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Introduction

The importance of androgen receptor in prostate cancer has been 
supported for more than 60 years, and androgen-deprivation 
therapy in advanced prostate cancer is currently used in clinical 
practice.1 The removal of testicular androgens by castration or 
by drug treatments results in tumor regression.2 However, recur-
rent tumors arise within a median of 2–3 years wherein androgen 
receptor signaling has been inappropriately restored.3 This form 
of cancer, named castration-resistant prostate cancer (CRPC), is 
a lethal form of prostate cancer that progresses to form metastatic 
lesions. Late-stage CRPC retains the expression of AR despite 
the near absence of circulating androgens, suggesting that recep-
tor activity is subverted but not bypassed.4 Indeed, intracrine 
androgen production and AR amplification are the principal 
aberrancies that sustain tumor growth in CRPC patients. For 
the above-mentioned reasons, secondary hormonal therapies that 
directly target androgen synthesis or AR have proven successful 
in clinical trials.5-7 As such, the improvement of these second-
ary therapies will directly depend on our understanding of the 
mechanisms of AR function and resistance.8

AR is a ligand-dependent transcription factor that controls the 
expression of a large number of downstream target genes in organs 
with reproductive functions, like the prostate. Similar to other 
steroid hormone receptors, AR becomes activated after binding 
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to a ligand such as dihydrotestosterone (DHT), and the receptor-
ligand complex undergoes a conformational change called trans-
formation. During this process, the receptor releases inhibitory 
heat shock proteins, translocates to the nucleus, binds the andro-
gen responsive elements (ARE) in the genome and regulates the 
expression of target genes through the recruitment of coactiva-
tors, histone acetylases and chromatin remodeling complexes.9-14

The active form of AR is characterized by posttranslational 
modifications such as acetylation, sumoylation and phosphory-
lation,15,16 which can cooperate with each other.17,18 For instance, 
AR is heavily phosphorylated in the presence of androgens or after 
exposure to growth factors.19-23 Each domain of AR has amino 
acid residues that are phosphorylated and, in turn, regulate AR 
function. The N-terminal domain, which is a ligand-independent 
coactivator domain, contains the majority of these sites (13) that 
are constitutive phosphorylated (Ser94) or phosphorylated after 
growth factors either androgens stimulation.22 One piece of com-
pelling evidence of AR regulation by phosphorylation is the control 
of nuclear-cytoplasmic shuttling. AR is constantly shuttling from 
the nucleus to the cytoplasm, and androgens govern this process. 
The distribution of kinases and phosphatases between the nucleus 
and cytoplasm determine in which compartment and at what spe-
cific site AR is phosphorylated, thus affecting AR distribution.24,25

Among phosphorylatable amino acids, the serine/threonine 
residue followed by proline is a key regulatory mechanism for the 
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and an indirect mechanism of AR regulation by Pin1 has been 
demonstrated.33

From our perspective, since AR contains many pS/P motifs, 
a direct interaction could be hypothesized (Fig. 1A). To demon-
strate the interaction between AR and Pin1, we performed a GST 
pull-down experiment in LNcaP AR-positive prostate cancer 
cell line. Figure 1B shows that GSTPin1 interacts with AR. To 
further demonstrate this interaction, we co-immunoprecipitated 
the endogenous (E) and overexpressed (OE) Pin1 protein in the 
presence of androgens. Western blot analysis showed that AR 
interacts with Pin1 and it is not immunoprecipitated in Pin1 kd 
cells (Fig.  1C). Co-immunoprecipitation of AR and Pin1 pro-
teins without hormones (FBS charcoal-treated) was unsuccess-
ful (data not shown). These results set up the basis for further 
investigations.

ARSer81 is the target of Pin1. Structural analysis of AR 
revealed that it contains three major functional domains. The 
functional domains of AR are conserved with the other mem-
bers of the “classic” receptor subclass. The N-terminal activation 
functional domain [(AF-1) residues 1–555] contains differ-
ent binding sites for transcriptional regulators. Downstream 
of the AF-1 lies the DNA-binding domain (DBD) (residues 
556–624), which mediates sequence-specific binding to DNA 
regulatory sequences of target genes. The hinge region (resi-
dues 625–670) links the DBD to the C-terminal domain. The 
C-terminal region of AR, the ligand-binding domain (LBD), is 
responsible for binding hormones and ligand-induced receptor 
dimerization.34,35

To dissect which functional domain is responsible for AR and 
Pin1 interaction, we cloned and expressed AR in two different 
segments: the first one contained the NTD-DBD domains from 
1 to 625 a.a., and the second subclone contained the LDB domain 
from 626 to 919 a.a. The two domains were overexpressed in 
293FT cell lines, and the total protein lysate was pulled-down 
with GST or GST-Pin1. WB analysis showed that the AR-NTD/
DBD domain interacts with Pin1. HSP70 antibody was used to 
normalize samples (Fig. 2A). Since the the NTD domain con-
tains six different potential Pin1 binding sites, we split the AR 
NTD domain into three different fragments: NTD-A from 1 to 
239 a.a., NTD-B from 240 to 410 a.a., NTD-C from 411 to 560 
a.a. GST pull-down experiments narrowed the interaction down 
to the first 239 a.a. of AR (Fig. 2B).

On the first 239 a.a. of AR, there are two S-P motifs that are 
potential binding sites of Pin1: Ser 81 and Ser 94. To explore 
which Ser/Pro motif is bound by Pin1, we mutated ARSer81 
and ARSer94 in alanines. The obtained mutant proteins were 
transfected in 293FT cells and subsequently pulled down with 
GSTPin1. The immunoblotting assay showed a 70% decrease in 
interaction with ARSer81Ala compared with the wild-type pro-
tein. In contrast, the Ser94Ala mutant did not affect the binding 
of Pin1 (Fig. 3). We cannot exclude that a non-canonical site in 
AR protein is a target of Pin1.

Pin1 controls the phosphorylation and activity of AR 
through Ser81. To better clarify the involvement of ARSer81 in 
AR-dependent transcriptional activity, a luciferase reporter assay 
was utilized. 293FT cells were transfected with AR, ARSer81Ala 

control of protein activity, with effects on biological processes 
such as cell proliferation and transformation.26-28 Phospho-
serine/threonine-proline (pS/T-P) motifs are potential sub-
strates for the peptidyl prolyl cis/trans isomerase Pin1, which 
regulates the cis/trans isomerization of target proteins, causing 
a wide spectrum of effects. Pin1 is a candidate oncogene that is 
overexpressed in 38 out of 60 different tumor types, including 
prostate, cervical, brain, ovarian, lung, breast and liver cancer 
and melanoma.29 The importance of Pin1 in prostate cancer has 
already been demonstrated. Indeed, Pin1 expression correlates 
with increased risk of recurrence after radical prostatectomy,30 
and it has been established as an independent prognostic marker 
in PC patients after radical prostatectomy.31 Furthermore, Pin1 
depletion significantly suppresses prostate cancer cell growth in 
nude mice.32

Here we demonstrate that Pin1 forms a protein complex with 
androgen receptor (AR) and regulates its activity in prostate can-
cer by changing its phosphorylated status. This interaction could 
represent the starting point for developing new drugs for patients 
with prostate cancer.

Results

Pin1 interacts with AR. Over the last decade, much evidence 
has suggested a relationship between Pin1 and prostate cancer, 

Figure 1. In vitro and in vivo interaction between Pin1 and AR. Sche-
matic representation of AR. (A) Potential Pin1 binding site targets on AR 
protein. (B) GST-Pin1 interaction with AR. A specific band is detected 
in the GST-PIN1 lane and no band is detected in GST control lane. (C) 
Pin1 interacts with AR in vivo. Cells were immunoprecipitated with 
anti-Pin1 antibody, analyzed by western blot with anti-AR antibody. The 
membrane was normalized with α-tubulin antibody. E, empty vector; 
OE, overexpression of Pin1; KD, Pin1 knock down.
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experiments will be necessary to gain additional insight into this 
mechanism. (Fig. 5)

Discussion

The importance of AR in prostate cancer is demonstrated by the 
fact that although advanced prostate cancer may be functionally 
independent of physiological levels of androgen, it is not indepen-
dent of AR. The increase of serum PSA, a target of AR utilized as 
a prognostic marker in prostate cancer, indicates that AR func-
tion is restored in CRPC. For these reasons, even though andro-
gen ablation is a most commonly prescribed treatment in the first 
stage of pathology, it is not curative. In-depth knowledge of AR 
regulation and function will allow for the development of new 
strategies for the treatment of prostate cancer.5,38,39

During oncogenic transformation, aberrant AR expression, 
localization and modifications switch the mechanism of control 
of AR activity in the biological process. In fact, it is hypothesized 
that the expression of AR in normal stromal cells controls epi-
thelial cell proliferation in a manner that is different from cancer 
cells in which there is an autonomous epithelial cell mechanism. 
In this scenario, cofactor proteins play a central role in AR regu-
lation and overexpression of coactivators such as p160 and p300 
has long been demonstrated.4 The function of cofactors is com-
plicated by the fact that each cofactor is integrated in a functional 
network, and more in-depth analyses are necessary to elucidate 
the mechanism of action. Among them, Pin1 is one of the central 
players that orchestrate and integrate the intra- and extracellular 
signals, allowing cancer cells to be highly performing machiner-
ies. Recently, it has been reported that Pin1 is overexpressed in 
human prostate cancer cell lines and prostate cancer tissues with 
an indirect effect on AR transcriptional activity. Pin1 can block 
the interaction of AR ligand binding domain with β-catenin. The 
inhibition of this interaction allows β-catenin and Tcf4 complex 
formation, and signaling, in turn, contributes to the aggressive 
behavior of prostate cancer cells.33

We provide evidence that the AR N-terminal domain inter-
acts with Pin1 and clarify the role of this interaction in pros-
tate cancer. We found that Pin1 binds AR at the Ser81 residue 
and, in turn, it controls the receptor’s transcriptional activity. 
We suggest that Pin1 can isomerize phosphoSer81 and induces 

and the AR-dependent probasin promoter. Transfected cells 
were treated with DHT or the ethanol vehicle for 4 or 24 h. 
Transcriptional activity was measured in relative light unit/sec-
ond (RLU/s) and normalized to Renilla activity.36 We observed a 
reduction in ARSer81Ala transcriptional activity compared with 
AR. The difference was statistically significant (Fig. 4). This 
experiment showed that ARSer81 is required for transcriptional 
activation of AR and supports the conclusion that ARSer81 is 
important for regulating expression of endogenous AR target 
genes.37

Among CDKs, CDK1 and recently CDK936,37 have been dem-
onstrated to be involved in the phosphorylation of ARSer81. To 
examine in detail which kinase is responsible for the interaction 
between Pin1 and AR, we overexpressed the dominant-negative 
forms of CDK1, CDK2, CDK3, CDK5 and CDK9. Our data 
show that CDK9 barely affects the interaction between AR and 
Pin1, but a definitive conclusion is difficult to present (data not 
shown). These results open up the possibility that further kinases 
are implicated in ARSer81 phosphorylation.

To understand if Pin1 can control AR phosphorylation, we 
analyzed the phosphorylation of ARSer650 with the only com-
mercially available antibody. AR and ARSer81Ala were trans-
fected in 293FT cells and treated with DHT for the indicated 
time. We show that after DHT treatment, the phosphoryla-
tion of Ser650 is not dependent on hormone stimulation in the 
ARSer81Ala mutant protein. This result suggests that Pin1 can 
control AR phosphorylation after ligand stimulation and further 

Figure 2. (A) Pin1 interacts with AR-NTD-DBD domain. The AR protein 
was split into two fragments and pulled down with GST-Pin1. Note no 
band is detected in GST control line. (B) The N-terminal domain NTD 
of AR was split into three fragments and pulled down with GST-Pin1. 
GST alone was used as the negative control. Pin1 interacts with NTD-A 
corresponding to the first 239 a.a. of AR. NTD, N-terminal domain; DBD, 
DNA binding domain; LDB, Ligand binding domain.

Figure 3. The figure shows a marked decrease in interaction between 
AR and GST-Pin1 when Ser81 is substituted with Ala, in contrast with 
the Ser94Ala mutant, which does not show any decrease in interaction 
compared with the AR wild type.
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Materials and Methods

Cell culture conditions. LNcaP (ATCC) and 293FT (Invitrogen 
Corp.) prostate cancer cell lines were grown according to the 
manufacturer’s instructions. For DHT experiments, cells were 
grown for 3 days in free-phenol red DMEM with 3% charcoal-
stripped FBS.

Reagents. Antibodies were purchased as follows: Pin1 
(600–401-A20), 6XHis (600–401–382) from Rockland 
Immunochemicals; AR (sc-7305), HSP70 (SC-24) from Santa 
Cruz Biotechnology; ARpS650 from Signalway (11120–1); α 
tubulin (T-6074) from Sigma Inc. shRNA plasmids for Pin1 
(SHCLNG-NM_006221) were acquired from Sigma Inc. 
Scrambled shRNA (17920), psPAX2 packaging plasmid (12260), 
pMDG.2 envelop plasmid (12259) and PwPI (12254) were 
obtained from Addgene Inc. To overexpress Pin1, the IMAGE: 
3941595 clone was amplified by PCR (Table S1) and cloned in 
the PwPI lentiviral vector. The plasmid was sequence-verified. 
The Probasin luciferase plasmid was purchased from Addgene 
(8392). The AR full length and AR sub-domains were ampli-
fied from the clone BC132975 (Table S1). After BamHI/EcoRI 
or XhoI double digestion, fragments were ligated in pcDNA6 
His/Myc vector (Invitrogen Corp). ARSer81 and ARSer94 were 
generated from plasmid by site-directed mutagenesis using the 
QuickChange mutagenesis kit (Stratagene) (Table S1).

GST pull-down experiment. GST and GST-Pin1 proteins 
were produced in BL21 bacteria cells.27 Cells were grown to mid 
log phase and then induced to express protein by adding 0.25 
mM of isopropyl-1-thio-b-D-galactopyranoside (IPTG, Roche 
Applied Science). The cultures were shaken for 4 h; bacteria were 
then pelleted and resuspended in NENT buffer [20 mM Tris 
(pH 8), 100 mM NaCl, 1 mM EDTA (EDTA), 0.5% NP-40]. 
Cell suspensions were sonicated and pelleted. The supernatant 
was incubated with glutathione agarose beads (Sigma Inc.) over-
night at 4°C. The agarose beads were then pelleted and washed 
three times in NENT buffer. The GST protein was analyzed by 
electrophoresis gel and blue coomassie staining. One mg of pro-
tein was pulled down with 10 g of GST or GST-Pin1.

conformational changes in AR. Utilizing a phospho-ARS650 
antibody to determine the degree of AR phosphorylation, we 
demonstrate that ARSer81 is important to modulate the AR 
phosphorylation following DHT treatment, and further experi-
ments will be done to refine this new model. It seems that the 
regulation of Pin1 at the N terminus of AR is part of a general 
mechanism that involves other, different nuclear receptors. In 
fact, the interaction between Pin1 and the N-terminal region of 
ERα,40 PPARγ41 and RARα42,43 has been demonstrated.

The role of ARSer81 has been described with different 
results.21,33 Recently, the phosphorylation of ARSer81 by CDK9 
was demonstrated to be important to regulate the specificity of 
AR transcriptional activity on the promoter. Up- or downregula-
tion of target genes was observed.44 Overexpression of ARSer81 
limits proliferation of prostate cancer cells compared with the 
wild-type form of AR.37 As for ARSer81, the role of ARSer650 
is still controversial. Although early studies have suggested that 
substitution of Ser650 to Alanine reduces the activity of an 
MMTV-Luc reporter in CV1 cells at high concentrations of 
the receptor,44 other laboratories utilizing various cell lines and 
reporter assays have obtained different results.30 For instance, 
ARSer650 phosphorylation is involved in AR nuclear export in 
response to stress kinase signaling,24 and ARSer650 phosphoryla-
tion occurs by both hormone-dependent and -independent mech-
anisms (androgen, protein kinase A, EGF and protein kinase C), 
thus suggesting a role in AR regulation in response to a variety of 
physiological stimuli.

All these results indicate that each phosphorylation site on 
AR must be considered as a highly dynamic integration center of 
different signals that change over time. On this basis, different 
AR cofactors such as Pin1 act and balance the equilibrium of 
intra- and extracellular signals to orchestrate the correct func-
tion of AR. By elucidating these mechanisms, we can unravel 
the complex regulatory network that converges on AR and 
potentially apply this information to a target therapy in the near 
future.

Figure 4. The figure shows that ARSer81 is required for transcriptional 
activation of AR target gene promoters. 293FT cells were transfected 
with AR, ARSer81Ala and the AR-dependent probasin promoter and 
treated with DHT for the indicated time. Transcriptional activity was 
measured in relative light unit/second (RLU/s) and normalized to Renilla 
activity. Below the figure is reported the expression of AR protein.

Figure 5. The figure shows ARSer650 phosphorylation after DHT 
treatment. 293FT cells were grown for three days in media without 
hormones and then a concentration of 10-8 DHT was added. The time 
course shows that the phosphorylation of ARSer650 does not increase 
after DHT treatment in 293FT cells transfected with mutated Ser81Ala.
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of Pin1 kd or overexpressed and scrambled cells were generated 
by infection with 1 MOI (multiplicity of infectious) of lentiviral 
particles. After 3 d post-infection, the cells were selected with 2 
μg/ml of puromycin (Sigma-Aldrich) for 1 week.

Statistical analysis. Statistical analyses were performed 
using GraphPad software by applying unpaired Student’s t-test. 
Quantification of western blot was performed with Adobe 
Photoshop.
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Co-immunoprecipitation assay. Sub-confluent LNcaP cells 
were harvested and proteins were prepared as follows: the cell 
pellet was resuspended in lysis buffer (20 mM TRIS-HCl pH 8, 
137 mM NaCl, 10% glycerol, 1% NP40, 2 mM EDTA). One 
mg of proteins was immunoprecipitated, utilizing 4 g of Pin1 
overnight at 4°C. The antibody-protein complex was collected 
with protein A/G beads (Pierce) for 3 h at 4°C. Immunopellets 
were washed extensively and subjected to SDS-PAGE followed by 
immunoblot analyses to detect Pin1 or AR proteins.

Luciferase assay. 293FT cells were seeded in 96 multi-plate 
wells at 2 × 104 cells/well and grown in hormone-free medium. 
After 3 days, the cells were transfected (Fugene HD, Roche 
Applied Science) with 50 ng of Probasin luciferase plasmid, 50 
ng of renilla plasmid (Promega, E2241) and 100 ng of AR or 
ARSer81Ala. After 24 h, the cells were treated treated with DHT 
for 4 or 24 h, then lysed and analyzed with the Dual Luciferase 
Assay System kit (Promega). The luminescence of each sample was 
measured in a single tube luminometer (Berthold Technologies, 
GmbH and CO). Each transfection was performed three times.

Lentiviral production. To generate knock-down cells, lentivi-
ral particles were produced as described (http://www.broadinsti-
tute.org/genome_bio/trc/publicProtocols.html).45 Briefly, 1 × 106 
293FT cells (Invitrogen Corp.) were transfected with 2.25 μg of 
PAX2 packaging plasmid, 0.75 μg of PMD2G envelope plasmid 
and 3 μg of pLKO.1 hairpin vector utilizing 30 μl of Fugene HD 
(Roche Applied Science) in 10 cm plates. Polyclonal populations 
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