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Prostate tumor growth initially depends on androgens, which act via the androgen receptor (AR).
Despite androgen ablation therapy, tumors eventually progress to a castrate-resistant stage in
which the AR remains active. The mechanisms are poorly understood but it may be that changes
in levels or activity of AR coregulators affect trafficking and activation of the receptor. A key stage
in AR signaling occurs in the cytoplasm, where unliganded receptor is associated with the heat
shock protein (HSP)90 foldosome complex. p23, a key component of this complex, is best charac-
terized as a cochaperone for HSP90 but also has HSP90-independent activity and has been re-
ported as having differential effects on the activity of different steroid receptors. Here we report
that p23 increases activity of the AR, and this appears to involve steps both in the cytoplasm
(increasing ligand-binding capacity, possibly via direct interaction with AR) and the nucleus (en-
hancing AR occupancy at target promoters). We show, for the first time, that AR and p23 can
interact, perhaps directly, when HSP90 is not present in the same complex. The effects of p23 on
AR activity are at least partly HSP90 independent because a mutant form of p23, unable to bind
HSP90, nevertheless increases AR activity. In human prostate tumors, nuclear p23 was higher in
malignant prostate cells compared with benign/normal cells, supporting the utility of p23 as a
therapeutic target in prostate cancer. (Molecular Endocrinology 26: 1694–1706, 2012)

NURSA Molecule Pages†: Nuclear Receptors: AR.

A variety of transcription factors involved in signal
transduction are associated with heat shock protein

90 (HSP90), which is in many instances essential for their
proper functioning. Signaling pathways that require
HSP90 include the steroid classes of the nuclear receptor

superfamily (1). Steroid receptors, including the androgen
receptor (AR), glucocorticoid receptor (GR), progester-
one receptor (PR), and estrogen receptor (ER), are asso-
ciated with large multiprotein complexes that include
HSP90 (1–3). The steroid receptor-HSP90 heterocom-
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plex assembly system involves the transient association of
various chaperones including the constitutive and stress-in-
ducible members of the HSP70 family, HSP40, HSP90, and
HSP70-organizing protein (HOP), p23, BAG1L, and immu-
nophilins (FKBP51 and FKBP52) (4–9). From these early
studies the concept of a foldosome complex emerged: a com-
plex that mediates the assembly of a biologically active pro-
tein by regulating its correct folding (10). It was previously
believed that HSP were exclusively cytoplasmic and dissoci-
ated from steroid receptors before nuclear localization.
However, more recent studies have shown nuclear localiza-
tion and function of several HSP and chaperones, including
p23, in certain cell lines (11, 12). The functional properties
of p23 have been previously investigated in relation to the
ER, GR, and PR (12–14) whereas its role in AR signaling in
mammalian cells is largely uncharacterized. Further, the ef-
fect of p23 on activity of different steroid receptors is a
matter of debate: for instance, it has been reported as both
repressing and increasing activity of GR and ER in different
studies (12–15). Here we show that p23 interacts with AR
and potentiates AR activity and, unlike the situation for the
other steroid receptors, this appears to occur, at least in part,
independently of HSP90.

The AR shares a common domain structure with other
steroid receptors: an N-terminal activation domain contain-
ing activation function 1, a central DNA-binding domain
(DBD), and a C-terminal ligand binding domain (LBD) that
also contains activation function 2. Upon binding ligand,
steroid receptors adopt an active conformation, translocate
to the nucleus, and bind to sequence-specific response ele-
ments in the regulatory regions of target genes. At these
target sites, ligand-activated steroid receptors recruit acces-
sory proteins (cofactors) to regulate transcription (16). The
conformational changes that generate a high-ligand-binding
affinity steroid receptor molecule require an orchestrated
signaling cascade initiated by the foldosome complex; p23
and HSP90 are the final components that stabilize the unli-
ganded steroid receptor complex (2, 9, 17, 18). p23 is a
23-kDa ubiquitously expressed acidic protein that binds di-
rectly to HSP90 via its highly conserved and structured ami-
no-terminal domain (10, 19). Its carboxyl-terminal domain
(CTD) is largely unstructured and flexible and contains
chaperone activity capable of preventing aggregation of de-
natured proteins (20, 21). p23 has been found to complex
with a variety of HSP90 substrates and to have cytoplasmic
prostaglandin synthase activity (22) as well as a role in reg-
ulating endoplasmic reticulum stress-induced cell death
(23). What remains unclear is to what extent p23 can exert
effects independently of HSP90. Biochemical studies have
demonstrated that in the absence of HSP90, p23 can still
suppress the aggregation of denatured proteins (20, 24, 25).

Androgen signaling is a key pathway in the development
and treatment of prostate cancer: androgens drive prostate
tumor growth; hence many therapies are aimed at reducing
synthesis of circulating androgens and/or inhibiting the AR
itself (26). HSP90 inhibitors, which induce degradation of
client proteins, have been shown to demonstrate antitumor
effects, notably in hormone-dependent tumors such as
breast and prostate cancer (27, 28). A derivative of the
HSP90-specific inhibitor geldanamycin (GA), 17-allylami-
nogeldanamycin (17-AAG or Tanespimycin), is currently
undergoing clinical trials for solid tumors and advanced ma-
lignancies (29). Because p23 regulates the activity of HSP90
(30), it could also be a target to reduce HSP90 activity within
the tumor microenvironment. In support of this, deletion of
the p23 gene in yeast confers hypersensitivity to GA (31),
whereas p23 itself is up-regulated in primary tumors and
metastases (32–35). Here, we show that nuclear p23 levels
are increased in prostate tumors and that p23 interacts with
the AR and increases AR activity by increasing both ligand
binding capacity and DNA binding, with functional conse-
quences on expression of androgen-regulated genes. The ef-
fect of p23 on AR signaling appears to be largely, but not
wholly, independent of its interaction with HSP90. This sup-
ports the hypothesis that p23 may be a therapeutic target in
prostate cancer, in its own right, and/or an effective second-
ary therapeutic target for HSP90 inhibition.

Materials and Methods

Plasmid construction
All constructs were created by PCR amplification and veri-

fied by sequencing. The following plasmids have been described
previously: pSG5-SRC-1e (36), pSVAR�LBD (amino acids
1–653) (37), pGAD424-ARNTD, and pGAD424-ARLBD (38).
The following were kind gifts: pSVAR from A. Brinkmann (Rot-
terdam, The Netherlands), TAT-GRE-EIB-Luc from G. Jenster
(Rotterdam, The Netherlands), mouse mammary tumor virus
(MMTV)-Luc from P. Chambon (Illkirch, France) and pRK5-
p23W106A from T. Rein (Munich, Germany) (39). p23 cDNA
was cloned into the pSG5 expression vector from an LNCaP
cDNA library and then subcloned in frame with a V5 tag using
primers 5�-CCCGGATCCGACATGGACGGTAAGCCTAT-
CCCTAACCCTCTCCTCGGTCTCGATTCTACGATGCAG-
CCTGCTTCTGCAAAGTGG-3� and 5�-CCCCTCGAGTTA-
CTCCAGATCTGG-3�, also in frame with the LexA-DBD in the
yeast expression vector pBTM116 (CLONTECH Laboratories,
Palo Alto, CA), in frame with glutathione-S-transferase (GST) in
pGEX-6P-1 (GE Healthcare, Piscataway, NJ) and in frame with
the Gal4 DBD in pMGal4 (CLONTECH). Full-length wild-type
p23 and p23W106A were each subcloned into the expression vec-
tors pcDNA4TO and pSG5 in frame with V5 and 2x FLAG tag,
respectively. The NH3 domain of p23 (a.a 1–86) was subcloned in
frame with GST in pGEX-6P-1 (GE Healthcare). The AR N-ter-
minal domain (NTD) and C-terminal domain (CTD) were cloned
in frame with the Gal4-AD in the yeast vector pACT2
(CLONTECH).
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Cell culture
MCF-7 and COS-1 cells were cultured in DMEM (Sigma

Chemical Co., St. Louis, MO) supplemented with 100 U/ml
penicillin, 0.1 mg/ml streptomycin, 2 mmol/liter glutamine
(Sigma) and 10% fetal bovine serum (Labtech International,
Ringmer, East Sussex, UK). PC3 and LNCaP cells were cultured
in RPMI-1640 medium (Sigma), supplemented as above.
PC3wtAR cells (40) and LNCaP-TR2-MAR4 cells (41) were
additionally supplemented with 4 �g/ml of Geneticin (Life Tech-
nologies, Gaithersburg, MD), and the LNCaP-TR2-MAR4 cells
were grown in certified tetracycline-free medium (Firstlink UK,
Sheffield, UK). For androgen regulation experiments, cells were
cultured in starvation media, comprising phenol red-free
DMEM or RPMI (Sigma) supplemented as above but with 5%
charcoal-stripped fetal bovine serum (Labtech International).

Reporter assay
Cells grown to 70% confluency in 24-well plates were cul-

tured in the relevant starvation media for 24 h and then trans-
fected using FuGENE6 (Roche Diagnostics, Indianapolis, IN),
following the manufacturers’ instructions. The transfected
DNA per well included TAT-GRE-E1B-Luc or MMTV-Luc
(500 ng), pdmLacZ-�-Gal (250 ng), pSVAR or pSVAR-�LBD
(50 ng, only in the AR-negative cell lines), pSG5-SRC1e (200
ng), pSG5-p23 (50–200 ng) and pSG5 control plasmid to stan-
dardize the amounts of DNA. After incubation for 16 h, cells
were washed, placed in the corresponding starvation media, and
treated with hormone [mibolerone (MB) (PerkinElmer Life Sci-
ences, Wellesley, MA) or dexamethasone (Sigma)] or equivalent
volume of vehicle (ethanol) for 24 h. Luciferase data were nor-
malized to �-galactosidase activity, as previously described (42).

Yeast culture, transformation and two-hybrid
assay

The Saccharomyces cerevisiae L40 yeast strain [MAT, Trp1,
His3, Leu2, Ade2, LYS::(LexAop) 4-HIS3, URA3:(LexAop)
8-LacZ] containing LexA-responsive LacZ reporter (Stratagene,
La Jolla, CA) was maintained on rich media plates (yeast extract
peptone dextrose) (Anachem Ltd., Luton, UK) excluding selec-
tion. A single yeast colony was inoculated into 100 ml of mini-
mal yeast media with the appropriate selection (�Leu, �Trp, or
�Leu/�Trp drop-out medium) and grown overnight to mid-log
phase at 30 C. After transformation using the Alkali-Cation
Yeast Transformation Kit (Anachem), transformed yeast cells
were grown to late log phase (overnight at 30 C) in 10 ml of
Minimal SD Base Selective media (CLONTECH; BD Bioscience,
Palo Alto, CA ) with the appropriate selection and MB or vehicle
where appropriate. The �-galactosidase assay was carried out as
previously described (43). �-Galactosidase reading was mea-
sured at OD400, and cell growth was measured at OD600. �-Ga-
lactosidase was measured at OD400, cell growth was measured
at OD600, and activity was calculated as Miller units: (1000 �
OD400)/ (OD600 � reaction time).

Sulforhodamine B assay
MCF7 cells were grown to 70% confluency in 24-well plates,

medium was changed to starvation media for 48 h and treated with
10nM MBand/or1nM,10nM,and100nM ofGAaddedfor16h.The
sulforhodamine assay was performed as described elsewhere (44).

Scatchard analysis
COS-1 cells were plated in 24-well plates, transfected using

FuGENE 6 (Roche Diagnostics) with 50 ng pSVAR and 0, 100,
or 200 ng pSG5-p23 per well and left for 24 h before addition of
10 nM GA for 2 h. Media were changed and 0.125, 0.25, 0.5, 1,
2 or 4 nM [3H]MB with or without a 200-fold excess of unla-
beled MB was added. After 1 h incubation at 37 C, cells were
washed three times in ice-cold PBS and lysed in 100% ethanol.
Lysates were mixed with scintillation fluid (Hyonic Fluor) and
read on a scintillation counter (Beckman Coulter Ltd, Bucking-
hamshire, UK). Specific binding was calculated and maximum
binding capacities (Bmax) were calculated using Prism software
(GraphPad Software, San Diego, CA).

Immunohistochemistry
A prostate tissue microarray (A302II, AccuMax, ISU ABXIS

Co. Ltd, Seoul, Korea) containing 32 samples of prostate cancer
tissue with corresponding normal tissues was stained for p23.
Slides were rehydrated in decreasing concentrations of ethanol,
and endogenous peroxidase activity was blocked using 3% hy-
drogen peroxide. Antigen retrieval was carried out by micro-
waving at 750 W in 0.01M trisodium citrate, pH 6, three times
for 5 min. Sections were probed overnight at 4 C with anti-p23
(1:50), washed, incubated with biotinylated rabbit-antimouse
IgG (1:200, 45 min; DAKO Corp., Carpenteria, CA), followed
by incubation with peroxide conjugated with streptavidin (1:
100, 30 min; DAKO). Staining was visualized using 3,3�di-
aminobenzidine tetrahydrochloride (DAKO) and nuclei were
counterstained with hematoxylin (Vector Laboratories, Inc.,
Burlingame, CA) as previously described (45). Tissue scoring
was performed by a consultant histopathologist (M.W.). p23 nu-
clear staining was assessed as negative, weak, or strong in the dif-
ferent Gleason prostate cancer grades and compared with benign
prostate tissue using a Wilcoxon test to show significance.

Transient knockdowns
LNCaP cells were grown to 70% confluence in six-well plates,

transferred to starvation medium for 24 h before transfection with
100 nM/well p23-targeting small interfering RNA (siRNA) pool
(Dharmafect L-004496–00; Dharmacon, Lafayette, CO) or
scrambled negative control using 2 �l of DharmaFECT-2 transfec-
tion reagent (Dharmacon). After 72 h, 10 nM MB was added and
cells were cultured for a further 24 or 48 h before being harvested
for RNA or protein extraction. respectively. Protein expression
was assessed by Western blotting using 10 �g of protein lysate.

Coimmunoprecipitation
Cells were grown to 70% confluency in 10-cm2 dishes,

starved for 24 h, and treated with 10 nM MB for 3 h before lysis
on ice in immunoprecipitation (IP) buffer [150 mM NaCl, 1%
(vol/vol) Nonidet P40, 50 mM Tris (pH 7.9), 0.2 mM phenyl-
methylsulfonyl fluoride (PMSF), 5 �l/ml of protease inhibitors
(Sigma)]. After preclearing with protein-G-sepharose beads
(Sigma), 2 �l of anti-p23 (ab2814; Abcam, Cambridge, MA) or
2 �g of anti-AR (N20, Santa Cruz Biotechnology, Inc., Santa
Cruz, CA) were added to the supernatant and incubated over-
night at 4 C with gentle rotation before incubation with 100 �l
of protein G beads for 1 h at 4 C. Beads were washed with IP
buffer, resuspended in Laemmli sodium dodecyl sulfate sample
buffer, and boiled for 5 min before separation by SDS-PAGE.
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Immunoblotting
Equal amounts of total protein were separated by SDS-PAGE

transferred onto nitrocellulose membrane (Merck Millipore, Darm-
stadt, Germany) and probed using primary antibodies: mouse anti-
p23 (1:2000, Abcam), mouse anti-�-actin (ab8226, 1:10000; Ab-
cam), rabbit anti-AR (sc816, 1:1000; SantaCruz), rabbit anti-HSP90
(sc7977, 1:500; SantaCruz), mouse anti- poly(ADP-ribose) polymer-
ase 1 (sc8007, 1:1000; SantaCruz), mouse anti-AR (AR441, 1:1000;
DAKO) and mouse anti-HSP70 (SPA806, 1:2000; Stressgen, Ann Ar-
bor, MI). Proteins were detected using horseradish peroxidase-conju-
gated antimouse or antirabbit secondary antibodies (1:2000, DAKO)
and visualized using the ECL system (GE Healthcare).

Cell fractionation
COS-1 cells were seeded in 15-cm dishes at 70% confluence

and transfected as described previously with 6 �g of pSG5-GFP-
p23 expression vector and 6 �g of pSVAR. Twenty four hours
after transfection, cells were treated � 10 nM MB for 2 h, har-
vested, and pelleted by centrifugation for 3 min at 1500 � g.
Cells (3 � 106) were resuspended in buffer A (10 mM HEPES, 10
mM KCl, 1.5 mM MgCl2, 0.34 M sucrose, 10% glycerol, 1 mM

dithiothreitol, 0.2 mM PMSF, and 5 �l/ml proteinase inhibitor
cocktail). After addition of 20 �l 0.1% Triton, cell suspensions
were incubated on ice for 5 min and then centrifuged at 1300 � g
for 4 min at 4 C. Supernatant containing the cytoplasmic fraction
was removed and retained, and the cell pellets were washed once

with buffer A. Pellets were then resuspended in 200 �l buffer B (3
mM EDTA, 0.2 mM EGTA, 1 mM dithiothreitol, 0.2 mM PMSF and
5 �l/ml proteinase inhibitor cocktail) and incubated on ice for 30
min. Pellets were centrifuged at 1700 � g for 4 min at 4 C, and the
supernatant containing the soluble nuclear fraction was removed.
The remaining pellets, containing insoluble chromatin, were
washed in buffer B and then resuspended in 200 �l of ddH2O.

GST pull-down assay
Vectors expressing GST fused to full-length p23 (GST-p23);

its N terminus (GST-NTD) or empty vector (pGEX-6P-1) was
expressed in BL21-codon plus Escherichia coli. The GST-fused
protein was purified from 5-mg aliquots of supernatant using
200 �l of glutathione sepharose beads (GE Healthcare). Equal
amounts of beads were incubated with 500 �g of LNCaP or
AR-transfected COS-1 cell extract in GST buffer [150 mM

NaCl, 20 mM Tris (pH 8), 1 mM EDTA and 0.5% (vol/vol)
NP-40] overnight at 4 C before being washed five times in the
same buffer before resuspension in sodium dodecyl sulfate
loading sample buffer, SDS-PAGE, and immunoblotting.

Generation of stable cell lines
LNCaP-TR2-MAR4 cells (41) were used to establish cell lines

expressing exogenous p23 under doxycycline control. Cells were
seeded in six-well plates and transfected with 2 �g pCDNA4TO-
p23 expression vector using FuGene-6 transfection reagent accord-

ing to manufacturer’s protocol. Cells were
selected with Zeocin (Invitrogen; final con-
centration 260 �M), Blastocidin (Melford
Labs; final concentration 26 �M), and G418
(Sigma; final concentration 720 �M). p23 lev-
els in individual colonies after doxycycline in-
duction were characterized at the mRNA and
protein levels. Resultant cells were named
LNCaP-TR2-p23.

RNA preparation and quantitative
real-time PCR

TotalRNAwasextractedusing theRNeasy
extractionkit (QIAGEN,Chatsworth,CA)and
500 ng RNA reverse transcribed using the tran-
scriptor reverse transcriptase kit (Roche). PSA
and KLK2 expression was assessed by quanti-
tativereal-timePCRusingTaqmanFastuniver-
sal PCR Master Mix (Applied Biosystems, Fos-
ter City, CA), FAM-labeled oligo sets for p23,
PSA, and KLK2, and Fast Reaction SYBR-
Green mixture (Applied Biosystems). Data
were normalized to L19 or GAPDH expres-
sion. Primer sequences are shown in Sup-
plemental Table 1 published on The Endo-
crine Society’s Journals Online web site at
http://mend.endojournals.org.

Chromatin immunoprecipitation
(ChIP)

LNCaP cells were grown to 80% conflu-
ence, starved for 72 h, and treated with 10 nM

MB or vehicle for 2 h and then cross-linked
with formaldehyde (Sigma) for 10 min at
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room temperature. ChIP was performed using the Magna-ChIP kit
(Merck Millipore) according to the manufacturer’s instructions but
with sonication (Biorupter; Diagenode, Liège, Belgium) for 10 min
at 4 C, using 30-sec high-power pulses. Immunoprecipitation was
performed using 2 �g of p23- (JJ3, Abcam), HSP90- (Sc-69703,
Santa Cruz), or AR-specific (N20, Santa Cruz) antibodies. DNA
was recovered using the PCR purification kit (QIAGEN) or phe-
nol/chloroform extraction and analyzed using RT-quantitative
PCR (RT-qPCR): primers (see Supplemental Table 1) were de-
signed at either side of ARE or negative control regions upstream of
KLK2, PSA, and TMPRSS2. For LNCaP-TR2-p23 cells, ChIP was
performed as above with the addition of an incubation step with
100 nM doxycycline for 48 h in full media before cells were incu-
bated in a serum-free media also containing 100 nM doxycycline
for 72 h before the addition of MB or vehicle.

Results

p23 interacts with the AR in a ligand-independent
manner

We previously identified p23 in an AR-interacting im-
mune complex purified from the PC3wtAR prostate can-
cer cell line (Supplemental Fig. 1A). These AR-negative
prostate epithelial cells are stably transfected with wild-
type AR expression vector (40, 46). To confirm this in-
teraction for endogenous AR, anti-p23 antibody was used
to immunoprecipitate the AR from the AR-positive breast

cancer MCF7 cell line, and immunoblotting revealed that
the AR associates with p23 in the presence and absence of
ligand (Fig. 1A). We then performed an in vitro GST
pull-down interaction assay using full-length p23 fused to
GST as bait protein and incubated with whole-cell ex-
tracts from COS-1 cells transfected with either wild-type
AR (wt) or a mutant AR previously associated with PCa
and present in the LNCaP PCa cell line (T877A). Sep-
aration of the immobilized GST-p23 complex by SDS-
PAGE and immunoblotting with anti-AR antibody
demonstrated a positive interaction between p23 and
either form of AR (Fig. 1B and Supplemental Fig. 1B).
To establish the region of AR that interacts with p23, a
yeast two-hybrid interaction assay was performed. p23
fused in frame with the LexA DNA-binding domain
was assayed for interaction with the AR N-terminus
(NTD, residues 1–556) or C-terminal LBD (CTD, res-
idues 625–919) fused with the Gal4 activation domain.
p23 showed positive interaction with the CTD of the
AR, and this was irrespective of ligand treatment (Fig.
1C). There was also a slight but significant increase in
�-galactosidase activity in the presence of the AR NTD,
suggesting that p23 may also interact weakly with the
N terminus of AR.

p23 increases transcriptional
activity of the AR

To determine whether overexpres-
sion of p23 altered AR transcriptional
activity, a reporter assay was carried
out in PC3wtAR cells transiently
cotransfected with an androgen-de-
pendent luciferase reporter (TAT-
GRE-EIB-Luc) (47) and increasing
concentrations of p23 expression plas-
mid (pSG5-p23). Immunoblotting con-
firmed that increased p23 plasmid re-
sulted in increased p23 protein levels
whereas AR levels remained un-
changed (Supplemental Fig. 2, A and
B). We observed a dose-dependent in-
crease in AR transcriptional activity in
response to increasing p23 (Fig. 2A).
To determine whether this increase in
AR activity was cell- or promoter spe-
cific, we examined the effect of p23 on
endogenously expressed AR in MCF7
cells using the androgen-responsive
MMTV-ARE2-Luc reporter vector
(48) and demonstrated that AR activity
was significantly increased by up to
3.5-fold (Fig. 2B).
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p23 has previously been demonstrated to repress GR
activity (12, 39). To rule out the possibility that the dif-
ferences observed between the AR and the GR are due to
promoter-specific effects, each receptor was co-trans-
fected into COS-1 cells with the same MMTV reporter
construct and increasing amounts of p23. As reported,

increasing levels of p23 decreased ligand-dependent ac-
tivity of GR by up to 70% (Fig. 2C). However, again AR
transcriptional activity was enhanced, by almost 80%
(Fig. 2D).

We next investigated the effect of p23 on endogenous
androgen-responsive parameters by using a cell line with

endogenous AR (LNCaP) and stably
transfected with doxycycline-inducible
V5-tagged p23 (Supplemental Fig. 3A).
After induction, we measured the effect
of increased p23 levels on several en-
dogenous androgen target genes: PSA,
KLK2, DRG1, and TMPRSS2 (Fig.
3A) and saw significant enhancement
of ligand-dependent activation at each
of the target genes. Although the effects
were of different magnitude, the over-
riding trend is that increased expres-
sion of p23 enhanced ligand-induced
activity of the AR. When the levels of
endogenous p23 in LNCaP cells were
reduced by siRNA (Supplemental Fig.
3B), a reciprocal decrease in androgen-
dependent expression of PSA and
KLK2 was seen (Fig. 3B). These obser-
vations suggest that changes in the ex-
pression level of p23 can have down-
stream functional consequences in
prostate epithelial cells.

p23 affects AR activity within the
nuclear compartment

Previous studies have demonstrated
a nuclear role for p23 in disassembly of
transcriptional regulatory complexes
(12, 15). To determine whether endog-
enous p23 is present in the nucleus of
prostate cells, we initially performed
immunofluorescence staining in pros-
tate cancer cells (Supplemental Fig.
4A), which demonstrated that p23 was
present in both the cytoplasm and nu-
cleus. Nuclear p23 was in pronounced
nuclear speckles, which became larger
and more diffuse upon ligand treat-
ment. To confirm the nuclear p23, cel-
lular fractionation of the PC3wtAR
cell line was performed, and efficient
fractionation was confirmed by immu-
noblotting for the mitochondrial
marker MnSOD (cytoplasmic fraction)
and histone H3 (nuclear fraction). Al-

FIG. 3. p23 enhances activation of endogenous AR target genes. A, LNCaP-TR2–p23 cells
(stably transfected with a doxycycline-inducible plasmid expressing V5-tagged p23) were
cultured in media containing 100 nM doxycycline (DOX) for 48 h before starvation for 72 h in
the presence of 100 mM DOX. Cells were then treated � 10 nM MB for 6, 10, or 16 h,
harvested, and RNA extracted for reverse transcription. The resulting cDNA was then analyzed
by RT-qPCR with specific primers for the AR target genes PSA, KLK2, DRG1, and TMPRSS2.
L19 was used as the reference gene. All primer sequences are listed in Supplemental Table 1.
Results shown are a mean � SE of three independent experiments performed in triplicate. B,
LNCaP cells were transiently transfected with siRNA pool against p23 or scrambled negative
control. Forty eight hours later, cells were treated � 10 nM MB for 24 h before harvesting for
total RNA extraction. The resulting cDNA was then analyzed for AR target genes, PSA and
KLK2 by RT-qPCR. GAPDH was used as the reference gene. Primer sequences used are listed
in Supplemental Table 1. Results shown are the mean of three independent experiments
performed in triplicate � 1 SE. *, P � 0.05; **, P � 0.005.
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though the majority of p23 expression
was cytoplasmic, a nuclear pool (both
soluble nuclear and chromatin associ-
ated) was evident (Fig. 4A). As ex-
pected, there was more AR associated
with the chromatin in the presence
than in the absence of androgen, and,
interestingly, this was also the case for
p23.

Previously, Freeman and Yamamoto
(12) demonstrated that the repressive
effect of p23 on GR activity was due to
destabilization of GR-DNA binding.
We investigated AR and p23 binding to
regions with and without androgen re-
sponse elements (ARE) in the regula-
tory region of androgen-responsive
genes (Fig. 4B) by chromatin immuno-
precipitation (ChIP) in LNCaP cells.
We found that p23 is associated with
endogenous ARE in the enhancers of
the androgen-responsive genes such as
PSA, but not non-AR-binding regions,
in a ligand-dependent manner (Fig. 4C
and Supplemental Fig. 4B). We did not
see HSP90 corecruitment to the regu-
latory regions of PSA, in the presence
or absence of androgen. Furthermore,
when p23 levels were increased in the
inducible LNCaP-TR2-p23 cell line,
the relative amount of AR associated
with ARE in the enhancer region of
several androgen-responsive genes in-
creased by approximately 2-fold in
each case (Fig. 4D), suggesting that p23
may enhance or stabilize AR binding to
ARE.

p23 interacts with AR
independently of HSP90

A GST pull-down assay showed that
the isolated N-terminal domain (NTD,
residues 1–86) retains the ability to in-
teract with p23 (Fig. 5A and Supple-
mental Fig. 1C). Because this construct
does not contain the region (residues
86–108) known to mediate HSP90 in-
teraction, we surmised that p23 may be
interacting with the AR independently
of HSP90. To determine the contribu-
tion of HSP90 to the effect of p23 on
AR activity, we used the HSP90 inhib-

FIG. 4. p23 is associated with chromatin and affects recruitment of the AR to its target genes. A,
COS-1 cells were transfected with expression vectors for AR and green fluorescent protein-tagged p23.
After 24 h, the cells were treated for 2 h � 10 nM MB before fractionation. Equal amounts of protein
fraction from the � MB cells were resolved and probed using specific antibodies against green
fluorescent protein and AR. MnSOD and Histone H3 were used as cytoplasmic and nuclear
fractionation controls, respectively. B, Representative schematic depicting the enhancer and promoter
regions of the AR-regulated kallikrein genes used for ChIP. C, LNCaP cells were treated � 10 nM MB
for 2 h and fixed. IP was then performed using an antibody specific for p23, AR, HSP90, or control IgG,
and RT-qPCR was performed on the immunoprecipitated DNA to detect the presence of one non-ARE
(negative region) and two specific ARE sequences (enhancer and promoter) of the AR target gene, PSA.
Relative enrichment for each of the studied regions was calculated as a percentage of the
corresponding input. Data are representative of three independent experiments � SE. D, Exogenous
expression of p23 was induced in LNCaP-TR2–p23 cells as for Fig. 3A. Cells were then treated � 10 nM

MB for 2 h, and ChIP was performed using anti-AR antibody or control IgG. RT-qPCR was performed
as above for the relevant regions of the AR target genes, PSA, KLK2, and TMPRSS2 and is presented as
for panel C. DOX, Doxycycline; *, P � 0.05; **, P � 0.005.
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itors GA and its analog 17-AAG to disrupt the p23-HSP90
interaction (49–51). By immunoprecipitating p23 from LN-
CaP cells we confirmed that treatment with 17-AAG dis-
rupted the HSP90-p23 complex entirely (while not affecting
cell viability; Supplemental Fig. 5A), whereas AR interaction
was retained (Fig. 5B), suggesting that there is AR-p23 in-
teraction even when HSP90 is stripped from the complex,
i.e. HSP90-independent interaction between AR and p23. In
support of this, immunoprecipitation assays performed us-
ing Flag-tagged wild-type and W106A p23 constructs con-
firmed that the latter did not pull down endogenous HSP90,
but was unimpaired in its interaction with AR (Fig. 5C). The
W106A mutant p23 was also able to increase ligand-depen-
dent activity of AR to a similar extent as wild-type despite
not interacting with HSP90 (Fig. 5D), whereas it is reported
as not retaining the repressive effect on GR ligand-depen-
dent activity (39).

p23 increases binding capacity of the AR
Previously, it has been proposed that p23 may function

by increasing the pool of ligand binding-competent ste-
roid receptor rather than by increasing the ligand binding

affinity (52). To investigate whether p23 exerts a similar
effect on the AR, we carried out a ligand-binding assay
using COS-1 cells exogenously expressing AR and increas-
ing concentrations of p23, with and without 10 nM GA,
which disrupts the p23-HSP90 interaction without compro-
mising cell viability (Supplemental Fig. 5, B and C).
Scatchard analysis demonstrated that the binding capacity
(BMAX) of the AR increased significantly at the higher con-
centration (200 ng) of transiently transfected p23 regardless
of whether cells were treated with GA (Fig. 6). The lower
amount (100 ng) also resulted in a significant increase in the
BMAX value of the AR in cells treated with GA but had no
effect in untreated cells. Hence it appears that lower
amounts of p23 are able to affect AR ligand binding when
the HSP90-p23 interaction is disrupted, albeit perhaps not
completely. This may be due to GA increasing the pool of
bioavailable p23 able to interact with the AR and hence
enhance ligand-binding competency.

p23 expression in human prostate
p23 is generally described as a ubiquitously expressed

protein and is highly conserved across many species rang-
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ing from yeast to humans (15, 53). We investigated its
expression in a panel of human prostate and prostate
cancer cell lines: the AR-negative PC3, DU145 (cancer),
BPH1 and RWPE1 (non-cancer) lines, and the AR-posi-
tive VCaP, DuCaP, LNCaP and its derivative C4–2 (all
cancer). p23 was expressed in all of these cell lines (Fig.
7A), and, when grouped, levels in the AR-positive lines
were significantly higher than the AR-negative lines (P �
0.0006). Using immunohistochemistry, we investigated
p23 expression in human prostate tissue samples from
patients with prostate cancer compared with adjacent be-
nign tissue. Both the epithelial and stromal layers stained
positive for p23 (Fig. 7B). Staining in the luminal epithe-

lium was absent or weak in the normal/benign tissue;
however there was a significant increase in staining (both
nuclear and cytoplasmic) in tumors (Fig. 7, B and C),
indicating that increased p23 protein expression may be
linked with the development of prostate cancer. Similar to
previous studies of prostate cancer cohorts (34, 35), we
did not see a correlation with Gleason grade.

Discussion

The best-characterized role of p23 is as a cochaperone of
HSP90 in the foldosome complex, where it is involved in
correct folding of client proteins including steroid recep-
tors (10). However, an ever-growing number of studies
suggest that p23 has numerous and complex biological
functions including regulation of telomerase, regulation
of endoplasmic reticulum-mediated apoptosis and pros-
taglandin synthesis, as well as regulation of steroid recep-
tor signaling (1, 22, 23, 54). Several of these activities may
be partly or wholly independent of HSP90, including
chaperone function: the C-terminal tail of p23 has intrin-
sic chaperone activity and even p23 variants lacking the
HSP90-interacting domain retain chaperone function
(20, 31). This dichotomy even within its role in protein
folding may explain why it can have opposing effects on
steroid receptor function, even to the extent that it has
been reported as variously increasing and repressing ac-
tivity of both GR and ER. It was shown by Garabedian
and co-workers (13, 14) that p23 overexpression en-
hanced the ligand binding efficiency and the rate of tran-
scriptional activity of the ER in a yeast system, and that
this required HSP90 interaction. However, Freeman et al.
(15) showed that p23 repressed ER activity, while en-
hancing activity of GR and PR. In an important subse-
quent study they demonstrated a nuclear role of p23,
whereby p23 overexpression promotes disassembly of the
transcriptional machinery at hormone response elements,
resulting, in this case, in a reduction in GR activity (12).
GR activity was later reported as being inhibited by p23
in an HSP90-dependent manner by the Rein laboratory
(39). The effect of p23 on AR activity has to date been
little studied, but Freeman et al. (15) reported it as inhib-
iting AR activity, whereas Fang et al. (56) saw little effect
on AR activity of depleting the p23 analog in S. cerevisiae
at the shorter time point of 2 h. Conversely, within similar
time frames as Freeman and Yamamoto, we saw a robust
enhancement of AR activity in several cell lines, including
an effect on endogenous target genes.

These apparent discrepancies in p23 effects on steroid
receptors could be due to differential effects on target genes
perhaps attributable to the mode of regulation, as suggested

FIG. 6. Increased expression of p23 increases AR binding capacity.
COS-1 cells were transfected with AR expression vector and 100 or
200 ng of pSG5–p23 using FuGENE6 and 24 h later treated for 2 h
without (A) or with (B) 10 nM GA, before addition of [3H]MB at
indicated concentrations in the presence or absence of 200-fold excess
unlabeled MB. Scatchard analysis was performed and relative Bmax (as
compared with Bmax in the absence of exogenous p23) calculated.
Values given are mean � SD of three independent experiments and
graphs are representative experiments. *, P � 0.05; **, P � 0.005. C,
COS cells were transfected as above. C, After 24 h, whole-cell extracts
were prepared and immunoblotted using antibodies against AR, p23,
and �-actin. Rel., Relative.
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by Oxelmark et al. (57), or to differences in yeast vs. mam-
malian cells. However, we suggest that the apparently con-
tradictory effects of p23 on steroid receptors could reflect a
true dichotomy in regulation caused by different contribu-
tions of the HSP90-dependent vs. HSP90-independent func-
tions of p23 and/or different extent of its role in the cyto-
plasm vs. the nucleus. The relative contributions of these
could be affected by a host of cellular factors.

We show here, for the first time, that
modulating p23 levels affects the ex-
pression of endogenous AR target
genes consistent with it acting as an ac-
tivator of AR, and also that p23 is re-
cruited to the regulatory regions of
such genes. Further, increasing p23 lev-
els resulted in increased AR association
with ARE; thus, unlike the situation for
the GR (12), p23 does not induce dis-
assembly of the AR from the promoter
region or target genes. Steroid recep-
tors are highly dynamic proteins that
shuttle between the cytoplasm and nu-
cleus and which, when activated, un-
dergo cycles of association and dissoci-
ation with their cognate response
elements (58–60). There are various
mechanisms that regulate the rate of
receptor recycling; however, the main
limiting factor is thought to be the lev-
els of hormone present coupled with
the available pool of ligand binding-
competent receptor; this latter is de-
pendent on the activity of the foldo-
some. Our data suggest that increasing
expression levels of p23 enhanced the
population of ligand-bound holorecep-
tor complex, which correlates with
published reports that p23 alters the
ligand efficacy of steroid receptors
(15). Interestingly, we were unable to
demonstrate association of HSP90 at
regulatory regions of target genes that
recruit AR and p23. This may support
the theory that HSP90 is not required
for the nuclear function of p23 in AR
signaling; however we cannot rule out
HSP90 recruitment at different regions
of the promoter/enhancer that may be
associated with the ARE by other
means, e.g. chromatin looping.

To determine whether the effects of
p23 on AR activity were, as for ER and

GR, dependent on HSP90, we used a mutant form of p23
unable to bind HSP (39) and also the HSP90-specific in-
hibitors GA and the clinically used analog 17-AAG. GA is
a benzoquinone ansamycin antibiotic that has been iden-
tified as having potent antitumor activity (61). It specifi-
cally targets the ATP-binding site of HSP90, which as a
result disrupts p23 binding to that same site (62). We
found that treatment with these inhibitors resulted in the

FIG. 7. Expression of p23 in human prostate cell lines and tissue. A, Total protein (10 �g)
was separated by SDS-PAGE and immunoblotted using antibodies against p23 and �-actin.
Band intensities were quantified using ImageJ software, normalized for ß-actin, and graph
shows mean � SD of three independent repeats (image is representative). B, Representative
sections of human prostate stained with anti-p23 antibody (brown) and nuclei counterstained
with hemotoxylin (blue). C, Tissue scoring depicting the intensity of p23 nuclear staining. The
bars indicate the percentage of samples with strong, weak, or no nuclear p23 staining.
Tumors of all Gleason grades express significantly more nuclear p23 relative to benign tissue
(Wilcoxon test: n � 88; Z � 2.10; P � 0.0018).
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loss of HSP90 from the p23-interacting complex, but that
AR remained associated. This result suggests that a three-
way interaction between the three proteins is occurring
and that p23 may be integral, interacting with both com-
ponents rather than simply recruited via HSP90. Until
now, direct interaction of p23 with HSP90 client proteins
has not been demonstrated, but using the W106A p23
mutant we showed that AR interaction is retained
when HSP90 is absent from the complex, and also that
p23 retains its positive effect on AR activity. Thus we
have demonstrated an HSP90-independent function of
p23 in AR signaling as well as a direct interaction of
p23 with AR.

Ligand binding assays demonstrated that, even in the
presence of an HSP90 inhibitor, p23 was able to promote
or stabilize the population of ligand-bound AR. This ef-
fect may be a result of the interaction we observed with
both termini of the AR, because it is well established that
the AR N- and C termini interact, and this slows ligand
dissociation, which then increases the pool of ligand-
bound receptor (63). Altering p23 levels had more of an
effect when HSP90 function was inhibited: an effect was
seen at lower concentrations of exogenous p23 in the
presence of GA. These results are in line with studies
showing that overexpression of p23 will confer a protec-
tive role against the effects of HSP90 inhibition whereas
p23 depletion renders cells hypersensitive to HSP90 in-
hibitors (31). Thus, targeting both p23 and HSP90 simul-
taneously is likely to have a greater effect on downstream
effects than either alone.

To understand whether the observed effects of p23 on
androgen signaling may be altered in prostate cancer, we
performed immunohistochemistry staining on a panel of
human prostate cancer tissue biopsies together with cor-
responding normal tissue. Nuclear p23 expression levels
were significantly higher in the tumor samples at all
stages. No correlation was seen with Gleason grade, and
studies of further patient material are required to ascer-
tain whether p23 levels correlate with clinical parameters.
Others have reported increased p23 levels in various can-
cers including prostate cancer, although in some cases this
was originally erroneously attributed to apoptosis-linked
gene 2 (32–35). In one report, increased cytoplasmic p23
correlated with shorter disease-free survival in breast can-
cer, but it was notable that high cytoplasmic p23 was
significantly associated with nuclear p23 expression (55).
Our results support p23 as a therapeutic target in prostate
cancer. It has been suggested that cochaperones of HSP90
delineate subgroups of HSP90 client proteins, and we
suggest that targeting p23 may provide a measure of se-
lectivity not only for steroid receptors but for the AR in
particular, given its coactivation potential. Targeting

HSP90 function via p23 in this way could thus avoid the
toxicity of HSP90 inhibitors. Further, due to the HSP90-
dependent and -independent effects of p23, and the ob-
served increase in nuclear p23 in prostate cancer coupled
with the reports that increased p23 can protect against
HSP90 inhibition, p23 inhibitors may demonstrate addi-
tive, independent, or synergistic effects in combination
with HSP90 inhibitors.
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