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Abstract Pyrroline-5-carboxylate reductase 1 (PYCRI1) is
an enzyme involved in cell metabolism, which has been
shown to be up-regulated in cancers. However, the func-
tions of PYCRI1 in prostate cancers (PCa) are still largely
unknown. In the present study, we found that PYCR1 was
highly expressed in prostate cancer tissues and then
knocked down PYCRI1 in PCa cell lines (DU145, PC-3 and
LNCap) via lentivirus-mediated gene delivery and ana-
lyzed its biological function. Both gRT-PCR and western
blotting indicated that PYCR1 was suppressed efficiently
after sh-PYCRI1 infection. Further analysis indicated
knockdown of PYCRI significantly inhibited PCa cell
growth and colony formation ability. The inhibition effects
on growth were likely due to G2/M-phase arrest and
enhanced cell apoptosis, as determined by flow cytometer
analysis. At last, we verified the expression levels of cell
cycle regulatory proteins, including CDK1, CDK2, CDK4
and Cyclin B1 were all downregulated and cell apoptotic-
related proteins, including cleaved caspase 3 and cleaved
PARP were increased in PCa cells after PYCR1 knock-
down. Furthermore, PYCR1 has been shown not to be
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directly regulated by androgen receptor (AR) levels. These
results show the functions of PYCR1 in PCa tumorigenesis
for the first time and suggest that PYCR1 might be a good
potential therapy approach for treating PCa.
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Introduction

Prostate cancer (PCa) is the most common non-cutaneous
male cancer as well as the second leading cause of cancer-
related death in USA and Europe [1, 2]. And most notably,
its incidence and mortality are rapidly increasing in Asia-
Pacific region [3]. Currently, several therapy methods have
been applied to treat PCa, such as androgen deprivation
therapy [4] and docetaxel chemotherapy [5]. However, the
survival rate of PCa patients is still low. Therefore, there is
an urgent need to identify novel molecular marker to
improve the prognosis of PCa patients.

Pyrroline-5-carboxylate reductase 1 (PYCRI1) plays a
critical role in proline biosynthesis and catalyzes the
NAD(P)H-dependent conversion of pyrroline-5-carboxy-
late (P5C) to proline. Recent studies show that PYCRI is
able to converse Delta (1)-piperideine-6-carboxylate (P6C)
into pipecolic acid as well [6]. Besides, PYCRI1 is a house-
keeping gene which is conserved from yeast to animals.
Studies found that mutations of human PYCRI caused
cutis laxa, which is a multisystem disorder characterized by
the appearance of premature aging, wrinkled and lax skin,
joint laxity and a general developmental delay [7-12]. In
addition, PYCRI is also related with matrix metallopro-
teinases (MMPs) [9].
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Metabolic remodeling is now widely regarded as a
hallmark of cancer. The expression of PYCR1 is up-regu-
lated by fourfold in PC at issues compared with normal
tissues [13]. Moreover, PYCR1 has been reported to be
associated with androgen receptor (AR) signaling [14],
which might play a role in PCa progression. However, the
detailed functions of PYCRI and its relation with AR
remain largely unclear in PCa.

In this study, we found that PYCR1 was accumulated
in human PCa tissues and then knocked down the
PYCRI1 in PCa cell lines via recombinant lentivirus
taking shRNA to analyze its effects on cell proliferation
and colony formation of the PCa cells. Furthermore, we
tested the cell cycle and apoptosis of PCa cells after
RNAi of PYCRI.

Materials and methods
Patient tissues and immunohistochemistry (IHC)

Tumor tissues and its adjacent normal tissues from 142
consecutive patients were prepared for immunohisto-
chemistry assay (IHC) as previously described. PYCR1
protein was determined using rabbit anti-PYCR1 (1:5000,
Abgent, Cat No. AP9893b). All specimens were collected
from Fuzhou General Hospital of Nanjing Military
Command in Fuzhou, China. The use of human tumor
tissue was approved by the ethics committee of the
Fuzhou General Hospital, Fujian Medical University.
Intensity of immunoreactivity was scored visually and
defined as negative (—), slightly positive (—+), moder-
ately positive (+) and strongly positive (+4),
respectively.

Cell lines and culture conditions

Human PCa cell lines, PC-3, DU145 and LNCap cells and
human embryonic kidney 293T cells (HEK293T) were
obtained from Cell Bank of Chinese Academy of Sciences
(Shanghai, China). PC-3 and DU145 cells were cultured in
Ham’s/f-12, supplemented with 10% fetal bovine serum
(FBS). LNCap cells were cultured in RPMI 1640 medium
(Gibco, USA). WPMY-1 and HEK293T cells were cul-
tured in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% FBS. All cell lines were main-
tained at 37 °C in a humidified atmosphere containing 5%
CO,.

To explore the direct link between PYCRI and AR
signaling pathway in PCa cells, the LNCap cells were
treated with 10 pM AR inhibitor (Bicalutamide) or AR
activator (DHT) for 24 h at 30% cell confluence and then
collected for the next detection.
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RNA interference of PYCRI1 by lentivirus

To knock down the endogenous PYCRI in PCa cells, we
selected two siRNA hairpin sequences against different
sites of PYCR1 mRNA, shPYCR1(S1) 5-CACAGTTTCT
GCTCTCAGGAACTCGAGTTCCTGAGAGCAGAAAC
TGTGTTTTT-3' and shPYCRI(S2)5'-CCCTTCATCCTG
GATGAAATACTCGAGTATTTCATCCAGGATGAAG
GGTTTTT-3'. A non-target shRNA, shCon was used as
negative control, 5-GATCCTTCTCCGAACGTGTCACG
TCTCGAGACGACGCACTGGCGGAGAATTTTTG-3'.
These shRNA sequences were cloned to pFH-L vector
(Shanghai Hollybio, China) via restriction enzyme cutting
sites Nhel and Pacl. Then the vectors taking shRNA were
transfected into HEK293T cells along with pHelper plas-
mids pVSVG-I and pCMVARS8.92 (Shanghai Hollybio,
China). The supernatant was collected, and recombinant
lentivirus was collected after 96 h through centrifuge for
further experiment.

Recombinant lentiviruses shCon, shPYCRI1(S1) and
shPYCR1(S2) were then used to transfect PCa cells.
Briefly, PCa cells were cultured in six-well plate at a
density of 50,000 cells/well and infected by recombinant
lentivirus with multiplicity of infection (MOI) at 80 and 90,
respectively. After 96 h, the plates were observed under
microscope to check the morphology and infection effi-
ciency of lentivirus according to GFP signal.

qRT-PCR

Dul45 and PC-3 cells were infected with recombinant
lentivirus under conditions above mentioned. DU145 cells
were collected after 7 days, and PC-3 cells were collected
after 5 days. In addition, DU145 cells treated with AR
inhibitor were collected for detecting the mRNA levels of
PYCRI1. RNA was extracted from cells, and cDNA was
synthesized using PrimeScript RT reagent kit with cDNA
Eraser for RT-PCR with oligodT. Primers of PYCR1 were
designed according to its sequence in NCBI (NM_001
282279.1). The sequences were listed as below. Forward:
5'-GAAGATGGGGGTGAAGTTGA-3'; Reverse: 5'-CTC
AATGGAGCTGATGGTGA-3'. Actin was used as control
using primers 5-GTGGACATCCGCAAAGAC-3’ (For-
ward) and 5-AAAGGGTGTAACGCAACTA-3" (Rev-
erse). PCR reactions were performed on BioRad Connet
Real-Time PCR platform with the reaction system of
10 pL 2x SYBR premix ex taq, 0.8 pL 2.5 pM forward
and reverse primers, 5 pL. cDNA and 4.2 pL. ddH,0. The
procedure was set as below: initial denaturation at 95 °C
for 1 min, 40 cycles of denaturation at 95 °C for 5 s fol-
lowed by annealing extension at 60 for 20 s. Absorbance
values were obtained at the end of every extension step.
The statistics method was 2724,
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Fig. 1 Immunohistochemical
staining of PYCR1 expression
in prostate cancer tissues.
Representative images of
PYCRI in cytoplasm of
negative (—), weakly positive
(—+), positive (+) and strong
positive (++) staining were
shown (Magnification, x 100
and x250)

Table 1 Relationship of

PYCRI expression and Clinical pathologic parameters Total Expression of PYCR1 p value
clinicopathological parameters - ~ + + ++
in prostate cancer patients
(n = 142) Age 0.0466
<60 18 3 11 4
60-80 103 21 43 39
>80 21 2 5 14
Gleason score 0.0381
1(<6) 32 10 12 10
I (7) 71 14 31 26
III (>8) 39 2 16 21

Western blot analysis

PCa cells were collected and incubated with RIPA buffer.
The cell lysis was centrifuged at 15,000 gat4 °C for 10 min.
The supernatant was boiled after adding 2x SDS sample
buffer (100 mM Tris—Hcl (pH 6.8), 10 mM EDTA, 4% SDS,
10% Glycine). Proteins were separated by 10% SDS-PAGE
gels and electro-transferred onto polyvinylidene difluoride
membranes (Millipore, Bedford, MA, USA). After blocking
with 5% milk, the membranes were probed overnight with
primary antibodies, rabbit anti-PYCR1 (1:5000, Abgent,
AP9893b), anti-CDK1 (1:1000, Proteintech, 19532-1-AP),
anti-CDK2 (1:1000, Cell signaling, #2546), anti-CDK4
(1:1000, Proteintech, 11026-1-AP), anti-Cyclin B1 (1:2000,
SAB, #21540), anti-cleaved caspase 3 (1:5000, Cell signal-
ing, #9661), anti-cleaved PARP (1:5000, Cell signaling,
#9542) and rabbit anti-GAPDH (1:100,000, Proteintech,
10494-1-AP). The membrane was washed and then incu-
bated with HRP-conjugated secondary goat anti-rabbit
antibodies (1:5,000, Santa Cruz, SC-2054) for 1 h. Target
proteins were detected with enhanced chemiluminescence
reagents (Amersham) and photographed.

Cell proliferation assay

Briefly, PCa cells (2000 cells/well) were cultured in
96-well plate and infected by recombinant lentivirus. After

96 h, the plates were treated with 3-(4, 5-dimethylthiazol-
2-y1)-2, 5-diphenyltetrazolium bromide (MTT) plus acidic
isopropanol (10% SDS, 5% isopropanol and 0.01 mol/L
HCI). After incubation, the absorbance was read at a
wavelength of 595 nm according to the manufacturer’s
protocol.

Colony formation assay

In brief, at 96 h after lentivirus infection, DU145 and PC-3
cells were seeded into 6-well plate with seeding density of
500 cells/well. After culture for 8 days (DU145) and
9 days (PC-3), the cells were stained by crystal purple. The
morphology of colonies was observed under microscope.
The numbers of colonies were counted.

Cell cycle assay

After lentiviral infection for 5 days, DU145 and PC-3 cells
were seeded into 6-cm dish at initial density of 200, 000
cells/dish. The dishes were maintained at 37 °C for 40 h
until the confluence of cells reached about 80%. Then
DU145 cells were washed and fixed with 70% ethanol
overnight at 4 °C. After digestion with RNaseA, the cells
were labeled with propidium iodide and went through Cell
Lab Quanta Beckman Coulter to measure fluorescence.
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Fig. 2 PYCRI expression is suppressed efficiently in PCa cells using
RNAi mediated by recombinant lentivirus. a The gene delivery
efficiency of recombinant lentivirus in DU145 and PC-3 cells. Upper
panels, bright field; lower panels, GFP fluorescence (green). Scale
bar, 10 pm. b gRT-PCR analysis of PYCR1 mRNA levels in

Apoptosis detection assay

Apoptotic cells were quantified according to the protocol of
the Annexin V-APC/7-AAD Detection kit (Keygen
Biotechnology). Briefly, DU145 cells seeded in 6-well
culture plates were infected with lentivirus-mediated
PYCR1 shRNA for 7 days. After infection, attached cells
were trypsinized, washed with PBS and centrifuged. The
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recombinant lentivirus-infected DU145 cells and PC-3 cells. Data are
expressed as mean =+ standard deviation (SD) of three independent
experiments. **p < 0.01*%**; p < 0.001. ¢ Western blotting analysis
of PYCRI protein levels in recombinant lentivirus-infected DU145
cells and PC-3 cells. GAPDH was used as control protein

cells were washed with 1x binding buffer, centrifuged and
resuspended in 1 mL 1x staining buffer. Then 5 pL
Annexin V-APC was added into 100 pL of cell suspension,
followed by a gentle vortex, and 10 min incubation at room
temperature in the dark. Data acquisition and analysis were
performed by the Becton-Dickinson FACSCalibur flow
cytometer plus dedicated software. The experiment was
repeated three times.
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Statistical analysis

The results were representative of at least three independent
experiments and were expressed as the mean + standard
deviation (SD). Associations between PYCR1 expression and
clinicopathological variables were analyzed by Pearson Chi-
Square test. Student’s ¢ test was used to evaluate the differ-
ences between the PYCR1 silenced and non-silenced groups.
Statistically significant differences were defined as p < 0.05.

Results

PYCRI1 expression in PCa and corresponding
normal tissues

To investigate the expression of PYCRI in PCa, immunohis-
tochemistry was used to evaluate its expression in PCa tissues.
As shown in Fig. 1, representative photographs of tumor and
adjacent tissues showed that PYCR1 was highly expressed in
cancer. We found there was a significant difference between
PYCRI1 expression and some clinicopathological parameters,
such as Gleason score (Table 1, p = 0.0381).

PYCRI1 expression is efficiently suppressed in PCa
cells

To investigate the role of PYCR1 in PCa, we firstly generated
recombinant lentivirus to infect DU145 and PC-3 cells. As

shown in Fig. 2a, most of the infected DU145 and PC-3 cells
were GFP-positive, suggesting that recombinant lentivirus
could deliver shRNAs into PCa cell lines with high effi-
ciency. Then we determined the mRNA and protein levels of
PYCRI1 in recombinant lentivirus-infected PCa cells using
gRT-PCR and western blotting, respectively. The tran-
scription of PYCRI1 was suppressed dramatically by
shPYCR1(S1) or shPYCR1(S2) compared with shCon in
DU145 and PC-3 cells (Fig. 2b, p < 0.01, p < 0.001). No
PYCR1 band was detected in the protein extract of
shPYCR1-infected DU145 or PC-3 cells (Fig. 2c). Notably,
shPYCR1(S1) could more efficiently suppress the expres-
sion of PYCRI1 than shPYCRI1(S2). Furthermore, LNCap
cells were transfected with shPYCR1(S1) to determine
PYCRI1 function as well as its relation with AR level. As
shown in Figure S1A and B, shPYCR1(S1) obviously sup-
pressed the expression of PYCR1 protein in LNCap cells.

Suppression of PYCRI1 inhibits cell proliferation
and colony formation of PCa cells

To investigate the functions of PYCRI1, we analyzed the
cell proliferation of PCa cells following shPYCR1(S1) or
shPYCR1(S2) infection using MTT assay. As shown in
Fig. 3, we found there was an obvious growth inhibition
effect of ShPYCRI1(S1) or shPYCR1 (S2) on DU145 cells
(p < 0.001). Similarly, shPYCRI1(S1) or shPYCR1 (S2)
significantly suppressed cell growth in PC-3 cells

@ Springer
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Fig. 4 Suppression of PYCRI leads to a decrease in PCa cell colony
formation. a Representative images of colonies formed by shCon- and
shPYCRI1(S1)-infected DU145 cells. Upper panel, crystal violet
staining; middle panel, bright field; lower panel, GFP fluorescence
field. Scale bar, 25 pm. b Colony numbers of shCon- and
shPYCRI1(S1)-infected DUI145 cells. Data are expressed as
mean =+ standard deviation (SD) of three independent experiments.
**%p < 0.001

(» <005 p<001 and p<0.001). Obviously,
shPYCR1(S1) presented more inhibitory effects than
shPYCR1(S2) in cell proliferation. Additionally, we eval-
uated the effect of PYCR1 knockdown on the cell growth
of LNCap cells and found shPYCR1(S1) could suppressed
cell growth as well (Figure S1-C, p < 0.001).

What’s more, we tested the colony formation ability of
DU145 cells after PYCR1 knockdown. As shown in
Fig. 4a, representative photographs of PYCR1 knockdown
DU145 cells had much smaller colonies, indicating weaker
colony formation ability. Further analysis showed the
colony number was significantly reduced in shPYCRI1(S1)
group, compared with shCon (Fig. 4b, p < 0.001).
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Suppression of PYCRI1 induces cell cycle arrest
at G2/M phase

To investigate whether growth inhibition was related
with cell cycle arrest, we performed flow cytometry on
shCon- and shPYCRI1(S1)-infected DU145 and PC-3
cells. Representative images of cell cycle distribution in
DU145 are shown in Fig. 5a. As expected, knockdown of
PYCR1 arrested cell cycle in G2/M phase in and
accordingly decreased the cell numbers in GO/G1 phase
and S phase DU145 cells (Fig. 5b, p < 0.05, p < 0.001)
and PC-3 cells (Fig. 5d, p < 0.05, p < 0.01). Addition-
ally, in the absence of PYCRI, more cells were obvi-
ously accumulated in the sub-Gl phase representing
apoptotic cells in both of these two cell lines (Fig. 5c, e,
p <0.05, p <0.001). Moreover, knockdown of PYCRI
apparently downregulated the protein expression of
CDK1, CDK2, CDK4 and Cyclin B1 in both DUI145
(Fig. 5f) and PC-3 cell lines (Fig. 5g).

Suppression of PYCRI1 promotes cell apoptosis
in PCa cells

Annexin V-APC/7-AAD detection was used to determine
whether silencing PYCRI1 had an accelerated effect on
the apoptosis of DU145 cells (Fig. 6a). The results
showed there were more apoptosis cells, including early-
stage and late-stage apoptosis, in the shPYCRI1(S1)-in-
fected DU145 cells (Fig. 6b, p < 0.001).To further
explore the molecular mechanisms underlying PYCRI1-
mediated PCa cell apoptosis, we detected the protein
levels of pro-apoptotic markers, including cleaved cas-
pase-3 and cleaved PARP and found both of them were
increased in the shPYCRI(S1)-infected DUI145 cells
(Fig. 6¢).

The expression of PYCRI is not directly regulated
by AR signaling pathway in PCa cells

To explore the link between PYCRI and AR signaling
pathway in PCa cells, we treated LNCap cells with AR
inhibitor (Bicalutamide) or AR activator (DHT) and
detected the expression of PYCR1 by Western blot anal-
ysis. The results showed that the expression of PSA was
significantly decreased or increased after treated with
Bicalutamide or DHT, respectively, compared with the
control (Figure S1-D). However, there was no significant
decrease in the expression of PYCRI1 after AR inhibitor
treatment, which suggests PYCR1 might not have a direct
relation with AR signaling pathway.
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Fig. 5 Suppression of PYCRI
induces cell cycle arrest in PCa
cells. a Representative graphs of
flow cytometry assay of cell
cycle of shCon- and
shPYCRI1(S1)-infected DU145
cells. Calculation of cells at G/
Gy, S and G,/M phase in DU145
(b) and PC-3 (d) cells following
shPYCRI1(S1) infection.
Calculation of cells at sub-G;
phase in DU145 (c¢) and PC-3
(e) cells following
shPYCRI1(S1) infection. Data
are expressed as

mean =+ standard deviation
(SD) of three independent
experiments. *p < 0.05,

**p < 0.01, ***p < 0.001. The
expression of CDK1, CDK2,
CDK4 and Cyclin B1 protein
was measured in DU145 (f) and
PC-3 (g) cells following
shPYCRI1(S1) infection.
GAPDH was used as an internal
control
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We reported here that PYCR1 was accumulated in human
PCa tissues and significantly correlated with Gleason score,
suggesting the expression of PYCR1 was increased with
the tumor progression. To investigate the role of PYCR1 in
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the PCa progression, we knocked down PYCRI in PCa
cells via lentivirus-mediated gene delivery and analyzed its
effects on tumorigenesis. The results showed that the
suppression of PYCRI led to cell proliferation inhibition,
colony formation inhibition, cell cycle arrest and cell
apoptosis in PCa cells.

@ Springer



27 Page 8 of 9

Med Oncol (2017) 34:27

A
DU145 shCon shPYCRI1(S1)
A 0.17% 0.033%)| “114.2%
Q 3
< e
<
198.0% _1.84% :168.6%
AnnexinV -
B DU145
= 207 EE shCon
> E=4 shPYCRI(S1)
Z 154
E %k
— =T
)
o 104
50
E
: %
]
S 5o
D
m ﬁ
0 I T T
Annexin V+/7AAD- Annexin V+/7AAD+

DU145 shCon shPYCRI1(S1)

cleaved |
Caspase-3 * 17kD
cloaved | S— | 116kD
PARP
— 89kD
GAPDH | iiSSS am—— 35kD

Fig. 6 Suppression of PYCR1 promoted cell apoptosis in PCa cells.
a Apoptotic cells were characterized by Annexin V-APC/7-AAD
double staining and analyzed by flow cytometry. b Deficiency of
PYCRI in DUI145 cells could trigger early (Annexin V-APC+/7-
AAD-—) and late apoptosis (Annexin V-APC+/7-AAD+). Data are
expressed as mean =+ standard deviation (SD) of three independent
experiments. ***p < 0.001. ¢ Western blotting analysis of cleaved
caspase-3 and cleaved PARP proteins levels in shCon- and
shPYCR1(S1)-infected DU145 cells

PYCRI1 has been shown to possess anti-apoptotic
functions. Moreover, not only P5C, the substrate of
PYCRI, plays a role in the pro-apoptotic and growth
inhibition [15], but also its product proline has anti-apop-
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totic and anti-oxidant activities [16]. Consistent with those
results, we also demonstrated that knockdown of PYCRI1
led to inhibition of cell proliferation and increased apop-
tosis in DU145 cell. Yasuda et al. [17] showed that PYCR1
directly bounded with DJ-1 both in vivo and in vitro.
PYCRI is also localized in mitochondria together with DJ-
1. The knockdown of PYCRI resulted in decreased mito-
chondria membrane potential and lower viability under
oxidative stress conditions.

Previous studies found that PYCR1 was a target of
oncogene Myc [18], which induces proline biosynthesis
from glutamine, in which PYCRI1 catalyzes the final step of
proline synthesis from glutamate in cancer cells. The
reduction of Myc by siRNA resulted in the decrease in
PYCRI1 along with the increase in other proline enzymes,
such as POX/PRODH, PSCDH and GS. The studies of the
metabolism profiles about PCa cells are still underway in
PYCR1 knockdown PCa cells now.

Androgen ablation therapy has been the standard treat-
ment of PCa for many years [4]. The androgen receptor
(AR) plays a pivotal role in PCa progression through reg-
ulating cell proliferation, differentiation and apoptosis
[19-21]. Jariwala et al. [14] found that PYCR1 was less
strongly or hardly stimulated in LNCap cells by AR by
DHT, but it was identified as one of AR target genes. To
further confirmed the relation between PYCR1 and AR
signaling, we treated LNCap cells with DHT or Bicalu-
tamide and determined the expression of PYCRI. Our
results showed the expression of PYCRI is not obviously
altered under changed PSA levels in LNCap cells, which
might be regulated other signaling pathways in PCa
progression.

In conclusion, we have proved that PYCRI1 plays an
important role in PCa tumorigenesis for the first time. The
suppression of PYCRI1 by lentivirus could induce cell
apoptosis and cell cycle arrest indicating that PYCRI
might be a good target gene for human PCa therapy.
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