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Prostate cancer (PCa) is the second leading cause of cancer-related death in males in the United States. Majority of
prostate cancers are originally androgen-dependent and sensitive to androgen-deprivation therapy (ADT), however,
most of them eventually relapse and progress into incurable castration-resistant prostate cancer (CRPC). Of note, the
activity of androgen receptor (AR) is still required in CRPC stage. The mitotic kinase polo-like kinase 1 (Plk1) is
significantly elevated in PCa and its expression correlates with tumor grade. In this study, we assess the effects of Plk1
on AR signaling in both androgen-dependent and androgen-independent PCa cells. We demonstrate that the
expression level of Plk1 correlated with tumorigenicity and that inhibition of Plk1 caused reduction of AR expression
and AR activity. Furthermore, Plk1 inhibitor BI2536 down-regulated SREBP-dependent expression of enzymes involved
in androgen biosynthesis. Of interest, Plk1 level was also reduced when AR activity was inhibited by the antagonist
MDV3100. Finally, we show that BI2536 treatment significantly inhibited tumor growth in LNCaP CRPC xenografts.
Overall, our data support the concept that Plk1 inhibitor such as BI2536 prevents AR signaling pathway and might have
therapeutic potential for CRPC patients.

Introduction

Androgen receptor (AR) plays a critical role in initiation and
progression of prostate cancer (PCa). In PCa cells, AR is acti-
vated by androgen and then translocates from the cytoplasm to
the nucleus, acting as a transcription factor that promotes many
downstream proteins involved in PCa progression, such as ETS-
related gene (ERG) and prostate-specific antigen (PSA).1,2 Until
recently, chemical castration and surgical castration (orchiec-
tomy) are both widely used as androgen-deprivation therapy
(ADT) for PCa.3 Unfortunately, the remissions caused by castra-
tion are temporary and PCa eventually progresses to castration-
resistant prostate cancer (CRPC). However, it has been estab-
lished that AR signaling continues to be essential for CRPC
progression.

Multiple mechanisms are responsible for PCa cells to escape
from androgen deprivation.4 For example, amplification of AR
gene increases the expression level of AR protein.5 Mutations
occur in AR gene and confer broader ligand specificity or onco-
genic property to AR.6 Some cross-talk signal transduction path-
ways, such as EGF pathway and IGF pathway, are upregulated
and can activate AR in an androgen-independent manner.7,8

Moreover, PCa cells can also increase expression of steroidogenic
enzymes, produce androgen through de novo steroidogenesis and
no longer need exogenous androgen supply.9

The serine/threonine polo-like kinase 1 (Plk1) is a regula-
tor of many cell cycle events, such as mitotic entry, bipolar
spindle formation and cytokinesis.10 The elevation of Plk1
expression begins in G2 phase and reaches the peak at mito-
sis. Plk1 is overexpressed in a wide range of cancer cells,
including prostate, breast, pancreatic and melanoma. Inhibi-
tion of Plk1 has been proposed a hopeful strategy for
enhancement of cancer therapy.10 Plk1 inhibitors such as
BI2536, BI6727 (Volasertib), NMS-P937 have been tested in
phase I or II clinical studies for patients with various can-
cers.11-14 BI2536 is an ATP-competitive Plk1 kinase inhibitor
and has been used in phase II clinical studies in breast cancer,
endometrial cancer, head and neck cancer, melanoma, ovarian
cancer and sarcoma.15 In prostate cancer, Plk1 knockdown by
RNAi causes induction of mitotic catastrophe,16 suggesting
that Plk1 might be a target and BI2536 might be a potential
drug of PCa treatment.

In the present study, we show that Plk1 expression correlates
with PCa cell proliferation and has a positive effect on AR signal-
ing. We have examined whether Plk1 inhibitor BI2536 can sup-
press AR expression and activity in PCa cells. Meanwhile,
BI2536 can also restrain de novo steroidogenesis through the
SREBP pathway. Finally, we find that, in the CRPC xenograft
model, castrated mice treated with BI2536 experienced a signifi-
cant delay in tumor growth.
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Results

Plk1 level in PCa cells is correlated with tumorigenicity
Plk1 expression is correlated to carcinogenesis and overexpres-

sion of Plk1 has been found in many cancer cell lines, including
PCa cells.17 We speculated that Plk1 level is associated with
tumorigenicity in PCa. To test this hypothesis, we examined
Plk1 protein level by western blotting in non-transformed human
prostate epithelium and a series of human PCa cell lines, with
various metastasis grade and androgen dependence (Table 2 and
Fig. 1A). RWPE-1 cell is an immortal cell line originated from
normal human prostate epithelium and it could not form any
solid tumor when implanted into the nude mice. While LNCaP
is androgen dependent, C4-2 is derived from LNCaP but andro-
gen independent. Finally, PC3 is AR negative thus androgen
insensitive. As indicated in Figure 1A, RWPE-1 has a basal level
of Plk1, but the Plk1 levels of LNCaP and C4-2 cells are clearly
elevated. As expected, PC3 cells have the highest level of Plk1,
suggesting that Plk1 level was correlated with tumorigenicity.
Furthermore, cell lines mentioned above were treated with Plk1
inhibitor BI2536 and their apoptosis status was detected. Here
cleaved-PARP (poly ADP-ribose polymerase) was chosen as a
marker of cells undergoing apoptosis (Fig. 1B). We previously
showed that normal cells are insensitive to Plk1 depletion. To

support, RWPE-1 cells were resistant to BI2536, but all 3 trans-
formed cell lines showed significantly elevated levels of cleaved-
PARP upon BI2536 treatment, supporting the notion Plk1 is a
valid target for PCa therapy.

Plk1 affects AR expression level and AR activity in PCa cells
It has been established that AR remains to be transcriptionally

active in CRPC. Thus, it is of clinical significance to dissect the
underlying mechanisms responsible for reactivation of AR after
castration. Toward that end, we tested whether Plk1 is involved
in AR activation in CRPC. Using lentivirus-based shRNA to
deplete Plk1 in 2 CRPC cell lines, C4-2 and 22Rv1, we found
that depletion of Plk1 caused a reduction of the level of AR pro-
tein (Fig. 2A). In 22Rv1 cells, multiple alternatively spliced AR
variants have been identified besides full-length AR, displaying a
110-kDa band (full-length) and an 80-kDa band (variants) after
immunoblotting.18 As indicated, both full-length AR and AR
variants were reduced when Plk1 was depleted in 22Rv1 cells
(Fig. 2A). We also detected the levels of AR transcripts in PCa
cells treated with BI2536. When Plk1 activity was inhibited by
BI2536, AR mRNA level was downregulated in LNCaP, C4-2
and 22Rv1 cells (Fig. 2B). Of significance, transcription levels of
2 AR variants, AR-V1 and AR-V7, were decreased upon BI2536
treatment as well (Fig. 2B). This is important as increasing
expression of AR-variants is one documented mechanism for AR
reactivation after castration and acquisition of resistance to drugs
targeting AR signaling.

Considering that AR mRNA in LNCaP was reduced less sig-
nificant than those in C4–2 and 22Rv1 cells when cells were
treated with BI2536, we then asked whether AR activity was
inhibited upon BI2536 treatment. Primers toward PSA and
ERG, 2 target genes directly activated by AR, were prepared and
utilized for real-time PCR analysis. As indicated in Figure 2C,
when LNCaP cells were cultured in androgen-deprived medium
(RPMI-1640C5% CSS), inhibition of Plk1 hardly affects AR
activity. However, when these cells were stimulated by R1881, a

Table 2. Prostate cells used in this study

Cell line Tumorigenicity
Androgen
sensitivity AR PTEN p53

RWPE-1 N/A Sensitive C WT WT
LNCaP Very low Sensitive C Mutant WT
C4-2 Moderate Insensitive C Mutant WT
PC3 High Insensitive ¡ Null Null
22Rv-1 Low Sensitive Variants WT Mutant

Table 1. Sequences for primers used to conduct quantitative PCR

Primer
designation

Sequence
(5’!3’)

Target
Gene

Accession
Number

AR-F GGAATTCCTGTGCATGAAA AR NM_000044.3
AR-R CGAAGTTCATCAAAGAATT (Full Length)
AR-Exon3-F CTTCGGAAATGTTATGAAGC AR-V1 FJ235917.1
AR-V1-R CTGTTGTGGATGAGCAGCTG
AR-Exon3-F CTTCGGAAATGTTATGAAGC AR-V7 FJ235916.1
AR-V7-R TTGAATGAGGCAAGTCAGCC
ERG-F CGTGCCAGCAGATCCTACG ERG NM_182918.3
ERG-R GGTGAGCCTCTGGAAGTCG
SREBP1-F CGCTCCTCCATCAATGACAA SREBP1 NM_001005291.2
SREBP1-R AGAAAGCGAATGTAGTCGAT
CYP17A1-F ACCTGGAGGTGCCAGATGAT CYP17A1 NM_000102.3
CYP17A1-R GGCGCACCTTGATCTTCACT
CYP11A1-F TTGTAAATGACTTGGTTCTTCG CYP11A1 NM_000781.2
CYP11A1-R AGAGCATAGATGGCCACTTG
PSA-F GCATGGGATGGGGATGAAGTAAG PSA NM_001648.2
PSA-R CATCAAATCTGAGGGTTGTCTGGA
RPL32-F CCCCTTGTGAAGCCCAAGA RPL32 NM_000994.3
RPL32-R GACTGGTGCCGGATGAACTT

Figure 1. Plk1 level is correlated with tumorigenicity in different prostate
cell lines. (A) Immunoblotting of Plk1 in RWPE-1, LNCaP, C4–2 and PC3
cells. (B) RWPE-1, LNCaP, C4-2 and PC3 cells were treated with 20 nmol/L
BI2536 for 24 hours and harvested.
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synthetic androgen, BI2536 addition significantly attenuated the
stimulation effect toward AR (Fig. 2C).

Inhibition of Plk1 negatively regulates de novo
steroidogenesis

Given that CRPC cells are able to produce androgen through
de novo steroidogenesis, thus activating AR signaling, we asked
whether Plk1 affects androgen synthesis pathway (Fig. 3A). It
has been generally accepted that 2 enzymes CYP17A1 (Cyto-
chrome P450 17A1 or steroid 17-a-monooxygenase) and
CYP11A1 (Cytochrome P450 11A1 or cholesterol side-chain
cleavage enzyme) play important roles during de novo steroido-
genesis and that both enzymes are under the control of the
SREBP pathway.19 Therefore, we examined transcription levels
of SREBP1, CYP17A1 and CYP11A1 upon BI2536 treatment

in PCa cells. As shown in Figure 3B–D, inhibition of Plk1 with
BI2536 leads to reduced expression levels of SREBP1 and its
downstream targets, CYP17A1 and CYP11A1, suggesting that
inhibition of Plk1 did interfere with the SREBP pathway and
androgen biosynthesis. Similarly to the transcription of AR, in
androgen-independent PCa cell lines C4-2 and 22Rv1, the
SREBP pathway was much more sensitive to BI2536 than that in
androgen-dependent LNCaP cells. Interestingly, treatment of
cells with taxol actually partially activates the androgen biosyn-
thesis pathway (Fig. 3E-G), suggesting that CRPC patients likely
benefit from a combination of taxol and AR antagonists.

AR inhibition caused Plk1 reduction in PCa in different
stages

As expected, treatment of AR-positive PCa cells, LNCaP and
C4-2, with AR antagonist MDV3100 (also known as enzaluta-
mide) leads to inhibition of cell proliferation (Fig. 4A). Consid-
ering that AR is a transcription factor, we next asked whether AR
also affects Plk1 expression. Accordingly, LNCaP and C4-2 cells
were treated with or without MDV3100 and harvested for Plk1
immunoblotting, with PSA level as a marker of AR activity. As
indicated, AR inhibition caused Plk1 reduction in PCa cells
when the cells were either randomly growing or treated with
nocodazole to arrest at G2/M phase (Fig. 4B), suggesting that
AR also affects the level of Plk1 in PCa cells. Because Plk1 is
mitotic marker, we thus asked whether AR inhibition-associated
Plk1 down-regulation is a secondary effect of cell cycle arrest. For
that purpose, cells were arrested at late G1 with thymidine block,
released into nocodazole-containing medium in the presence or
absence of MDV3100 for 12 hours. FACS (fluorescence-acti-
vated cell sorting) analysis indicated addition of MDV3100 did
not significantly affect the cell cycle progression (Fig. 4C). So,
reduced cell numbers in the presence of MDV3100 might be
due to increased cell death.

Plk1 inhibitor BI2536 suppresses tumor growth of CRPC
xenograft

Finally, we tested the anti-tumor effect of BI2536 by using the
LNCaP CRPC xenograft model. Tumor sizes were measured
3 times a week and blood was collected weekly during the study.
We observed a significant difference between 2 groups treated
with or without BI2536 (Fig. 5). When mice carrying LNCaP
xenograft tumors were castrated, tumor volumes declined within
a week because of androgen deprivation. After that time point,
tumor cells possessed castration resistance and tumors without
BI2536 treatment continued to grow, but tumors of BI2536-
injected group were dramatically suppressed (Fig. 5).

Discussion

AR plays a critical role in PCa progression as a transcription
factor that controls many downstream targets such as PSA. Cas-
tration and chemical blockade against AR are both effective ini-
tial therapies for PCa treatment. However, it has been accepted
that the AR signaling somehow is reactivated and continues to be

Figure 2. Plk1 affects AR signaling in PCa cells. (A) Depletion of Plk1
reduced AR level in PCa cells. C4-2 and 22Rv-1 cells were infected with
lentivirus to deplete Plk1 for 36 hours and harvested. (B) BI2536 inhibits
AR expression in PCa cells. LNCaP, C4-2 and 22Rv-1 cells were treated
with or without 200 nmol/L BI2536 and harvested for Real-Time qPCR to
measure the mRNA levels of AR and AR variants. (C) AR activity is inhib-
ited by BI2536 in LNCaP cells. LNCaP cells were cultured in RPMI-1640C
5% CSS medium for 48hrs, then treated with or without 200 nmol/L
BI2536 or 1 nmol/L R1881 for 4 hours, and harvested for Real-Time qPCR
to measure the mRNA levels of ERG and PSA.
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essential for CRPC. To support, AR antagonists such as abirater-
one and enzalutamide are 2 recently FDA-approved drugs to
treat CRPC. Unfortunately, overall patient survival was only
improved by 2 to 5 months with these inhibitors.20 Therefore, it
is urgently needed to identify new targets and develop novel
approaches for treatment of CRPC patients. Toward that end,
we first found that Plk1 level was correlated to PCa cell growth
rate and androgen-independent PCa cells were more sensitive to

Plk1 inhibition than androgen-dependent PCa cells (Fig. 1), sug-
gesting a gradually increased role of Plk1 in cell survival as PCa
progresses from androgen dependent to independent stage.

The major transcript derived from AR gene encodes a 110-
kDa protein with 4 functional domains, including N-terminal
transactivation domain (NTD), a DNA-binding domain
(DBD), a flexible Hinge region, and a C-terminal ligand-binding
domain (LBD). While NTD is required for transcriptional

Figure 3. Inhibition of Plk1 negatively regulates de novo steroidogenesis. (A) The classical pathway of androgen biosynthesis, modified from ref. 28,29 The
substrate cholesterol was converted to precursor pregnenolone by CYP11A1 and finally converted to testosterone and DHT by a series of reactions
involving the activity of CYP17A1 and other enzymes. DHT, dehydrotestosterone. DHEA, dehydroepiandrosterone. HSD, hydroxysteroid dehydrogenase.
(B–D) LNCaP, C4-2 and 22Rv1 cells were treated with or without 200 nmol/L BI2536 for 4 hours, and harvested for Real-Time qPCR to measure the mRNA
levels of SREBP-1, CYP11A1 and CYP17A1. E-G, LNCaP, C4-2 and 22Rv1 cells were treated with or without 1 mmol/L taxol for 12 hours, and harvested.
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activity, LBD is responsible for binding to androgens and other
agonists. A series of AR variants lacking of LBD has been
reported either in PCa cells such as 22Rv1 or in CRPC tissues
from patients.18,21 Such ARDLBD isoforms are functionally

effective without androgen stimulation, thus resulting in andro-
gen-independent PCa cell growth. AR antagonist drugs cannot
target AR variants due to loss of ligand binding sites. In this
study, we found that BI2536 inhibited the transcription of both
full-length AR and 2 AR variants lacking of LBD, suggesting that
Plk1 is a potential drug target in CRPC cells expressing AR
variants.

We further analyzed the mutual regulation between Plk1 and
AR signaling in PCa cells. Enough evidence supports the concept
that the PI3K/AKT/mTOR pathway is frequently activated in
PCa due to loss of function of PTEN.22 The PI3K/AKT/mTOR
and AR signaling pathways regulate each other through complex
reciprocal feedback mechanisms.23 Recently, we reported that
Plk1 is involved in oxidative stress-induced AR elevation through
activation of the PI3K/AKT/mTOR pathway.24 In this study, we
provide evidence that Plk1 elevation leads to activation of the AR
signaling in the absence of external oxidative stress. Moreover, to
function as a transcription factor, AR has to translocate from the
cytoplasm to the nucleus after stimulation by androgen. This
translocation relies on microtubule dynamics, which are con-
trolled by 2 Plk1 substrates, CLIP-170 and p150Glued.25 Failed
AR nucleus translocation could be the reason why Plk1 inhibi-
tion caused decreased AR activity in LNCaP cells.

Upon androgen deprivation therapy, PCa cells gradually gain
the ability to synthesize androgens through de novo steroidogene-
sis and develop to CRPC. SREBP transcription factors are

Figure 4. Inhibition of AR reduced Plk1 level in LNCaP and C4–2 cells. (A)
Cell proliferation was inhibited by 10 mmol/L MDV3100 treatment. (B)
Cells were treated with or without 10 mmol/L MDV3100 to inhibit AR
activity or not, then treated with or without 1 mmol/L nocodazole to
arrest cells in G2/M phase or randomly growing, and harvested for
immunoblotting. (C) Cells were treated with thymidine overnight to
arrest at G1 phase, released into nocodazole-containing medium §
10 mmol/L MDV3100 for 12 hours, and harvested for FACS analysis.

Figure 5. BI2536 inhibits LNCaP CRPC xenografts. LNCaP cells were inoc-
ulated into nude mice, which were castrated when tumors reach 200–
300 mm3. Since the day of castration, mice were intravenously injected
twice per week with BI2536 (25 mg/kg body weight) or saline solution as
control, and followed for additional 8 weeks. Relative tumor volumes
were calculated and tumor growth curve was generated after measure-
ment of tumor volumes.
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responsible for coordinately regulating the enzymes required for
synthesis of cholesterol and steroidogenesis.26 Cytochrome p450
family members CYP11A1 and CYP17A1 are 2 key enzymes
involved in de novo steroidogenesis and under control of SREBP.
Results of our study suggest that Plk1 inhibition reduces mRNA
level of SREBP1, CYP17A1 and CYP11A1, thereby inhibiting
androgen biosynthesis (Fig. 3).

Although AR is a transcription factor and Plk1 level was
downregulated upon AR inhibition, we cannot affirm that the
transcription of Plk1 is directly promoted by AR. A ChIP-on-
chip analysis predicted all putative AR binding sites among the
human genome sequence in LNCaP cells.27 According to the
database (http://research.dfci.harvard.edu/brownlab/datasets/),
no putative AR binding sites locate close to PLK1 gene, but other
M-phase cell cycle genes are upregulated by AR especially in
androgen independent PCa cells.27 It is possible that AR
increases Plk1 expression indirectly through promoting other
Plk1 regulators.

In summary, we have revealed that Plk1 is positively involved
in AR signaling and de novo steroidogenesis in PCa cells. Plk1
inhibitor BI2536 significantly reduces the tumor growth rate of
CRPC xenograft. This work suggests that targeted inhibition of
Plk1 might be beneficial for CRPC patients.

Materials and Methods

Cell culture
LNCaP, C4-2 (derived from LNCaP, but androgen indepen-

dent), 22Rv1 (androgen independent) cells were cultured in
RPMI-1640 (Sigma) supplemented with 10% FBS (v/v), 100 U/
mL penicillin, and 100 U/mL streptomycin at 37�C in 5%
CO2. PC3 cells were cultured in F12K (ATCC) supplemented
with 10% FBS (v/v), 100 U/mL penicillin and 100 U/mL strep-
tomycin at 37�C in 5% CO2. RWPE-1 cells were cultured in
keratinocyte serum-free medium (K-SFM, Invitrogen) supple-
mented with 50 mg/mL bovine pituitary extract (BPE), 5 ng/mL
epidermal growth factor (EGF, Human Recombinant), 100 U/
mL penicillin, and 100 U/mL streptomycin at 37�C in 5%
CO2. MDV3100 was purchased from Selleckchem.

Quantitative Real-Time PCR
Total RNA was extracted using TRIzol (Invitrogen) and

reverse transcribed using the iScriptTM cDNA Synthesis Kit
(Bio-Rad). cDNA product from 1 mg total RNA was amplified
using Faststart Universal SYBR Green Master (ROX) (Roche)
and analyzed by Applied Biosystems 7300 Real-Time PCR Sys-
tem. PCR primers used in this study were shown in Table 1.

Western blotting
Cells were harvested and lysed in TBSN buffer (20 mmol/L

Tris, pH 8.0, 150 mmol/L NaCl, 1.5 mmol/L EDTA, 5 mmol/
L EGTA, 0.5% NP-40, and 0.5 mmol/L Na3VO4) supple-
mented with proteinase inhibitors. The lysates were resolved by
SDS-PAGE and transferred to PVDF membrane (EMD Milli-
pore), followed by incubation with antibodies against Plk1 (Santa
Cruz Biotechnology; sc-17783), AR (Santa Cruz Biotechnology;
sc-7305), cleaved-PARP (EMD Millipore; AB3620), PSA (Cell
Signaling Technology; 5365), and b-actin (Sigma; A5441).

Depletion and overexpression of Plk1
HEK293T cells in 10-cm dishes were co-transfected with 4

mg of pHR‘-CMV-48.20vpr, 2 mg of pHR’-CMV-VSV-G, and
4 mg of pLKO.1-Plk1 plasmids for depletion of Plk1. Superna-
tants were collected every 12 hours after 24 hours post-transfec-
tion. Viruses were filtered through a 0.45-mm poresize filter,
concentrated by spin at 20,000 rpm for 2 hours, re-suspended in
TNE buffer (50 mmol/L Tris-HCl, pH7.8, 130 mmol/L NaCl,
1 mmol/L EDTA), and rotated overnight at 4�C. Infections
were carried out in the presence of 10 mg/ml of polybrene and
10 mmol/L of HEPES, followed by selection with 1 mg/ml of
puromycin for at least 36 hours.

Xenograft model
LNCaP cells were harvested, pelleted and co-inoculated with

100 ml of Matrigel (1:1 volume ratio). Six-week old male athy-
mic nude mice (BALB/c strain) were implanted with 5 £ 106

LNCaP cells for each mouse at right flank. Tumor volume was
calculated as length £ width2/2. Six weeks after inoculation,
when tumors reached 200–300 mm3, all the mice were castrated.
BI2536 (Symansis) was dissolved in 0.1 mol/L HCl and then
diluted in 0.9% NaCl (6 mg/ml) for injection. Since the day of
castration, mice were intravenously injected twice per week with
BI2536 (25 mg/kg body weight) or saline solution as control,
and followed for additional 8 weeks.
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