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The androgen receptor (AR) is a member of the steroid receptor superfamily that regulates
gene expression in a ligand-dependent manner. The NTD of the AR plays a key role in AR
transactivation including androgen-independent activation of the AR in castration-resistant
prostate cancer (CRPC) cells. We recently reported that amino acids (a.a.) 50-250 of the
NTD are capable of modulating AR nucleocytoplasmic trafficking. To further explore the
mechanism associated with a.a. 50-250, GFP pull-down assays were performed in C4-2
CRPC cells transfected with GFP tagged a.a. 50-250 of the AR. Mass spectrometry analysis of the pulled down proteins identified poly (A) binding protein cytoplasmic 1 (PABPC1)
interaction with this region of the AR. In silicoanalysis of gene expression data revealed
PABPC1 up-regulation in prostate cancer tissue specimens and this up-regulation correlates to increased disease recurrence. Co-immunoprecipitation assays confirmed the association of PABPC1 with a.a. 50-250 of the NTD of the AR. Knockdown of PABPC1
decreased nuclear AR protein levels and inhibited androgen activation of the AR target PSA
in LNCaP and C4-2 cells. Additionally, knockdown of PABPC1 inhibited transactivation of
the PSA promoter by NAR (AR lacking the LBD) and attenuated proliferation of AR-positive
prostate cancer cells. These findings suggest that PABPC1 is a novel co-regulator of the
AR and may be a potential target for blocking activation of the AR in CRPC.

Introduction
Prostate cancer is the second leading cause of cancer death in the United States killing almost
30,000 men annually [1]. Localized prostate cancer that is confined entirely to the prostate
gland is curable, but when the cancer has spread to distant tissues, organs, and lymph nodes,
the five year survival rate is only 28% [1]. Since androgens are known to participate in the
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progression of prostate cancer, the first line of therapy for patients with metastatic prostate
cancer is usually androgen deprivation therapy (ADT). ADT involves using drugs such as
lupron and bicalutamide that target androgen receptor (AR) signaling through lowering serum
testosterone or blocking the binding of androgens to the AR [2–6]. However, most patients
eventually relapse and the cancer becomes resistant to hormone therapy, a condition known as
castration-resistant or–recurrent prostate cancer (CRPC). Abiraterone and enzalutamide are
newly approved drugs for CRPC patients; although, patients will still eventually relapse and the
overall survival is prolonged only ~4–5 months after treatment with the AR signaling becoming active in most of these relapsed tumors [7,8]. Therefore, a detailed understanding of the
mechanisms regulating AR function may lead to novel approaches targeting the AR in CRPC
as well as in CRPC relapsed after treatment with abiraterone and enzalutamide.
The AR is a member of the steroid receptor superfamily that regulates gene expression in a
ligand-dependent manner. It plays a vital role in all stages of prostate cancer development and
progression, including CRPC. The N-terminal domain (NTD) of the AR is the least conserved of
the four domains of the receptor and does not have an ordered structure [9,10]. It contains the
activation function 1 (AF1) element that is crucial for AR transactivational activity [11]. AF1 is
located between amino acids 101 and 370 and is required for full ligand activated transcriptional
activity. Additionally, activation function 5 (AF5) which is located between residues 360–485 is
responsible for AR constitutive activity in the absence of ligand [11]. The NTD of the AR plays a
key role in AR transactivation including androgen-independent activation of the AR in CRPC
cells. Previous studies by our group determined that the NTD of the AR contains a region, a.a.
50–250, that can regulate its nucleocytoplasmic localization [12]. However, the mechanism by
which the a.a. 50–250 region modulates AR subcellular localization is not clear. Binding partners
of this region are likely to play a role in modulating AR subcellular localization and function.
Thus, identification of binding partners of a.a. 50–250 of the NTD will be crucial to mechanistic
studies associated with this region, which may lead to the design of novel therapies.
In the present study, we explored potential mechanisms involved in the modulation of AR
subcellular localization and function by the a.a. 50–250 region of the NTD using immunoprecipitation coupled with proteomics. This led to the identification of poly (A) binding protein
cytoplasmic 1 (PABPC1) as a binding partner of the region in the NTD capable of promoting
AR cytoplasmic localization. PABPC1 is known to bind to the 3’ poly (A) tail of eukaryotic
mRNA via RNA recognition motifs [13]. It is involved in shortening of the poly (A) tail and
translation initiation [13], and is capable of shuttling between the nucleus and the cytoplasm
[14]. Further functional characterization suggests that PABPC1 plays an important role in
modulating AR nucleocytoplasmic localization and function in prostate cancer cells.

Methods
Cell lines and plasmids
LNCaP, 22Rv1, and PC3 cells were purchased from American Type Culture Collection
(Manassas, VA). C4-2 cells were obtained from Dr. Leland Chung (Cedars Sinai Medical Center, Los Angeles, CA). All cells were maintained in RPMI 1640 medium supplemented with
10% fetal bovine serum (FBS), 1% L-glutamine, 100 units/ml penicillin, and 100 μg/ml streptomycin (Invitrogen, Grand Island, NY). Cells were grown at 37°C in the presence of 5% CO2 in
a humidified incubator. For androgen induction, cells were grown in 5% charcoal stripped FBS
RPMI for 24 hours followed by addition of R1881 (Perkin Elmer, Waltham, MA) for an additional 24 hours.
The expression vector pEGFP-C1 (Clontech, Mountain View, CA) was used to generate
fusion protein constructs with GFP at the N terminus of AR and various AR mutants as
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described [12]. The PSA6.1 luciferase reporter construct was generously provided by Dr. Marianne Sadar [15]. The pRL-CMV renilla luciferase reporter construct was purchased from Promega (Sunnyvale, CA).

GFP pull-down assay
C4-2 cells were transiently transfected with indicated AR deletion constructs tagged with GFP
using Polyjet transfection reagent (SignaGen Laboratories, Rockville, MD) in 10% FBS RPMI
media. Cells were lysed with NP-40 lysis buffer 48 hours after transfection. GFP pull-down
assays were performed using anti-GFP tagged agarose beads (20μl) (MBL International,
Woburn, MA) followed by SDS-PAGE. SDS-PAGE gels were stained with coomassie blue to
visualize banding patterns in immunoprecipitation compared with GFP control immunoprecipitation. Gel bands that were uniquely pulled down by a.a. 50–250 of the NTD of the AR
(GFP-AR50-250) were excised and sent for analysis by mass spectrometry at the Cancer Biomarkers Facility (CBF) of University of Pittsburgh Cancer Institute (UPCI) (Pittsburgh, PA).

Mass spectrometry
Gel bands were excised and destained, disulfides were reduced with Tris (2-carboxyethyl)
phosphine hydrochloride (TCEP) (Sigma Aldrich, St Louis, MO), and sulfhydryls were alkylated with iodoacetamide (Sigma Aldrich, St Louis, MO) as previously described [16]. Gel plugs
were digested overnight with 13 ng/μl trypsin (Promega, Madison, WI) at 37°C. Peptides were
extracted with 1:2 (vol/vol) 5% formic acid/acetonitrile for mass spectrometric analysis.
MALDI TOF/TOF analysis was done on a 4800 MALDI-TOF/TOF analyzer (ABSciex, Foster
City, CA). MALDI TOF/TOF data was analyzed for protein identification with ABSciex Protein Pilot 3.0 using Mascot (version 2.1.0). Searches used the IPI_human_3.68 human (87061
sequences; 35160944 residues) protein database. The search parameters used trypsin as the
proteolytic enzyme with one missed cleavage permitted, carbamidomethylation of cysteines
and oxidation of methionines as variable modifications, and mass tolerance of 50ppm and 0.4
Da for precursor ions and fragment ions, respectively. Protein score is -10 Log(P), where P is
the probability that the observed match is a random event. Protein scores were derived from
ion scores as a non-probabilistic basis for ranking protein hits. Protein scores greater than 62
were considered to be significant (p<0.05).

Co-immunoprecipitation
C4-2 cells were transiently transfected with AR deletion constructs tagged with GFP using
Polyjet transfection reagent (SignaGen Laboratories, Rockville, MD). C4-2 cells were also stably
transfected with GFP or GFP-tagged AR deletion constructs in the presence of G418. GFP
pull-down assays were performed using anti-GFP tagged agarose beads (MBL International,
Woburn, MA) followed by Western blot analysis using antibodies specific for PABPC1 (F-2)
(Santa Cruz Biotechnology, Dallas, TX) and GFP (Torrey Pines Biolabs, Inc., Houston, TX).

siRNA knockdown
Control siRNA (sc-37007) and siRNA oligos specific for PABPC1 (sc-108012) were purchased
from Santa Cruz Biotechnology (Dallas, TX) and transfected for knock down of PABPC1. Cells
were transfected in OPTI-MEM media (Life Technologies, Grand Island, NY) using Lipofectamine 2000 (Life Technologies, Grand Island, NY) according to the manufacturer’s instructions
and harvested 72 hours after transfection in RIPA buffer for analysis by Western blot using
antibodies specific for PABPC1 (F-2), PSA (C-19) and GAPDH (FL-335) (all purchased from

PLOS ONE | DOI:10.1371/journal.pone.0128495 July 15, 2015

3 / 15

PABPC1 Is a Co-Regulator of the AR

Santa Cruz Biotechnology, Dallas, TX). GAPDH was included as a loading control. For localization of the AR, C4-2 cells were seeded into 10cm2 dishes followed by knockdown of
PABPC1. Nuclear and cytoplasmic fractions were prepared using the NE-PER Nuclear and
Cytoplasmic Extraction kit from Thermo Fisher Scientific following the manufacturer’s recommendations (Rockford, IL). GAPDH and Lamin A/C (Genscript, Piscataway, NJ) were used as
loading controls. For mRNA expression following knockdown, cells were assayed as described
below. For luciferase assay, cells were transfected with appropriate reporter plasmids and
assayed as described below.

RNA isolation and quantitative real-time PCR
C4-2 and LNCaP cells were cultured in 5% charcoal stripped FBS RPMI for 24 hours and then
transfected with either siControl (40 pmol/mL) or siPABPC1 (40 pmol/mL) for 48 hours followed by treatment with DMSO or 0.1nM R1881 for an additional 24 hours. RNA was isolated
from subconfluent cells using Trizol (Life Technologies, Carlsbad, CA) followed by phenol
chloroform extraction. Following quantitation, 1μg of RNA was reverse transcribed using the
High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA).
qRT-PCR was performed using Taqman Universal Master Mix (Applied Biosystems, Carlsbad,
CA) with either Taqman primers specific for PABPC1 (Hs01598422_mH) or primers/probes
spanning exon/exon junctions designed using Primer 3 software (Primer 3, Totowa, NJ):
GAPDH For: 5’-CAT GTT CGT CAT GGG TGT GA-3’; Rev: 5’-GGT GCT AAG CAG TTG
GTG GT-3’; Probe: 5’-6FAM ACA GCC TCA AGA TCA TCA GCA ATG CCT C TAMRA-3’
and PSA For: 5’-CAT CAG GAA CAA AAG CGT GA-3’; Rev: 5’-AGC TGT GGC TGA CCT
GAA AT-3’; Probe: 5’-6FAM CAC AGC CTG TTT CAT CCT GAA GAC ACA TAMRA-3’.
The comparative Ct method [17] was used to analyze gene expression differences between control (untreated) cells and cells treated with R1881.

BrdU cell proliferation assay
C4-2, LNCaP, PC3, and 22Rv1 cells were transfected with siPABPC1 (40 pmol/mL) or control
siRNA (40 pmol/mL) for 72 hours followed by addition of BrdU (Sigma Aldrich, St Louis,
MO) for 1 hour at 37°C. Cells were then fixed with Carnoy’s fixative (3 vol methanol + 1 vol
glacial acetic acid), incubated with 2M HCl, washed with 0.1M boric acid, followed by incubation with 3% H202. After blocking with 10% goat serum, cells were incubated with anti-BrdU
antibody (Sigma Aldrich, St Louis, MO) overnight, followed by addition of Cy3 secondary antibody (Life Technologies, Grand Island, NY). Cells were visualized with a Nikon Eclipse TE
2000-U fluorescence microscope (Nikon Instruments, Inc., Melville, NY). Images were taken at
100x total magnification and all BrdU positive cells were counted in each image. The mean
average of three experiments from cells transfected with control siRNA was compared to cells
transfected with siPABPC1.

Luciferase reporter assay
To determine the effect of PABPC1 knockdown on PSA promoter activity, siControl oligos or
oligos specific for PABPC1 were transfected with PSA6.1 luc and pRL-CMV renilla plasmids
into C4-2 cells using Lipofectamine 2000. After 24–48 hours cells were lysed and luciferase
activity was measured on an LmaxII384 luminometer (Molecular Devices, Sunnyvale, CA)
using a Promega luciferase assay kit (Promega, Sunnyvale, CA) following the manufacturer’s
recommendations. The PSA6.1 firefly luciferase activity was normalized to pRL-CMV renilla
luciferase activity. For hormone induction, cells were cultured in 5% charcoal stripped FBS
RPMI for 24 hours followed by treatment with 0.1nM R1881 for an additional 24 hours. All
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experiments were done in triplicate and repeated at least three times. Significance was determined by Student’s t-test using GraphPad Prism software (San Diego, CA).

Results
Identification of AR50-250 target proteins
The NTD of the AR plays a key role in AR transactivation including androgen-independent
activation of the AR in castration-resistant prostate cancer (CRPC) cells. Thus, identification
of binding partners of the NTD is crucial to the design of specific therapies targeting this
region. Recently, our group found that the region of amino acids 50–250 (AR50-250) of the
NTD can promote cytoplasmic localization of the AR [12]. To determine proteins interacting
with AR50-250, GFP pull-down was performed followed by MALDI TOF/TOF mass spectrometry analysis. MALDI TOF/TOF data was analyzed for protein identification with ABSciex Protein Pilot 3.0 using Mascot (version 2.1.0). Searches used the IPI_human_3.68 human (87061
sequences; 35160944 residues) protein database. This led to the identification of proteins as
potential interacting partners with the region of a.a. 50–250 of the NTD of the AR (S1 Table).
Protein scores were derived from ion scores as a non-probabilistic basis for ranking protein
hits. Protein scores greater than 62 were considered to be significant (p<0.05). One protein
identified was poly (A) binding protein cytoplasmic 1 (PABPC1) (S2 Table). PABPC1 was
shown to have the highest score and appears to be a novel interacting partner of the AR and
was thus investigated further.

Up-regulation of PABPC1 in prostate cancer correlates to increased
disease recurrence
To explore the expression of PABPC1 in prostate tumors, in silico analysis was performed
using Oncomine [18]. Multiple studies [19–22] showed that PABPC1 was up-regulated in
prostate cancer specimens compared with normal controls (Table 1). Additionally, analysis of
the MSKCC cBioPortal for Cancer Genomics database showed that PABPC1 was up-regulated
in 44 of 216 (20%) tumor samples [23–25]. In the MSKCC cohort, patients with up-regulation
of PABPC1 were shown to have increased disease recurrence (Fig 1). Up-regulation of
PABPC1 significantly shortened the time to disease recurrence to only 64 months disease free
with up-regulated PABPC1 from 110 months disease free without increased expression of
PABPC1 (Fig 1). This suggests a significant role for PABPC1 in prostate carcinogenesis.
Table 1. In silico analysis of the Oncomine database revealed that PABPC1 is up-regulated in prostate
cancer tumor samples.
Research study

Study size
(n)

PABPC1 up-regulation in PrCa tumors (Fold
change)

pvalue

Singh et al., Cancer cell
2002

235

2.288

8.92E6

Yu et al., J Clin Oncol 2004

152

1.644

3.83E6

Vanaja et al., Cancer Res
2003

28

1.576

2.06E5

Luo et al., Mol Carcinog
2002

30

1.364

8.11E4

doi:10.1371/journal.pone.0128495.t001
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Fig 1. Up-regulation of PABPC1 correlates with increased disease recurrence. In silico analysis of the MSKCC cBioPortal for Cancer Genomics
database for prostate adenocarcinoma was performed for PABPC1. Kaplan Meier plot of the risk of disease recurrence for patients with up-regulation in
PABPC1 compared to patients without any alterations in PABPC1 is shown (23, 24).
doi:10.1371/journal.pone.0128495.g001

PABPC1 is expressed in both AR-positive and AR-negative prostate
cancer cells
Prostate cancer cells (PC3, C4-2, LNCaP, and 22Rv1) and normal prostate stromal fibroblasts
(WPMY-1) were examined to determine the relative expression levels of PABPC1 (Fig 2A).
Western blot analysis showed that PABPC1 is expressed in all the tested cells with slightly
higher expression in AR-positive prostate cancer cells (Fig 2B).

PABPC1 interacts with the NTD of the AR
To confirm the interaction of PABPC1 with AR50-250 detected by mass spectrometry, coimmunoprecipitation was performed. C4-2 cells were transiently transfected with AR deletion
mutants tagged with GFP (Fig 3A) followed by immunoprecipitation with anti-GFP beads. As
shown, PABPC1 formed a complex with AR50-250 (Fig 3B). In addition, using C4-2 cell lines
stably transfected with GFP-AR50-250, AR1-293, and AR294-556, it was shown that PABPC1 binds
to both GFP-AR50-250 and GFP-AR1-293 (Fig 3C). To demonstrate that PABPC1 and full length
AR interact, C4-2 cells were transiently transfected with GFP or GFP-AR followed by GFP
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Fig 2. PABPC1 is expressed in prostate cancer cells. (A) Prostate cancer cell lines (PC3, LNCaP, C4-2, and 22Rv1) and normal prostate cells (WPMY-1)
were analyzed by Western blot for protein expression levels of PABPC1 (Santa Cruz). (B) Expression levels of the AR in C4-2, LNCaP, and 22Rv1 cell lines.
GAPDH (Santa Cruz) was used as a loading control. The numbers indicate the relative expression of PABPC1 or AR quantitated using ImageJ software
when normalized to GAPDH.
doi:10.1371/journal.pone.0128495.g002

pull-down assay (Fig 3D). These results suggested that PABPC1 and the AR form a complex
and that PABPC1 interacts specifically with the AR50-250 region.

PABPC1 knockdown inhibits AR transactivation of the androgen
responsive gene PSA
The AR is a ligand dependent transcription factor known to bind to androgen response elements (AREs) and activate transcription of androgen responsive genes such as PSA [26],
Nkx3.1[27], and VEGF [28]. Since PABPC1 was shown to interact with the AR, we next examined the effects of knockdown of PABPC1 on AR transactivation using siRNA. C4-2 cells were
transfected with control siRNA or siRNA (pool of three oligos) specific for PABPC1. Knock
down of PABPC1 significantly suppressed androgen induction of PSA luciferase activity more
than 80% compared to control siRNA (Fig 4A). This was confirmed by western blot analysis,
which also showed inhibition of androgen induced PSA protein levels when PABPC1 was
knocked down (Fig 4B). Additionally, knock down of PABPC1 suppressed PSA protein levels
and luciferase in complete media (10% FBS RPMI) (Fig 4C and 4D). Similar results were seen
with the individual oligos from the pool of PABPC1 siRNA oligos, indicating that this effect
was not due to non-specific targeting of the siRNAs (Fig 4E). These results suggested that
PABPC1 is a novel co-regulator of the AR in prostate cancer cells.

Knockdown of PABPC1 inhibits activation of the PSA promoter by NAR
(AR lacking LBD)
Recently, splice variants of the androgen receptor lacking the LBD have been shown to activate
transcription of androgen response genes [29,30]. Here, an AR mutant construct lacking the
entire LBD region, NAR, (Fig 5A) was transfected into C4-2 cells that were pretreated with
siRNA specific for PABPC1 to determine if PABPC1 could regulate the up-regulation of androgen response genes by AR variants. Indeed, this was the case as knockdown of PABPC1 vastly
decreased the activation of the PSA promoter (Fig 5B). This result along with the previous
result of PABPC1 interacting with the NTD of the AR, suggests that PABPC1 could be binding
to the NTD of the AR and blocking activation of androgen response genes through inhibition
of the AR and its splice forms lacking the LBD.
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Fig 3. PABPC1 forms a complex with AR50-250 in C4-2 cells. (A) Schematic diagram of GFP-tagged AR (GFP-AR) and its deletion mutants, GFP-AR(1–
293)
, GFP-AR(294–556) and GFP-AR(50–250). The numerical numbers indicate positions of a.a. of the AR. (B) C4-2 cells were transiently transfected with GFP or
GFP-AR50-250 followed by GFP pull-down. Western blot analysis was performed using antibodies specific for PABPC1 (Santa Cruz) and GFP (Torrey Pines
Biolabs). (C) Immunoprecipitation was performed with GFP beads using C4-2 cells stably transfected with GFP, GFP-AR(1–293), GFP-AR(50–250), or
GFP-AR(294–556). Western blot analysis was performed as in (B). (D) GFP or GFP-AR was transiently transfected into C4-2 cells and lysates were
immunoprecipitated using GFP conjugated beads followed by western blot analysis as in (B). Experiments were reproduced three times.
doi:10.1371/journal.pone.0128495.g003

Reduction of nuclear AR by PABPC1 knockdown
To determine the effect of inhibition of PABPC1 expression on AR nucleocytoplasmic trafficking, C4-2 cells were transfected with siPABPC1 for 48 hours followed by treatment with 0.1nM
R1881 or vehicle for an additional 24 hours. Western blot analysis of nuclear and cytoplasmic
fractions revealed that nuclear AR protein levels were reduced with the knockdown of
PABPC1 in C4-2 cells (Fig 6A). Additionally, hormone induction of PSA mRNA levels in both
LNCaP (Fig 6B) and C4-2 cells (Fig 6C) was significantly reduced by knockdown of PABPC1
(Fig 6D and 6E). Another androgen response gene, FKBP5, was tested for specificity of
PABPC1 to androgen response gene expression. Inhibition of PABPC1 was shown to decrease
the androgen up-regulation of FKBP5 by R1881 (S1 Fig). These results suggest that PABPC1
controls the amount of the AR in the nucleus and plays a role in the transactivation of AR target genes in these cell lines.

Suppression of PABPC1 inhibits AR-positive prostate cancer cell
proliferation
To determine the effect of PABPC1 on prostate cancer cell proliferation, siRNA specific for
PABPC1 knockdown was transfected into C4-2, LNCaP, PC3, and 22Rv1 cells. Knockdown
efficiency was determined by Western blot (S2 Fig). AR-positive C4-2, LNCaP, and 22Rv1 cells
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Fig 4. Knockdown of PABPC1 with siRNA decreases PSA luciferase activity and PSA protein levels. (A) C4-2 cells were transfected with control
siRNA (siC) (40 pmol/mL), siPABPC1 (pool of 3 oligos) (40 pmol/mL), pRL-CMV (0.03μg), and PSA6.1Luc (0.3μg) in OPTI-MEM. The media was changed
the next day to 5% chS FBS RPMI for 24 hours followed by treatment with 0.1nM R1881for an additional 24 hours in 5% chS FBS RPMI. Luciferase assay
was performed with pRL-CMV (Renilla) luciferase used as a normalizer. (B) C4-2 cells were transfected with control siRNA (siC) or siPABPC1 (40 pmol/mL)
and treated as in (A) using increasing doses of R1881 (0, 0.1, and 1nM) followed by Western blot analysis. Blots were probed with antibodies specific for
PABPC1 and PSA. GAPDH was used as a loading control. (C) C4-2 cells were transfected with control siRNA (siC) or siPABPC1 (pool of 3 oligos) (20 pmol/
mL, 40 pmol/mL and 80 pmol/mL), in OPTI-MEM. Media was changed the next day to 10% FBS RPMI for 72 hours followed by Western blot analysis. Blots
were probed as in (B). C4-2 cells were transfected with control siRNA (siC) or siPABPC1 (pool of 3 oligos) (40 pmol/mL), (D) or individual PABPC1 siRNA
oligos (E), pRL-CMV (0.03μg), and PSA6.1Luc (0.3μg) in OPTI-MEM. The media was changed the next day to 10% FBS RPMI for an additional 48 hours
followed by luciferase assay. Experiments were repeated three times. Significance was determined by Student’s t-test (*p<0.05, **p<0.01, ***p<0.001).
doi:10.1371/journal.pone.0128495.g004

exhibited significantly less proliferation upon PABPC1 knockdown when compared to control
cells (Fig 7). In contrast, AR-negative PC3 cell proliferation was not affected by PABPC1
knockdown. This suggested that PABPC1 plays a role in the proliferation of AR-positive prostate cancer cells including castration-resistant C4-2 cells.

Discussion
The AR plays a major role in all stages of prostate cancer development and progression, including CRPC, thus it is important to determine the mechanisms involved including the impact of
AR co-regulators. This study identified PABPC1 as a novel AR co-regulator capable of modulating AR function and subcellular localization in prostate cancer cells. PABPC1 is associated
with the AR through the NTD region (AR50-250) that can promote AR cytoplasmic localization.
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Fig 5. Knockdown of PABPC1 inhibits activation of the PSA promoter by NAR. (A) Schematic diagram
of GFP-NAR. (B) C4-2 cells were transfected with control siRNA (siC) or siPABPC1 (pool of 3 oligos) (40
pmol/mL) for 48 hours followed by transfection with PSA6.1Luc, pRL-CMV, and either GFP (control) or
GFP-NAR in the presence of 5% charcoal stripped FBS RPMI for an additional 48 hours followed by
luciferase assay. Experiments were repeated two times. Significance was determined by Student’s t-test
(**p<0.01, ***p<0.001).
doi:10.1371/journal.pone.0128495.g005

Knockdown of PABPC1 decreased AR transcriptional activity and also reduced nuclear AR in
C4-2 prostate cancer cells. Furthermore, PABPC1 knockdown inhibited proliferation of all the
tested AR-positive but not the AR-negative PC3 prostate cancer cells. In silico analysis of several publicly available datasets including the MSKCC cBioPortal for Cancer Genomics database
revealed PABPC1 up-regulation in prostate cancer specimens and this up-regulation was associated with rapid disease recurrence. These findings suggest a significant role for PABPC1 in
modulating AR activity and prostate carcinogenesis.
PABPC1 appears to play important roles in AR function in both androgen-sensitive and
castration-resistant prostate cancer cells. In both androgen-sensitive LNCaP and castrationresistant C4-2 cells, PABPC1 knockdown reduced PSA-based luciferase activity as well as
inhibited the expression of endogenous PSA mRNA and protein. These findings suggest that
PABPC1 up-regulation in prostate cancer cells can enhance androgen signaling and subsequently promote prostate cancer cell proliferation in both androgen-sensitive and castrationresistant stages of the disease.
PABPC1 appears to inhibit AR nuclear export and/or enhance AR nuclear import, because
PABPC1 knockdown decreased endogenous nuclear AR protein levels in C4-2 cells. The modulation of AR subcellular localization by PABPC1 is likely mediated through AR50-250 (a region
in the NTD capable of promoting AR cytoplasmic localization) because PABPC1 is associated
with this region in co-immunoprecipitation assays. Since AR50-250 promotes AR cytoplasmic
localization using the CRM-1-dependent nuclear export pathway [12], the modulation of AR
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Fig 6. Knockdown of PABPC1 with siRNA decreases nuclear AR protein levels and PSA mRNA expression levels. (A) C4-2 cells were transfected
with control siRNA (siC) (40 pmol/mL) or siRNA (40 pmol/mL) specific for PABPC1 (siPABPC1) for 48 hours followed by treatment with 0.1nM R1881 for 24
hours in the presence of 5% charcoal-stripped FBS RPMI. Nuclear and cytoplasmic extracts were analyzed by Western blot. GAPDH (Santa Cruz) and
Lamin A/C (Genscript, Piscataway, NJ) were used as loading and cell compartment controls. PSA (B-C) and PABPC1 (D-E) mRNA expression levels were
detected in LNCaP and C4-2 cells following siPABPC1 treatment as in (A). Expression was normalized to GAPDH. Experiments were reproduced twice.
Significance was determined by Student’s t-test (**p<0.01, ***p<0.001).
doi:10.1371/journal.pone.0128495.g006

PLOS ONE | DOI:10.1371/journal.pone.0128495 July 15, 2015

11 / 15

PABPC1 Is a Co-Regulator of the AR

Fig 7. Inhibition of PABPC1 decreases proliferation of AR positive prostate cancer cells. C4-2, LNCaP, PC3, and 22Rv1 cells were transfected with
control siRNA (40 pmol/mL) or a pool of siPABPC1 oligos (40 pmol/mL) followed by BrdU assay (as described in the Methods section). (A) Shown are
representative images from three individual experiments of cells treated with either control siRNA (siC) or siPABPC1. (B) BrdU positive cells were counted
and compared between siC and siPABPC1 groups. Experiments were reproduced three times. Significance was determined by Student’s t-test. (*p<0.05,
**p<0.01).
doi:10.1371/journal.pone.0128495.g007

subcellular localization by PABPC1 is likely mediated through this pathway as well. Our finding also indicates that AR50-250 in the context of the full-length AR can modulate intracellular
trafficking via PABPC1 because PABPC1 association with AR is specifically mediated through
AR50-250.
PABPC1 modulation of the AR is likely to have a significant impact on prostate cancer progression because the AR is a key factor regulating prostate cancer cell growth and factors capable of modulating AR function could have profound effects in modulating prostate cancer cell
growth. We recognize that PABPC1 has the potential to modulate multiple signaling pathways.
As a poly A binding protein, it could influence translation of multiple signaling molecules.
However, its influence on prostate cancer cell growth is likely mediated through the AR
because PABPC1 knockdown inhibited proliferation of AR-positive prostate cancer cells, but
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not AR-negative PC3 cells. The up-regulated expression of PABPC1 in prostate cancer specimens and the association of high-level PABPC1 expression with recurrent prostate cancer further suggest that PABPC1 plays an important role in promoting prostate cancer progression.
Identification of PABPC1 as a co-factor of the AR provides a potential link between AR
activity and active translation in prostate cancer cells. PABPC1 is thought to stimulate efficient
mRNA cap-dependent translation. Thus, elevated PABPC1 expression levels in prostate cancer
cells can simultaneously enhance translation and androgen action, which may lead to more
efficient cell growth. As a CRM-1 dependent shuttling protein between nuclear and cytoplasmic regions [31,32], PABPC1 may modulate AR activity via regulating the nucleocytoplasmic trafficking of the AR. However, PABPC1 may influence AR activity via interaction with
other co-regulators of the AR. For example, PABPC1 can interact with paxillin [31,32], which
is also an AR co-factor [33]. Paxillin is capable of modulating AR nucleocytoplasmic trafficking
[33], suggesting that paxillin may facilitate or modulate the PABPC1 regulation of the AR.
Though, we cannot rule out the possibility that PABPC1 can modulate the stability of AR in
the nucleus.
In summary, the results of our present study suggest that PABPC1 is an important AR coregulator capable of promoting AR nuclear localization and function via interaction with the
NTD region. Elevated expression of PABPC1 in prostate cancer specimens is likely to play an
important role in prostate carcinogenesis by enhancing AR signaling pathways. Future studies
aimed at defining the precise mechanism of PABPC1 regulation of AR signaling may lead to
new approaches to prevent and/or treat prostate cancer patients.

Supporting Information
S1 Fig. Androgen induction of FKBP5 is reduced by inhibition of PABPC1. cDNA lysates
used in Fig 6 were assayed for expression of FKBP5 mRNA levels by real-time PCR.
(TIF)
S2 Fig. Efficiency of PABPC1 knockdown in prostate cancer cell lines. C4-2, LNCaP, 22Rv1,
and PC3 cells were transfected with siC or siPABPC1 for 72 hours followed by Western blot
analysis. Antibodies specific for PABPC1 and GAPDH were used to probe the blots as previously described.
(TIF)
S1 Table. Identification of interacting partners of a.a. 50–250 of the AR by mass spectrometry.
(TIF)
S2 Table. PABPC1 peptide bands interacting with a.a. 50–250 of the AR.
(TIF)

Acknowledgments
We would like to thank the members of the Wang lab for their insightful discussions throughout this study and Dr. Laura Pascal for editing and proofreading. This research was supported
in part by NIH grants 9R01 CA186780, R01 DK088793, and T32 DK007774. KE is a postdoctoral scholar funded by T32 DK007774. We would like to also thank Dr. Marianne Sadar for
PSA-luciferase expression vector and Dr. Leland W.K. Chung for C4-2 cells. This research utilized the Cancer Biomarkers Facility (CBF) of University of Pittsburgh Cancer Institute
(UPCI), which was in part supported by P30 CA047904.

PLOS ONE | DOI:10.1371/journal.pone.0128495 July 15, 2015

13 / 15

PABPC1 Is a Co-Regulator of the AR

Author Contributions
Conceived and designed the experiments: KE JAD ZW. Performed the experiments: KE JAD
JD DW KZM. Analyzed the data: KE JAD ZW. Wrote the paper: KE ZW.

References
1.

Siegel R, Naishadham D, Jemal A (2013) Cancer statistics, 2013. CA Cancer J Clin 63: 11–30. doi: 10.
3322/caac.21166 PMID: 23335087

2.

Labrie F, Dupont A, Cusan L, Gomez J, Diamond P, et al. (1993) Downstaging of localized prostate
cancer by neoadjuvant therapy with flutamide and lupron: the first controlled and randomized trial. Clin
Invest Med 16: 499–509. PMID: 8013155

3.

See WA, Wirth MP, McLeod DG, Iversen P, Klimberg I, et al. (2002) Bicalutamide as immediate therapy
either alone or as adjuvant to standard care of patients with localized or locally advanced prostate cancer: first analysis of the early prostate cancer program. J Urol 168: 429–435. PMID: 12131282

4.

Scher HI, Liebertz C, Kelly WK, Mazumdar M, Brett C, et al. (1997) Bicalutamide for advanced prostate
cancer: the natural versus treated history of disease. J Clin Oncol 15: 2928–2938. PMID: 9256137

5.

Schellhammer PF (2002) An evaluation of bicalutamide in the treatment of prostate cancer. Expert
Opin Pharmacother 3: 1313–1328. PMID: 12186624

6.

Klotz L, Schellhammer P (2005) Combined androgen blockade: the case for bicalutamide. Clin Prostate
Cancer 3: 215–219. PMID: 15882477

7.

de Bono JS, Logothetis CJ, Molina A, Fizazi K, North S, et al. (2011) Abiraterone and increased survival
in metastatic prostate cancer. N Engl J Med 364: 1995–2005. doi: 10.1056/NEJMoa1014618 PMID:
21612468

8.

Scher HI, Fizazi K, Saad F, Taplin ME, Sternberg CN, et al. (2012) Increased survival with enzalutamide in prostate cancer after chemotherapy. N Engl J Med 367: 1187–1197. PMID: 22894553

9.

McEwan IJ, Lavery D, Fischer K, Watt K (2007) Natural disordered sequences in the amino terminal
domain of nuclear receptors: lessons from the androgen and glucocorticoid receptors. Nucl Recept Signal 5: e001. PMID: 17464357

10.

Claessens F, Denayer S, Van Tilborgh N, Kerkhofs S, Helsen C, et al. (2008) Diverse roles of androgen
receptor (AR) domains in AR-mediated signaling. Nucl Recept Signal 6: e008. doi: 10.1621/nrs.06008
PMID: 18612376

11.

Jenster G, van der Korput HA, Trapman J, Brinkmann AO (1995) Identification of two transcription activation units in the N-terminal domain of the human androgen receptor. J Biol Chem 270: 7341–7346.
PMID: 7706276

12.

Dar JA, Eisermann K, Masoodi KZ, Ai J, Wang D, et al. (2013) N-terminal domain of the androgen
receptor contains a region that can promote cytoplasmic localization. J Steroid Biochem Mol Biol
139C: 16–24.

13.

Mangus DA, Evans MC, Jacobson A (2003) Poly(A)-binding proteins: multifunctional scaffolds for the
post-transcriptional control of gene expression. Genome Biol 4: 223. PMID: 12844354

14.

Afonina E, Stauber R, Pavlakis GN (1998) The human poly(A)-binding protein 1 shuttles between the
nucleus and the cytoplasm. J Biol Chem 273: 13015–13021. PMID: 9582337

15.

Ueda T, Bruchovsky N, Sadar MD (2002) Activation of the androgen receptor N-terminal domain by
interleukin-6 via MAPK and STAT3 signal transduction pathways. J Biol Chem 277: 7076–7085. PMID:
11751884

16.

Shevchenko A, Tomas H, Havlis J, Olsen JV, Mann M (2006) In-gel digestion for mass spectrometric
characterization of proteins and proteomes. Nat Protoc 1: 2856–2860. PMID: 17406544

17.

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using real-time quantitative
PCR and the 2(-Delta Delta C(T)) Method. Methods 25: 402–408. PMID: 11846609

18.

Rhodes DR, Yu J, Shanker K, Deshpande N, Varambally R, et al. (2004) ONCOMINE: a cancer microarray database and integrated data-mining platform. Neoplasia 6: 1–6. PMID: 15068665

19.

Singh D, Febbo PG, Ross K, Jackson DG, Manola J, et al. (2002) Gene expression correlates of clinical
prostate cancer behavior. Cancer Cell 1: 203–209. PMID: 12086878

20.

Yu YP, Landsittel D, Jing L, Nelson J, Ren B, et al. (2004) Gene expression alterations in prostate cancer predicting tumor aggression and preceding development of malignancy. J Clin Oncol 22: 2790–
2799. PMID: 15254046

PLOS ONE | DOI:10.1371/journal.pone.0128495 July 15, 2015

14 / 15

PABPC1 Is a Co-Regulator of the AR

21.

Vanaja DK, Cheville JC, Iturria SJ, Young CY (2003) Transcriptional silencing of zinc finger protein 185
identified by expression profiling is associated with prostate cancer progression. Cancer Res 63:
3877–3882. PMID: 12873976

22.

Luo JH, Yu YP, Cieply K, Lin F, Deflavia P, et al. (2002) Gene expression analysis of prostate cancers.
Mol Carcinog 33: 25–35. PMID: 11807955

23.

Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, et al. (2012) The cBio cancer genomics portal: an
open platform for exploring multidimensional cancer genomics data. Cancer Discov 2: 401–404. doi:
10.1158/2159-8290.CD-12-0095 PMID: 22588877

24.

Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, et al. (2013) Integrative analysis of complex cancer genomics and clinical profiles using the cBioPortal. Sci Signal 6: pl1. doi: 10.1126/scisignal.
2004088 PMID: 23550210

25.

Taylor BS, Schultz N, Hieronymus H, Gopalan A, Xiao Y, et al. (2010) Integrative genomic profiling of
human prostate cancer. Cancer Cell 18: 11–22. doi: 10.1016/j.ccr.2010.05.026 PMID: 20579941

26.

Cleutjens KB, van der Korput HA, van Eekelen CC, van Rooij HC, Faber PW, et al. (1997) An androgen
response element in a far upstream enhancer region is essential for high, androgen-regulated activity
of the prostate-specific antigen promoter. Mol Endocrinol 11: 148–161. PMID: 9013762

27.

Thomas MA, Preece DM, Bentel JM (2010) Androgen regulation of the prostatic tumour suppressor
NKX3.1 is mediated by its 3' untranslated region. Biochem J 425: 575–583. doi: 10.1042/BJ20091109
PMID: 19886863

28.

Eisermann K, Broderick CJ, Bazarov A, Moazam MM, Fraizer GC (2013) Androgen up-regulates vascular endothelial growth factor expression in prostate cancer cells via an Sp1 binding site. Mol Cancer
12: 7. doi: 10.1186/1476-4598-12-7 PMID: 23369005

29.

Dehm SM, Tindall DJ (2011) Alternatively spliced androgen receptor variants. Endocrine-related cancer 18: R183–196. doi: 10.1530/ERC-11-0141 PMID: 21778211

30.

Chan SC, Li Y, Dehm SM (2012) Androgen receptor splice variants activate androgen receptor target
genes and support aberrant prostate cancer cell growth independent of canonical androgen receptor
nuclear localization signal. J Biol Chem 287: 19736–19749. doi: 10.1074/jbc.M112.352930 PMID:
22532567

31.

Woods AJ, Roberts MS, Choudhary J, Barry ST, Mazaki Y, et al. (2002) Paxillin associates with poly
(A)-binding protein 1 at the dense endoplasmic reticulum and the leading edge of migrating cells. J Biol
Chem 277: 6428–6437. PMID: 11704675

32.

Woods AJ, Kantidakis T, Sabe H, Critchley DR, Norman JC (2005) Interaction of paxillin with poly(A)binding protein 1 and its role in focal adhesion turnover and cell migration. Mol Cell Biol 25: 3763–
3773. PMID: 15831480

33.

Sen A, De Castro I, Defranco DB, Deng FM, Melamed J, et al. (2012) Paxillin mediates extranuclear
and intranuclear signaling in prostate cancer proliferation. The Journal of clinical investigation 122:
2469–2481. doi: 10.1172/JCI62044 PMID: 22684108

PLOS ONE | DOI:10.1371/journal.pone.0128495 July 15, 2015

15 / 15

