference.

Results

Irradiation administration suppressed the colony 
formation of PCa cells

In this study, the PCa cells, including PC3, DU145,and Lncap, 
were treated with irradiation at dose of 0 Gy, 4 Gy, and 8 Gy, 
respectively (Figure 1A). The results indicated that irradiation 
administration (both for 4 Gy and 8 Gy IR) significantly de-
creased colony formation of PC-3/DU145/Lncap cells compared 
to that of tumor cells un-treated with irradiation (Figure 1B, 
P<0.05). Also, 4 Gy irradiation treatment significantly reduced 
the colony formation of PCa cells compared to that without 
irradiation treated cells (Figure 1B, P<0.05).

Atorvastatin enhanced inhibitive effects of irradiation on 
colony formation of PCa cells

The results illustrated that the atorvastatin administration 
significantly reduced the percentages of colony formation in 
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Figure 4. �Evaluation for apoptosis of PC3, DU145 and Lncap cells undergoing IR and/or AS administration. (A) Flow cytometry images 
and statistical analysis for apoptosis of PC3 cells. (B) Flow cytometry images and statistical analysis for apoptosis of DU145 
cells. (C) Flow cytometry images and statistical analysis for apoptosis of Lncap cells.
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irradiation-treated PC3 cells (Figure 2A, P<0.05), DU145 cells 
(Figure 2B, P<0.05) and Lncap cells (Figure 2C, P<0.05). These 
findings suggest that atorvastatin strengthened the inhibitive 
effects of irradiation on colony formation in PC3 cells, DU145 
cells, and Lncap cells.

Moreover, colony formation assay for the PCa cells was also 
conducted on the multi-target/single-hit model. Together with 
the administration of atorvastatin for 24 hours, PCa cells were 
irradiated using the distinguish doses of the irradiation (0 Gy, 
4 Gy and 8 Gy). The results demonstrated that the SF value 
was significantly lower in the AS+IR group compared with that 
in the AS group at 4 Gy and 8 Gy in all PC3 (Figure 3A, P<0.05), 
DU145 (Figure 3B, P<0.05) and Lncap cells (Figure 3C, P<0.05). 
The SER values for IR+AS group in PC3 cells, DU145 cells and 
Lncap cells were 1.47, 1.28, and 1.19, respectively.

Irradiation administration demonstrated no effects on 
apoptosis

Due to the reduction of colony formation caused by atorvas-
tatin, we investigated the effects of irradiation administra-
tion on apoptosis of PCa cells. The results showed that there 
were no significant differences for apoptosis in all of PC3 cells 

(Figure 4A, P>0.05), DU145 cells (Figure 4B, P>0.05), and Lncap 
cells (Figure 4C, P>0.05), however, only with a slight inhibition 
of apoptosis in all PCa cells. These results suggest that ator-
vastatin caused reduced colony formation of PCa cells might 
be associated with the other cell death associated pathways, 
but not associated with apoptosis.

Atorvastatin administration triggered Bcl-2 expression in 
PCa cells

Although no significant effects of atorvastatin on apoptosis 
were observed, we speculated that atorvastatin caused slight 
inhibition of apoptosis might be related to expression of Bcl-2, 
which is a biomarker for tumor cell proliferation [20]. Therefore, 
we evaluated Bcl-2 mRNA and protein expression in atorvas-
tatin treated PCa cells using real-time polymerase chain reac-
tion (RT-PCR) assay. The results indicated that irradiation treat-
ment significantly increased Bcl-2 mRNA in PC3 (Figure 5A), 
DU145 (Figure 5B), and Lncap cells (Figure 5C) (P<0.05).
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Figure 5. �Effects of irradiation (IR) and/or atorvastatin (AS) administration on Bcl-2 mRNA expression in PCa cells. (A) Statistical 
analysis for Bcl-2 mRNA expression in PC3 cells. (B) Statistical analysis for Bcl-2 mRNA expression in DU145 cells. 
(C) Statistical analysis for Bcl-2 mRNA expression in Lncap cells. * P<0.05, ** P<0.01 versus PC3 or DU145 or Lncap group. 
# P<0.05 versus PC3+IR or DU145+IR or Lncap+IR group.
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Figure 6. �Determination for the effects of irradiation (IR) and/or atorvastatin (AS) administration on MSH2 mRNA expression in PCa 
cells. (A) Statistical analysis for MSH2 mRNA expression in PC3 cells. (B) Statistical analysis for MSH2 mRNA expression in 
DU145 cells. (C) Statistical analysis for MSH2 mRNA expression in Lncap cells. * P<0.05 versus PC3 or DU145 or Lncap group. 
#P < 0.05 versus PC3+IR or DU145+IR or Lncap+IR group.
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Atorvastatin administration reduced MSH2 expression in 
PCa cells

Due to the former description for association between Bcl-2 
and DNA repair of tumor cells, the MSH2 as a DNA repair bio-
marker, was evaluated [21]. Our findings showed that irradi-
ation administration significantly reduced MSH2 mRNA ex-
pression in PC-3 (Figure 6A), DU145 (Figure 6B), and Lncap 
cells (Figure 6C) compared to that in un-treated tumor cells 
(P<0.05). These results hint that atorvastatin modulate the 
tumor cell colony formation might through regulating MSH2 
molecule expression.

Atorvastatin administration reduced tumor size of 
irradiation treated PCa cells derived xenograft tumor mice

According to the findings for xenograft tumor model (Figure 7A), 
we found that irradiation treated PCa cells (including PC-3, 
DU145, and Lncap cells) transplantation remarkably decreased 
the tumor volume of xenograft mice at 2nd week and 4th week 
compared to that at 1st week (Figure 7B, P<0.05). Interestingly, 

atorvastatin administration significantly strengthened the re-
ductive effects of irradiation treated PCa cells (including PC-3, 
DU145, and Lncap cells) transplantation on tumor volume (in-
cluding PC-3, DU145, and Lncap cells) at 2nd week and 4th week 
compared to that at 1st week (Figure 7B, P<0.05). Moreover, 
there were no significant differences for the body weight among 
all 3 groups (Figure 7C, P>0.05).

Bcl-2 interacted with MSH2 in atorvastatin administrated 
xenograft tumor model

According to the changes of Bcl-2 and MSH2 levels in the PCa 
cells, we determined the interaction between Bcl-2 and MSH2. 
The immuno-fluorescence demonstrated that Bcl-2 could 
also directly interact with MSH2 in the tumor tissues of PC3-
transplanted (Figure 8A), DU145-transplanted (Figure 8B), and 
Lncap-transplanted (Figure 8C) xenograft tumor mice.
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Figure 7. �Effects of irradiation (IR) and/or atorvastatin (AS) administration on tumor size and tumor weight of xenograft tumor mice. 
(A) Representative images for the subcutaneous tumor xenografts. (B) Statistical analysis for the tumor size in PC-3, DU145 
and Lncap cells transplanted xenograft tumor mice models. (C) Statistical analysis for tumor weight in PC-3, DU145, and 
Lncap cells transplanted xenograft tumor mice models. * P<0.05 versus PC3 or DU145 or Lncap group at the same time point. 
# P<0.05 versus PC3+IR or DU145+IR or Lncap+IR group at the same time point.

e923560-8
Indexed in:  [Current Contents/Clinical Medicine]  [SCI Expanded]  [ISI Alerting System]   
[ISI Journals Master List]  [Index Medicus/MEDLINE]  [EMBASE/Excerpta Medica]   
[Chemical Abstracts/CAS]

He Z. et al.: 
Atorvastatin enhanced inhibitory effects of IR on PCa cells

© Med Sci Monit, 2020; 26: e923560
LAB/IN VITRO RESEARCH

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



DAPI Bcl-2 MSH2 Merge

DAPI Bcl-2 MSH2 Merge

PC
3

PC
3+

IR
PC

3+
IR

+
AS

DU
14

5
DU

14
5+

IR
DU

14
5+

IR
+

AS

Bcl-2

*

*#

MSH2

Po
sit

ive
 Bc

l-2
/M

SH
2 p

ro
te

in 
ex

pr
es

ssi
on

 (%
) 50

40

30

20

10

0

* *#

Bcl-2

*

*#

MSH2

Po
sit

ive
 Bc

l-2
/M

SH
2 p

ro
te

in 
ex

pr
es

ssi
on

 (%
) 40

35

30

25

20

15

10

5

0

*

*#

PC3
PC3+IR
PC3+IR+AS

DU145
DU145+IR
DU145+IR+AS

A

B

e923560-9
Indexed in:  [Current Contents/Clinical Medicine]  [SCI Expanded]  [ISI Alerting System]   
[ISI Journals Master List]  [Index Medicus/MEDLINE]  [EMBASE/Excerpta Medica]   
[Chemical Abstracts/CAS]

He Z. et al.: 
Atorvastatin enhanced inhibitory effects of IR on PCa cells
© Med Sci Monit, 2020; 26: e923560

LAB/IN VITRO RESEARCH

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



Figure 8. �Observation for the interaction between Bcl-2 and MSH2 in tumor tissues of xenograft tumor mice using immuno-
fluorescence assay. (A) Expression of Bcl-2 and MSH2 in tumor tissues of PC3-transplanted xenograft tumor mice. 
(B) Expression of Bcl-2 and MSH2 in tumor tissues of DU145-transplanted xenograft tumor mice. (C) Expression of Bcl-2 and 
MSH2 in tumor tissues of Lncap-transplanted xenograft tumor mice. * P<0.05 versus PC3 or DU145 or Lncap group. # P<0.05 
versus PC3+IR or DU145+IR or Lncap+IR group. The scale bars were illustrated in images.
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Atorvastatin administration increased Bcl-2 and decreased 
MSH2 expression in L2 tumor tissues of Xenograft tumor 
model

The results showed that atorvastatin administration remark-
ably increased Bcl-2 expression and decreased MSH2 protein 
expression in PC3-transplanted (Figure 8A), DU145-transplanted 
(Figure 8B), and Lncap-transplanted (Figure 8C) and irradiation-
administrated xenograft tumor mice compared to cells with-
out atorvastatin treatment (P<0.05). These results also suggest 
that atorvastatin regulates tumor growth through modulating 
and Bcl-2 and MSH2 molecule expression.

Discussion

In the present study, we proved that atorvastatin administra-
tion could inhibit colony formation of irradiation-treated PCa 
cell lines and suppress tumor volume of the xenograft tumor 
mouse models. Our results suggest that atorvastatin could 

promote the radio-sensitivity of PCa cells and inhibit tumor 
growth of PCa mouse models through modulating Bcl-2 and 
MSH2 expressions.

Actually, the previous studies [13,22,23] have demonstrated 
the anti-tumor effects of atorvastatin on many cancers, how-
ever, our findings proved the effects of atorvastatin combin-
ing irradiation on tumor growth for the first time. In this study, 
we applied 4 Gy of irradiation and 6 μg/mL of atorvastatin in 
PCa cells, for both in vivo and in vitro experiments, which are 
appropriate dosages for observing anti-tumor effects. Our 
findings showed significant anti-tumor effects of atorvastatin 
on tumor cells, according to the atorvastatin-caused reduc-
tion of colony formation. Meanwhile, we also discovered that 
the reduced colony formation was associated with Bcl-2 (en-
hanced levels) and MSH2 expression (reduced levels) in both 
in vitro levels. According to the opposite expressions of Bcl-2 
and MSH2 in tumor cells, we speculated that there might be 
some correlations between these 2 molecules. The results con-
firmed that Bcl-2 interacted with MSH2 in both PCa cells and 
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tumor tissues of xenograft tumor mice. These results suggest 
that the anti-tumor effects of atorvastatin are correlated with 
DNA repair process of the tumor cells, which have never been 
reported in the previous studies [24,25]. These findings hint 
that the drugs might also play the anti-tumor effects on tumor 
cells through targeting the DNA repair associated molecules.

In the former studies [26,27], the anti-tumor effects are usu-
ally played by inducing apoptosis of tumor cells, however, 
the atorvastatin triggered inhibition of apoptosis in this study. 
Moreover, atorvastatin administration also increased Bcl-2 ex-
pression in PCa cells, which seems to be controversial to the 
anti-tumor effects comparing with previous study [28]. Our 
results at least proved that atorvastatin induced colony for-
mation information of PCa cells is not mediated by the apop-
tosis-associated signaling pathway. Therefore, there must be 
the other signaling pathways that mediated the anti-tumor 
effects of atorvastatin in proliferation of PCa cells and tumor 
growth. We speculated that the signaling pathways, such as 
cell death-associated autophagy [29] and cell necrosis [30], 
might be involved in the anti-tumor effects of atorvastatin.

The former study reported that inhibition of DNA repair pro-
cesses in tumor cells usually causes the radio-resistance [31]. 
Actually, MSH2 molecule examined in this study is a kind of 
DNA repair-associated molecule [32]. In this study, we specu-
lated that the downregulation of MSH2 in PCa cells might be 
correlated with the decreased tumor growth of xenograft tumor 
mice and the reduced colony formation of PCa cells. Therefore, 
the changes of MSH2 in our study are consistent with the pre-
vious study [33]. Moreover, we also speculated that the bioac-
tivity of enhanced Bcl-2 expression might be blocked by MSH2 
expression in PCa cells through triggering the intracellular in-
teraction. This point needs to be proven in the future studies. 
Therefore, MSH2 might be a key biomarker for mediating ator-
vastatin triggered anti-tumor effects in PCa cells.

This study also illustrated a few limitations: Firstly, reasons of 
atorvastatin caused colony formation inhibition in PCa cells 
have not been clarified. In the following study, we would deter-
mine the autophagy in atorvastatin treated PCa cells for clarify-
ing mechanism of atorvastatin-caused apoptosis. Secondarily, 
this study has not inhibited or silenced Bcl-2 and MSH2 gene 
expression to further confirm effects of atorvastatin on cell pro-
liferation in PCa cells. In future, we would confirm the roles of 
Bcl-2 and MSH2 by silencing these 2 genes expression. Thirdly, 
a simple anti-neoplastic additive effect or a true radio-sensi-
tization with super-additive effect deriving from combination 
of radiation and drug was not systematically clarified in this 
study. Fourthly, although the Bcl-2 and MSH2 expressions in 
tumor tissues were determined using immunofluorescence 
assay, however, the western blot assay is more appropriate 
to reflect the quantitative analysis of proteins. In future stud-
ies, we would conduct the western blot assay for determining 
Bcl-2 and MSH2 expression in tumor tissues.

The present research demonstrated that atorvastatin could 
enhance inhibitive effects of the irradiation on colony forma-
tion, apoptosis, Bcl-2/MSH2 expression and tumor growth, 
comparing with single-irradiation group. Therefore, treatment 
with the atorvastatin might demonstrate potential prospects 
for enhancing effects of radiotherapy on the PCa clinically. Our 
findings would also provide a potential strategy to resolve the 
problems of radio-resistance and would be benefit to the treat-
ment of prostate cancer.

Conclusions

Atorvastatin administration could inhibit colony formation in 
PCa cells and promote effect of radiotherapy on tumor growth 
of xenograft tumor mice, which might be associated with in-
teraction between Bcl-2 and MSH2 molecule.
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