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Summary

Chemoresistance is a serious problem for the treatment of androgen-independent prostate
cancer (PC). The underlying molecular mechanisms by which androgen-independent PC
cells acquire the capacity to proliferate remain largely unclear. The aim of this study was to
investigate the biological role of prostaglandin reductase 1 (PTGR1) in prostate cancer. Data
from the Oncomine database showed that PTGR1 is commonly upregulated in PC tissue
in comparison to corresponding normal controls. Two PTGRI1-specific short hairpin RNA
(shRNA) sequences were used to block the expression of PTGR1 via a lentivirus-mediated
system in the androgen-independent PC cell lines DU145 and PC 3. Functional analysis
revealed that knockdown of PTGRI1 significantly inhibited proliferation and colony formation
by PC cells. The inhibition of cell proliferation was related to arrest of the cell cycle in the
GO0/G1 phase and increased apoptosis in response to PTGR1 knockdown as indicated by
flow cytometry. PTGRI1 silencing was found to mechanically enhance the expression of p21,
caspase 3, and cleaved PARP and to decrease the level of cyclin D1. In conclusion, PTGR1

plays an essential role in PC cells and may be a potential therapeutic target for PC.
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1. Introduction

Prostate cancer (PC) is the second most common
cancer worldwide (/) and has the highest incidence
among cancers affected men (2). Androgen deprivation
therapy (ADT) is the primary treatment for men with
PC. However, almost all patients eventually develop
an androgen-independent form of PC that is highly
metastatic (3). Androgen-independent PC is usually
highly chemoresistant to conventional chemotherapeutic
agents (4), hampering the development of effective
approaches to treat chemoresistant PC. How PC
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acquires the capacity to proliferate despite androgen
deprivation remains largely unknown. Therefore, new
molecules need to be identified to overcome limitations
in chemoresistance.

Human prostaglandin reductase 1 (PTGR1) is
a highly inducible enzyme with enone reductase
activity and can transform prostaglandins by enone
reduction (5,6). A key activating enzyme, PTGR1 has
been reported to significantly influence the activity
of acylfulvenes, a class of antitumor agents (7,8).
Moreover, overexpression of PTGR1 can improve the
efficacy of antitumor chemotherapeutic agents (9).
In addition, PTGRI1 is the top-ranked protein and it
possesses dual activity in tumor samples (/0). Recent
studies have reported that PTGR1 is overexpressed
in liver carcinogenesis (//) and bladder cancer (12).
Dick et al. indicated that overexpressed PTGR1 has
a positive effect on cell viability (/3). A recent study
found that PTGR1 may play a role in the progression
of gastric cancer and the study deemed PTGRI1 to be
a potential biomarker (/4). However, the molecular
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mechanism by which PTGR1 acts in PC has rarely been
investigated.

To investigate the biological function of PTGRI in
the progression of PC, the expression of PTGR1 was
first determined using the Oncomine database. PTGR1
was then silenced in two stable cell lines, DU 145 and
PC 3 (both are androgen-independent PC cell lines).
The effects of PTGR1 knockdown on cell proliferation,
cell cycle progression, and apoptosis were subsequently
determined.

2. Materials and Methods

2.1. Analysis of gene expression using the Oncomine
database

PTGRI1 gene expression was analyzed using microarray
gene expression datasets from the Oncomine
database (http://www.oncomine.org). To determine
the differences in expression of PTGR1 in PC and
normal tissue, a combined filter was used to display
the corresponding datasets. Briefly, the Cancer Type
was defined as PC, the Data Type was mRNA, and the
Analysis Type was Cancer versus Normal Analysis.

2.2. Construction of lentiviral vectors

Two PTGRI1 short hairpin RNAs (shRNAs) were
designed and cloned in pLV-GV115-lentiviral vectors
(Shanghai Genechem Biotechnology, Shanghai, China)
between the Agel and EcoRI restriction sites. The
sequences of sShRNA were as follows: shPTGR1#1:
CCAGGTCTTTCACTGAACCAT and shPTGR1#2:
GCAGACACACTGACTTCTCGA. A scrambled
plasmid was used as a negative control (referred to as
scrambled).

2.3. Cell culture and infection

The human PC cell lines PC 3, DU 145, and LNCap
were cultured in the laboratory and maintained in
RPMI-1640 culture medium (Hyclone, Logan, UT,
USA), supplemented with 10% fetal bovine serum
(FBS, Gibco, Grand Island, NY, USA) in a humidified
chamber at 37°C in 5% CO,. For lentiviral infection,
PC 3 and DU 145 cells were cultured in 6-well plates
and a lentivirus expressing PTGR1 shRNA (shPTGR1#1
or shPTGR1#2) or a scrambled lentivirus was added
at a multiplicity of infection (MOI) of 20 for 96 h. The
knockdown efficiency of PTGR1 was subsequently
determined with quantitative real-time PCR and
Western blot analysis.

2.4. RNA extraction and real-time PCR

Total RNA was extracted with TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). Approximately 500

ng of total RNA was reverse transcribed to cDNA
using High-Capacity cDNA Reverse Transcription
Kits (RR036A, TaKaRa). Primers for PTGR1 and
beta-actin were designed as follows: PTGR1 forward,
5'-TCCTCCTGTGACCCTTTCGG-3" and reverse,
5'-GAAGGCGGCTGGGACTGC-3'; beta-actin forward,
5'-ACCGAGCGCGGCTACAGC-3" and reverse,
5'-CTCATTGCCAATGGTGAT-3". Real-time PCR was
carried out in a Bio-Rad CFX 96 Real-time PCR system.
All samples were examined in triplicate. The relative
level of PTGRI1 expression was normalized to beta-actin
using the comparative threshold cycle (2**“) method.

2.5. Western blot analysis

Cell were collected after treatment and lysed with lysis
buffer (10 mM EDTA, 100 mM Tris-HCl, 4% SDS, and
10% Glycine). Each sample protein concentration was
determined with a Bradford assay (Beyotime, China).
Proteins were then subjected to polyacrylamide-
sodium dodecyl sulfate (SDS-PAGE) electrophoresis
and transferred onto PVDF membranes (Millipore,
Bedford, MA, USA). Protein blots were probed with
the indicated primary antibodies, including anti-PTGR1
(1:1,000, #ap5941c, Abgent), anti-p21 (1:1,000, SC-
397, Cell Signaling Technology, USA), anti-Cyclin
D1 (1:1,000, #6542, SAB), anti-caspase 3 (1:500,
#9661, Cell Signaling Technology, USA), anti-PARP
(1:1,000, #9542, Cell Signaling Technology, USA),
and appropriate secondary antibodies (anti-GAPDH,
1:3,000, Proteintech, Chicago, IL, USA). Protein bands
were visualized with an ECL kit (Pierce) according to
the manufacturer's instructions. GAPDH was used as an
internal control.

2.6. CCK-8 assay

The effect of PTGR1 on cell growth was determined
using a CCK-8 assay. Briefly, cells were plated on
96-well plates at a density of 2,000 cells/well after
transfection for 96 h. Ten pl of 10 mg/mL CCK-8
solution was added to each well 24, 48, 72, 96, and 120
h after transfection, and plates were incubated at 37°C
for 2 h. The absorbance of each well was measured
using a microplate reader (Bio-Rad, Hercules, CA,
USA) at 450 nm. The CCK-8 assay was performed 3
times for all samples.

2.7. Analysis of colony formation

Cells were seeded in six-well plates at a density of 500
cells/well and cultured for 10 days. Colonies were fixed
with 10% formaldehyde for 5 min followed by staining
with 1.0% crystal violet for 30 s. Single colonies
containing > 50 cells were considered to be viable and
the number of those colonies was counted. Colony
formation was determined 3 times for all samples.
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Figure 1. PTGR1 expression is upregulated in prostate cancer. The expression of PTGR1 mRNA in Oncomine datasets including
Vanaja Prostate (A) and Tomlins Prostate (B-D). *p < 0.05, ***p < 0.001 compared to normal control tissue.

2.8. Analysis of the cell cycle

Cells were harvested, washed using cold phosphate
buffer saline (PBS), and then fixed in 70% ethanol for
30 min at 4°C. Then cells were resuspended in PBS
containing 2 pg/mL RNAse and incubated at 37°C
for 30 min. After extensive washing, the cells were
incubated with 50 pg/mL PI for 1 h at room temperature
and then subjected to flow cytometric analysis using a
FACSCalibur (BD Biosciences, Bedford, MA, USA).
The cell cycle was analyzed 3 times for all samples. The
results are presented as the percentage (%) of cells in
each phase of the cell cycle (GO/G1, S, and G2/M phase).

2.9. Analysis of apoptosis

Apoptosis of cells was analyzed with flow cytometry
using Annexin V-PE/7-AAD double staining. Briefly,
cells were harvested and seeded in 6-cm dishes at a
density of 1x 10° cells. After culturing for 48 h, cells
were collected and subjected to Annexin V-PE/7-
AAD double staining according to the manufacturer’s
instructions (eBioscience, San Diego, CA, USA). Flow
cytometry analysis was performed as mentioned above.
Apoptosis was analyzed 3 times for all samples.

2.10. Statistical analysis

Quantitative data from each experiment were analyzed
using SPSS Version 10.0 Software (SPSS Inc., Chicago,
IL, USA). Data are presented as the mean + standard
deviation (SD) of three independent experiments.
Graphical representations were rendered using GraphPad
Prism 5 (GraphPad Software, Inc., San Diego, California,
USA) software. The Student's ¢-test (two-tailed) was used
to evaluate the differences between groups. p < 0.05 was
considered statistically significant.

3. Results

3.1. PTGRI expression is upregulated in PC tissue

To investigate the pattern of PTGR1 expression in PC,
the difference in expression of PTGR1 mRNA in PC
tissue and normal tissue was determined by analyzing
microarray gene expression datasets from the Oncomine
database. The expression of PTGR1 increased
significantly in PC tissue compared to corresponding
normal prostate tissue (Figures 1A and 1C, p < 0.001).
Of particular note is the fact that the level of PTGR1
mRNA was markedly higher in hyperplastic prostate
tissue compared to the normal prostate (Figures 1B
and 1D, p < 0.05). These findings indicated a close
relationship between the expression of PTGR1 and PC.

3.2. shRNA-mediated knockdown of PTGRI was effective
in PC cells

To determine the potential oncogenic role of PTGR1 in
PC, the expression of PTGR1 was determined in three
PC cell lines. The level of PTGR1 protein was higher in
PC3 and DU145 cells than that in LNCap cells (Figure
2A). Lentiviral shRNA was successfully constructed
and transfected into PC3 and DU145 cells, as verified
by both real-time PCR and Western blotting. As shown
in Figure 2B, the level of PTGR1 mRNA decreased
significantly by 93.1% in DU145 cells infected with
shPTGRI1#1 and 82.9% in DU145 cells infected with
shPTGR1#2 (p < 0.001). Moreover, the level of PTGR1
protein expression in DU145 cells decreased as a result
of infection with shPTGRI1#1 and shPTGR1#2 (Figure
2C). In addition, both the levels of PTGR1 mRNA and
protein decreased markedly in PC3 cells infected with
a lentivirus expressing PTGR1 shRNA compared to
the control group (Figure 2C, p < 0.001). Compared to
shPTGR1#2, shPTGR1#1 may have greater ability to
downregulate PTGR1 expression in DU145 and PC3
cells.

3.3. Inhibition of PTGRI suppressed cell growth and
colony formation

To assess the role of PTGRI1 in regulating cell
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Figure 2. Silencing of PTGR1 expression in DU145 and PC3 cells by shPTGR1#1 or 2. (A) The expression of PTGR1 in PC cell
lines, including DU145, PC3, and LNCap. (B) Real-time PCR analysis of PTGR1 mRNA levels in DU145 and PC3 cells following
shPTGR1#1 or 2 infection. Values are presented as the mean =+ standard deviation (SD). ***p < 0.001 compared to scrambled cells. (C)
Western blot analysis of PTGR1 protein levels in DU145 and PC3 cells following shPTGR1#1 or 2 infection.
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Figure 3. Knockdown of PTGRI1 inhibited prostate cancer cell proliferation. (A and B) A CCK-8 assay revealed that PTGR1
silencing suppressed cell growth in DU145 and PC3 cells following shPTGR1#1 or 2 infection. A colony formation assay revealed
that knockdown of PTGR1 impaired colony formation. Representative micrographs (C) and quantification (D) of colonies (> 50
cells per colony). Values are presented as the mean + standard deviation (SD). ***p < 0.001 compared to scrambled cells.

proliferation, a CCK-8 assay was performed on DU145
and PC3 cells following lentiviral infection for 96 h.
As shown in Figures 3A and 3B, the number of viable
cells was much lower in cells infected with shPTGR1#1
and shPTGRI1#2 (p < 0.001) than in scrambled cells.
Moreover, a colony formation assay was performed to
provide additional insight into the effects of PTGR1

on cell proliferation. Representative images of colony
size and colony numbers are shown in Figure 3C.
Smaller and fewer colonies were seen in cells infected
with shPTGR1#1 and shPTGR1#2. Statistical analysis
suggested that knockdown of PTGRI1 significantly
impaired colony formation in both DU145 and PC3 cells
(Figure 3D, p <0.001).
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Figure 4. PTGRI1 silencing blocked cell cycle progression in prostate cancer cells. Flow cytometric analysis of cell cycle
distribution revealed that PTGRI1 silencing led to an increase of cells in GO/G1 phase in DU 145 (A) and PC 3 cells (B). Values are
presented as the mean + standard deviation (SD). *p < 0.05, **» <0.01, ***p < 0.001 compared to scrambled cells.

3.4. Knockdown of PTGRI induced GO0/G1 cell cycle
arrest and apoptosis

Cell cycle regulation is known to play an important
role in cell proliferation. To investigate the mechanism
involved in the inhibition of cell proliferation mediated
by shPTGRI1 in DU145 and PC3 cells, flow cytometry
was used to study the effects of ShPTGR1#1-mediated
downregulation of PTGR1 on cell cycle progression. As
shown in Figure 4A, flow cytometry analysis revealed
that knockdown of PTGR1 induced a marked effect on
cell cycle progression. Data show that the percentage of
cells in the GO/G1 phase increased from 65.58 + 0.66
in scrambled cells to 78.22 + 0.63 in cells infected with
shPTGR1#1 (p < 0.001). The percentage of cells in the
S phase decreased from 25.18 + 0.71 in scrambled cells
to 17.8 £ 0.93 in DU145 cells infected with shPTGR 1#1
(p < 0.01). Similar results were also apparent in PC3
cells (Figure 4B, p < 0.001, p <0.01). Data revealed that
PTGRI1 contributed to the transition from the G0/G1
phase to the S phase and that PTGR1 plays an important
role in cell cycle progression.

Whether shPTGR1#1 has any effect on apoptosis was
also determined. Flow cytometry was used to assay the
apoptosis of DU145 and PC3 cells. As shown in Figures
SA and 5C, shPTGR1#1 did cause significant changes
in the profile of Annexin V-stained cell populations
in DU145 and PC3 cells. Annexin V-PE vs. 7-AAD
plots from gated cells showed that the populations
corresponded to early (Annexin V+/7-AAD-) and late
apoptotic (Annexin V+/7-AAD+) cells. Statistical
analysis revealed that knockdown of PTGR1 increased

the number of apoptotic cells, including early and late
apoptosis, by nearly 2-fold compared to scrambled
DU145 (Figure 5B, p < 0.001) and PC3 cells (Figure
5D, p < 0.001). Knockdown of PTGR1 can suppress the
proliferation of PC cells through arrest of the cell cycle
and apoptosis.

3.5. Signs of the loss of cell cycle regulation and
apoptosis due to PTGRI knockdown

To explain the arrest of the cell cycle and apoptosis
caused by the knockdown of PTGRI1, the expression of
key proteins involved in these processes was determined
to verify the findings obtained thus far. As shown in
Figure 6, P21, a key cell cycle inhibitor, was upregulated
in PC3 cells after PTGR1 knockdown. The level of
expression of cyclin D1, which is associated with the G1/
S transition, decreased in cells infected with shAPTGR1#1.
The level of expression of cleaved-PARP and caspase
3 increased in PC 3 cells following shPTGRI1#1
infection. These findings suggest that knockdown of
PTGRI1 induced arrest of the cell cycle and apoptosis by
regulating key proteins.

4. Discussion

PTGRI1 is a nitroalkene reductase that has been
found to enhance the susceptibility of cancer cells to
chemotherapeutic agents and that has been found to
be involved in cancer progression. Mounting evidence
indicates that androgen-independent PC is less sensitive
to chemotherapeutics (/5,16). The current study used
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Figure 6. PTGR1 regulated key regulators associated with
cell cycle regulation and apoptosis. Western blot analysis of
p21, cyclin D1, cleaved-PARP, and caspase 3 protein levels in
PC 3 cells following shPTGR1#1 infection.

the Oncomine database to determine the expression of
PTGRI in PC. Results revealed that the expression of
PTGR1 mRNA was significantly upregulated in PC
tissue compared to normal tissue. PTGR1 was closely
associated with prostatic hyperplasia (Figure 1A). Two
different PTGR1 shRNAs were selected to specifically
knockdown the endogenous expression of PTGRI1 in
human androgen-independent PC cell lines DU145 and
PC3 in order to further investigate the role of PTGRI1
in PC. Functional analysis indicated that knockdown of
PTGRI1 suppressed the proliferative ability of DU145
and PC3 cells, causing GO/G1 arrest and inducing the
apoptosis of PC cells.

To the extent known, cell cycle deregulation has been
acknowledged as a hallmark of cancer progression in
most malignant tumors (/7). The cell cycle consists of
three distinct sequential phases (G0/G1, S and G2/M)
(18) and is regulated by cyclins and cyclin-dependent
kinase inhibitors (CDKIs) (/9). Cyclins are closely
related to cell cycle progression and provide domains

that are essential for enzymatic activity (20). Cyclin D1
expression is essential for the G1/S transition. A CDKI,
p21 has been reported to inhibit the expression of CDKs,
leading to arrest of the cell cycle G1-S transition (2/7,22).
The current results revealed that knockdown of PTGR1
reduced the expression of cyclin D1 and enhanced the
expression of p21. Therefore, one could reasonably
assume that the mechanisms by which silencing of
PTGRI arrests the G1/S transition may be by partly
regulating cyclin D1 and p21.

Previous studies have reported that PTGR1 is
closely associated with gastric cancer (/4) and liver
carcinogenesis (/7). Consistent with these reports, the
current results revealed that knockdown of PTGR1
induced the apoptosis of androgen-independent PC cells.
Moreover, this mechanism involved activation of caspase
3 and subsequent amplification of PARP cleavage.
Apoptosis is the process of programmed cell death,
which plays a crucial role in cancer cell proliferation
(23). The caspase cascade is a central component of cell
apoptosis and can be regulated by caspase 3, which is
the key enzyme required for the caspase cascade (24).
A specific substrate, PARP can be cleaved by activated
caspase 3, resulting in cell apoptosis (25). This is why
PARP is one of the diagnostic tools most commonly used
to detect apoptosis (26,27). Based on these findings, the
silencing of PTGR2 is presumed to induce apoptosis at
least partially via a caspase-3-mediated pathway.

In summary, the current results provided evidence
that PTGR1 plays an important role in promoting the
survival and proliferation of androgen-independent PC.
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Knockdown of PTGRI1 by lentivirus-mediated shRNA
may provide a novel therapeutic approach for the
treatment of androgen-independent PC. Furthermore,
these findings have also provided an experimental basis
for future investigations.
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