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Androgen receptor (AR) is phosphorylated atmultiple sites in
response to ligandbinding, but the functional consequences and
mechanisms regulatingARphosphorylation remain to be estab-
lished. We observed initially that okadaic acid, an inhibitor of
the major PPP family serine/threonine phosphatases PP2A and
protein phosphatase 1 (PP1), had cell type-dependent effects on
ARexpression.More specific inhibitors of PP2A (fostriecin) and
PP1 (tautomycin and siRNA against the PP1� catalytic subunit)
demonstrated that PP1 and protein phosphatase 2A had oppo-
site effects on AR protein and transcriptional activity. PP1 inhi-
bition enhanced proteasome-mediated AR degradation, while
PP1� overexpression increased AR expression and markedly
enhanced AR transcriptional activity. Coprecipitation experi-
ments demonstrated an AR-PP1 interaction, while immuno-
fluorescence and nuclear-cytoplasmic fractionation showed
androgen-stimulated nuclear translocation of both AR and PP1
in prostate cancer cells. Studies with phosphospecific AR anti-
bodies showed that PP1 inhibition dramatically increased phos-
phorylation of Ser-650, a site in the AR hinge region shown to
mediate nuclear export. Significantly, PP1 inhibition caused a
marked decrease in nuclear localization of thewild-typeAR, but
did not alter total or nuclear levels of a S650AmutantAR. These
findings reveal a critical role of PP1 in regulating AR protein
stability and nuclear localization through dephosphorylation of
Ser-650. Moreover, AR may function as a PP1 regulatory sub-
unit and mediate PP1 recruitment to chromatin, where it can
modulate transcription and splicing.

Androgen receptor (AR)3 plays a central role in prostate can-
cer (PCa) development and progression, with androgen depri-
vation therapy being the standard systemic treatment for PCa
(1). Unliganded AR associates with an Hsp90 chaperone com-

plex and is rapidly degraded. Ligand binding stabilizes AR,
enhances nuclear entry, and allows AR to recruit coactivator
proteins to androgen-regulated genes. AR is phosphorylated at
Ser-94 and Ser-650 in the absence of androgen, and androgen
treatment further stimulates AR phosphorylation, primarily at
multiple serine-proline sites (2–5). Similar to other steroid
receptors, AR transcriptional activity and sensitivity to low lev-
els of androgen can be enhanced by multiple kinases or kinase
signaling pathways, which may contribute to tumor progres-
sion subsequent to androgen deprivation therapy. However,
the kinases mediating AR phosphorylation at specific sites, and
the functional importance of AR phosphorylation at particular
residues, remain to be clearly defined.
AR transcriptional activitymay also bemodulated directly or

indirectly by serine/threonine phosphatases (6). A recent study
demonstrated SV40 small T-antigen-dependent loading of pro-
tein phosphatase 2A (PP2A) onto AR, with subsequent AR
dephosphorylation (7, 8). AR also interacts with small C-termi-
nal domain phosphatase 2 (SCP2), which is recruited by AR to
the androgen-regulated PSA promoter and negatively regulates
AR transcriptional activity, possibly by dephosphorylation of
RNA polymerase II (9). We report here that protein phospha-
tase 1 (PP1) increases AR protein stability and markedly
enhances AR-mediated transcription. We show that AR binds
the catalytic subunit of PP1, PP1�, and that androgens stimu-
late nuclear translocation of PP1� in conjunction with AR.
Moreover, we determine that PP1 selectively dephosphorylates
a specific site on the AR, Ser-650. Finally, consistent with a
recent report that Ser-650 phosphorylation mediates AR
nuclear export (10), we demonstrate that PP1 inhibition mark-
edly decreases nuclear AR. These findings demonstrate that
PP1 is a direct positive regulator of AR nuclear expression and
transcriptional activity and identifies theAR-PP1 interaction as
a potential therapeutic target for PCa drug development.

EXPERIMENTAL PROCEDURES

Reagents—Sources were as follows: steroids, MG115,
MG132, CHX, and anti-FLAG M2 beads (Sigma); OA (Roche
Applied Science); tautomycin, and fostriecin (Calbiochem);
anti-AR(PG21), anti-pAR-S81, anti-PP1�, anti-PP2A, and
microcystin-agarose (Upstate Biotechnology); anti-AR (N441)
(LabVision); anti-PSA (Biodesign); anti-�-tubulin (Chemicon);
normal mouse serum (NMS), normal rabbit serum (NRS), pro-
tein G, and NE-PER kit (Pierce); goat anti-rabbit Alexa 594
(Molecular Probes); serum (FBS and CDS) (Hyclone); PP1�
plasmid (Origene); control and AR RNAi (Dharmacon). Two
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separate PP1� RNAi were from Dharmacon (SMARTpool,
M-008927-00) and Santa Cruz (sc-36299).
Transient Transfection Reporter Assays and Real-time

RT-PCR—AR expression and reporter plasmids, reporter
assays, and real-time RT-PCR analyses have been described
(12). Cells were grown in RPMI 1640with 10%FBS (LNCaP and
C4-2) or Dulbecco’smodified Eagle’s mediumwith 5% FBS. For
androgen starvation, cells were grown in medium containing
5% charcoal dextran stripped FBS (CDS). For transfection, plas-
mid DNA or RNAi was transfected with Lipofectamine 2000.
Empty pCDNA3.1 vector (Invitrogen) was used for equaliza-
tion and a CMV-Renilla luciferase reporter (Promega) was an
internal control. Luciferase was measured with a Dual-Lucif-
erase assay kit (Promega). The ratio between firefly and Renilla
luciferase is relative light unit (RLU), and the results are mean
and standard deviation from triplicate samples.
DNA Mutagenesis and Generation of Stable Lines—The

Flag-AR-S650Amutant was generated with the Site-directed
Mutagenesis kit (Stratagene). LNCaP cell stable lines ex-
pressing Flag-AR or Flag-AR-S650A were established by
selection of cells grown in RPMI 1640 with 10% FBS and 1
�g/ml puromycin.
Immunoblotting, Nuclear Fractionation, Coprecipitation,

and Immunofluorescence—Total proteins were isolated with
2% SDS, quantified with BCA reagent (Pierce), and equal
amounts were analyzed on prepoured gels (Invitrogen). Cyto-
plasmic-nuclear fractionation was with the NE-PER kit
(Pierce). For coprecipitation, cells were harvested in Triton
lysis buffer (0.5% Triton X-100, 20mMTris-HCl, 150mMNaCl,
5 mM EDTA, and 2 mM dithiothreitol) with protease and phos-
phatase inhibitors. Supernatants were incubated with 40 �l of
microcystin-agarose, anti-Flag M2, or anti-AR (N441) versus
NMS cross-linked to protein G beads.
To assess AR phosphorylation, AR was first precipitated by

anti-AR (N441), and equal amounts of total AR were immuno-
blotted with a panel of phosphospecific AR Abs (7, 10). For
immunofluorescence, cells were fixed in 3.7% formaldehyde for
10min, washed in PBS, and permeabilized in 0.1%TritonX-100
for 3min. After washing in PBS, cells were blocked in 1% bovine
serum albumin for 30 min and incubated in primary antibody
(1:200) for 2 h. After washing in PBS, cells were incubated in
goat anti-rabbit Alexa 594 (1:400) for 2 h, washed in PBS, and
stained with 4�,6-diamidino-2-phenylindole (DAPI) (1:2000)

for 5 min. After washing in PBS, cells were mounted on slides
and observed with the ZEISS ApoTome-HAL100 Microscope.

RESULTS

Protein Phosphatase Inhibitor Okadaic Acid Has Cell
Type-specific Effects on AR Protein Expression—We initially
examined protein levels of transfected AR in a series of cell
lines after treatment with okadaic acid (OA), a nonspecific
inhibitor of multiple phosphatases including PP1 and PP2A
(11). OA increased AR protein levels in transfected 293T, CV1,
and PC3 cells, which was accompanied by substantial increases
in phosphorylation of Ser-81 (as detected by a pS81 antibody)
(Fig. 1A). The Ser-81 site is phosphorylated in response to
androgen stimulation by proline-directed serine/threonine
kinases, including Cdk1, and is associated with AR stabilization
and transcriptional activity (4, 12). These results were consist-
ent with a previous report showing that PP2A can dephospho-
rylate several proline-directed serine sites in theARN-terminal
domain (including Ser-81), although PP2A interaction with AR
in this previous study was dependent on loading by SV40 small
T antigen (7, 8). However, OA had the opposite effect on AR
protein expression and Ser-81 phosphorylation in AR-trans-
fected HeLa cells, where the androgen (DHT)-stimulated
increase in AR protein expression and Ser-81 phosphorylation
were both markedly decreased by OA (Fig. 1B). Significantly,
OA similarly caused a dose-dependent decrease in expression
of the endogenous AR in the LNCaP and CWR22Rv1 PCa cell
lines (Fig. 1B). This OA-induced decrease in endogenous AR
protein was blocked byMG115/132, indicating that it was pro-
teasome-mediated (Fig. 1C). The decreased mobility of the
MG115/132 rescued AR is consistent with increased
phosphorylation.
PP1 Enhances AR Protein Expression-independent of Cell

Type—The cell-specific effects of OA led us to examine more
selective inhibitors of PP1 and PP2A, the major cellular phos-
phatases that are inhibited by OA. Fostriecin, a PP2A specific
inhibitor, increased endogenous AR protein expression in
LNCaP cells (Fig. 1D) and increased the expression of trans-
fected AR in HeLa, COS1, and 293T cells (data not shown),
indicating that PP2Anegatively regulatesAR expression in cells
that donot express SV40Tantigen. In contrast to fostriecin, the
PP1 inhibitor tautomycin gave a dose-dependent decrease in
endogenous AR protein expression in LNCaP cells cultured in

FIGURE 1. Inhibition of PP1, but not PP2A, leads to reduction in AR protein expression. A, 293T, CV1, and PC3 cells were transfected with 100 ng of
pCIneo-hAR plasmid and grown in CDS medium with 10 nM DHT and different doses of OA for 24 h, as indicated. In all experiments, cells were harvested in 2%
SDS and equal amounts of total proteins were immunoblotted. B, HeLa cells were AR transfected as above, while endogenous AR was monitored in LNCaP and
CWR22Rv1 cells. C and D, LNCaP cells in CDS medium were treated for 24 h with 10 nM DHT, 20 nM OA, proteasome inhibitors MG(MG115/132, 5 �M each), or
fostriecin, as indicated. E, cells with endogenous (LNCaP) or transfected (293T and HeLa) AR were cultured in CDS medium � 10 nM DHT (LNCaP) or in FBS
medium (LNCaP, 293T, HeLa), with tautomycin (TAU) as indicated for 24 h.
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medium with steroid-depleted serum (charcoal dextran-
stripped, CDS), with or without DHT, or in medium with non-
depleted serum (FBS) (Fig. 1E). Tautomycin similarly decreased
expression of transfected AR in 293T and HeLa cells (Fig. 1E).
To confirm that the effect of tautomycin on endogenous AR

in LNCaP cells was due to PP1 inhibition, we used siRNA to
down-regulate endogenous PP1 activity.Mammalian cells have
three homologous genes that encode PP1 catalytic subunits,
PPP1CA, PPP1CB, and PPP1CC, which are the direct targets of
tautomycin (13, 14). Affymetrix oligonucleotide microarray
studies indicate that LNCaP cells express all three catalytic sub-
units, with expression of PPP1CA and PPP1CC being greater
than PPP1CB (data not shown). By immunoblotting we could
readily detect the protein product ofPPP1CA, PP1�. Therefore,
we used two different siRNA pools against PPP1CA to deter-
mine whether endogenous PP1� was enhancing AR expression
in LNCaP cells. Both PPP1CA siRNA, but not a control siRNA
or an AR siRNA, decreased the levels of endogenous PP1� in
LNCaP cells and in the LNCaP-derivedC4-2B cell line (Fig. 2A).
Significantly, this PP1� down-regulation also caused a decrease
in AR levels in the LNCaP cells cultured in the presence or
absence of DHT and in the C4-2B cells.
As a further approach, we determined whether overexpres-

sion of PP1� would increase expression of AR protein. Indeed,

co-transfection of PP1� markedly increased the expression of
AR in both HeLa and PC3 cells, and these increases were
observed in the absence and presence of DHT (Fig. 2B and data
not shown). To study the effect of PP1 onAR expression in PCa
cells expressing endogenous AR, LNCaP cells were cotrans-
fected with PP1� and Flag epitope-tagged AR (Flag-AR) to dis-
tinguish exogenousAR from endogenousAR in nontransfected
cells. As shown in Fig. 2B, PP1� also increased Flag-AR in
LNCaP cells, although the effect was not as marked as in HeLa
and PC3 cells (possibly reflecting a higher level of endogenous
PP1 activity in LNCaP cells). Taken together, these results con-
firmed that PP1 was enhancing AR expression and indicated
that PP1� was making a major contribution to this effect.
PP1 Inhibition Increases AR Protein Degradation via Protea-

some-dependent Pathway—Previous studies have shown that
the unligandedAR is rapidly degraded, while the ligandedAR is
more stable but still has a relatively short half-life (15). In agree-
ment with these previous studies, cycloheximide treatment to
block new protein synthesis in AR-transfected HeLa cells
caused a substantial decline in AR protein levels over 4 h, with a
more rapid decline in the absence of androgen (Fig. 3A). Pro-
teasome inhibitors (MG115/132) increased transfected AR
protein expression in the absence and presence of ligand (Fig.
3B), consistent with previous studies showing that AR is
degraded through a proteasome-dependent pathway (16).
To determine whether tautomycin reduces AR protein

expression by increased degradation, we examined the effect
of tautomycin after new protein synthesis was blocked with
cycloheximide. As shown in Fig. 3C, the addition of tauto-
mycin to cells treated with cycloheximide caused a further
decrease in transfected AR protein levels, showing that PP1
inhibition was increasing AR protein degradation. To deter-
mine whether this degradation was through the proteasome,
AR-transfected HeLa cells were subjected to tautomycin treat-
ment in combination with MG115/132. As shown in Fig. 3D,
the tautomycin-mediated decrease in AR expression could be
blocked by MG115/132, indicating that tautomycin was
increasing proteasome-dependent degradation of AR protein.
Similar experiments were carried out in LNCaP cells to

examine the effects of PP1 inhibition on endogenousAR.Treat-
ment of LNCaP cells with cycloheximide for 8 or 24 h caused a

α

α

α

α

α

FIGURE 2. AR protein expression is increased by PP1. A, 10 nM of control
nonspecific RNAi (lane C), AR RNAi (lane AR), or two separate PP1� RNAi (lanes
a and b) were transfected into LNCaP or C4-2B cells for 3 days. B, HeLa and PC3
cells were transfected with 100 ng of pCIneo-hAR plasmid and LNCaP cells
were transfected with 100 ng of Flag epitope-tagged AR (Flag-AR) plasmid,
together with 0, 50, or 200 ng of PP1� vector. The medium was then changed
to CDS medium with 10 nM DHT for 24 h.

FIGURE 3. PP1 inhibition promotes AR protein degradation via the proteasome pathway. A–D, HeLa cells were transfected with 100 ng of pCIneo-hAR
plasmid and then placed into CDS medium with 10 nM DHT as indicated for 24 h. A, cycloheximide (CHX, 5 �g/ml) was added during the last 1 h, 4 h, or during
entire 24 h. B, MG (MG115/132, 5 �M each) were added for last 4 h or entire 24 h. C, cells were treated with DHT and tautomycin (TAU) as indicated (0.2 or 0.5 �M)
for 24 h, with cycloheximide added during last 4 h. D, cells were treated for 24 h with DHT, with compounds added during last 8 h. E and F, LNCaP cells were
cultured in CDS for 2 days, followed by 10 nM DHT for 24 h. Cycloheximide, MG115/132 (5 �M each), and tautomycin (0.5 or 1.0 �M) were then added for the last
8 h or 24 h as indicated. G, LNCaP cells were grown in FBS, CDS, or CDS�10 nM DHT medium for 2 days, with MG115/132 (5 �M each) and tautomycin (0.5 �M)
added during last 4 h.
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marked decrease in AR protein expression that was prevented
by the addition of MG115/132, indicating that degradation of
endogenous AR in LNCaP was through the proteasome (Fig.
3E). It should be noted that MG115/132 alone causes a decline
in AR after 24 h, which reflects a decrease in ARmessage levels
(data not shown). As observed above in HeLa cells, tautomycin
for 8 h and 24 h caused a further decrease in AR levels in cyclo-
heximide-treated LNCaP cells, showing that PP1 inhibitionwas
increasing degradation of endogenous AR protein (Fig. 3F).
This tautomycin-induced AR degradation was not observed in
LNCaP cells treatedwithMG115/132, indicating that tautomy-
cin was enhancing proteasome-dependent degradation of the
endogenous AR (Fig. 3G). Similar results were obtained in
LNCaP cells cultured in steroid hormone-depleted medium
(charcoal-dextran-stripped FBS medium, CDS), CDS medium
supplemented with DHT, or FBS medium (Fig. 3G).
PP1 Interacts with AR—To assess a potential direct interac-

tion betweenPP1 andAR,we carried out coprecipitation exper-
iments in 293T cells cotransfected with Flag-AR and PP1�. Sig-
nificantly, substantial levels of PP1�, but no detectable PP2A,
were precipitated specifically by anti-Flag from the Flag-AR-
transfected cells cultured in FBS or CDS medium (Fig. 4A).
Importantly, PP1� could also be coimmunoprecipitated with
endogenous AR from LNCaP cells (Fig. 4B). To further verify
the interaction between endogenous PP1� and AR, we used
microcystin, which binds tightly to PPP family phosphatases
and has been widely used to precipitate PP1 and PP2A and
associated proteins (17). For these experiments we first used
microcystin-conjugated beads to efficiently precipitate PP1
from LNCaP cells grown in FBS medium. By immunoblotting,
we readily detected AR as well as high levels of PP1� associated
with the microcystin beads (Fig. 4C).
To address whether AR was associating nonspecifically

with the microcystin beads, we carried out serial precipita-
tions from the lysates to deplete PP1 and determine whether
this abrogated the AR association. As shown in Fig. 4C, three
rounds of microcystin precipitation substantially depleted
PP1� from the lysates, without markedly affecting AR levels

(compare AR and PP1� inputs before the first immunoprecipi-
tation, pre, and after the third precipitation, post). Importantly,
AR precipitation bymicrocystin beads wasmarkedly decreased
in the PP1-depleted lysates, indicating that AR was not associ-
ating nonspecifically with microcystin beads. Similar results
were obtained using lysates from LNCaP cells cultured in CDS
medium, minus or plus DHT (Fig. 4D). The amount of PP1�-
associated AR was increased in the presence of DHT, but total
input AR levels were also enhanced by DHT, so the binding
does not appear to be strongly ligand-dependent. Finally, the
AR-PP1� interaction is not dependent on PP1 catalytic activity,
as it was not altered by PP1 inhibitionwith tautomycin (Fig. 4E).
Taken together, these findings support the conclusion that
there is a direct or indirect (mediated by a PP1 regulatory sub-
unit) interaction between AR and PP1�, and that this interac-
tion does not require androgen.
Androgens Stimulate PP1 Nuclear Translocation in AR-ex-

pressing Cells—The unliganded AR is distributed diffusely in
the cell, and ligand binding stimulates rapid nuclear accumula-
tion of AR in LNCaP cells (Fig. 5A). Therefore, to further assess
whether there is a physiological AR-PP1 interaction, we next
determined whether there was any detectable nuclear translo-
cation of PP1� in response to androgen. Significantly, DHT
induced the rapid nuclear accumulation of a fraction of endog-
enous PP1� in LNCaP and CWR22Rv1 PCa cells, but not in
AR-negative PC3 cells (Fig. 5, B–D). Fractionation of nuclear
proteinsfromDHT-treatedLNCaPcellssimilarlyshowedatime-
dependent nuclear entry ofAR, accompanied bynuclear import
of PP1� (Fig. 5F). These results provide further support for an
AR-PP1 interaction and suggest that PP1� may associate with
AR in the nucleus and participate in regulation of AR nuclear
functions.
PP1 Enhances AR Transcriptional Activity—The data dem-

onstrating an AR-PP1� interaction and coordinated nuclear
translocation indicated that PP1 may participate in regulation
of AR nuclear functions. To test this hypothesis, we first exam-
ined whether PP1� can modulate AR transcriptional activity.
As shown in Fig. 6A, co-expression of PP1� enhanced the basal

α
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FIGURE 4. AR binds to PP1�. A, 293T cells were transfected without or with 2 �g of Flag-AR vector and then cultured for 24 h in FBS or CDS medium. Lysates
were precipitated with anti-Flag M2 beads or with normal mouse serum (NMS) beads as control. B, lysates from LNCaP cells in FBS medium were precipitated
with anti-AR antibody (N441) or normal mouse serum (NMS), both cross-linked to protein G beads. C, lysates from LNCaP cells in FBS medium were precipitated
sequentially three times with microcystin-agarose beads. Inputs are 2% of the lysate prior to the first precipitation (pre) and after the third precipitation (post).
D, lysates from LNCaP cells in CDS medium, without or with 10 nM DHT for 24 h, were precipitated as in C. E, as in A, 293T cells in FBS medium were transfected
with 1 �g of PP1CA, together with 2 �g of CMV-Flag vector or Flag-AR vector. Cells were then treated with 500 nM tautomycin for 15 min or 8 h as indicated.
Lysates were precipitated with anti-Flag M2 beads.
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andDHT-stimulated transcriptional activity of the endogenous
AR in LNCaP cells. To determine whether PP1 sensitizes AR to
low levels of androgen, PP1�-transfected LNCaP cells were
stimulated over a range of DHT concentrations. As shown in
Fig. 6B, AR activity could be stimulated �4-fold by DHT in the
absence of PP1�. This was enhanced �2.5-fold further when
cells were cotransfected with PP1�, although there was a simi-
lar about 2-fold increase in basal activity in the absence ofDHT.
This stimulation did not appear to be a general effect on tran-
scription, as there was no effect on a control CMV-regulated
Renilla luciferase reporter gene (data not shown). Significantly,

PP1� did not detectably lower the level of DHT required for
stimulation (�10 nM DHT).

The modest induction of AR activity by DHT in LNCaP cells
transiently transfected with reporter genes appears to reflect
limiting amounts of endogenous AR, and can be increased by
cotransfection with AR. Therefore, we next examined LNCaP
cells transfected with AR and an ARE4-luciferase reporter,
minus or plus PP1�. Transfection ofAR,minus PP1�, increased
the DHT response to �13-fold induction at 10 nM DHT (Fig.
6C). Cotransfection with PP1� again modestly increased basal
activity, but dramatically enhanced DHT-stimulated reporter

FIGURE 5. Androgens stimulate PP1� nuclear translocation in AR-expressing cells. A–E, LNCaP, CWR22Rv1, and PC3 cells were grown on glass coverslips
in CDS medium for 2 days, treated without or with 10 nM DHT for 15 min, and then fixed in formalin. Cells were then stained with anti-AR, anti-PP1, normal rabbit
serum (NRS), or DAPI, and representative fields were photographed. F, LNCaP cells grown in CDS medium for 2 days were treated with 10 nM DHT for 30 min,
1, 2, and 4 h, and nuclear versus whole cell protein extracts were blotted.
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FIGURE 6. PP1 stimulates AR transcriptional activity. A, LNCaP cells were transfected with 2.5 ng of control Renilla reporter, 50 ng of ARE-luciferase reporter,
and PP1� plasmids as indicated. The medium was changed to CDS without or with 10 nM DHT for 24 h, and relative light units (RLU, the ratio of firefly/Renilla
luciferase) were assessed. B and C, LNCaP cells were transfected with Renilla control, ARE4-luciferase, 50 ng of PP1� plasmids, and cells in C were also
cotransfected with 50 ng of pCIneo-hAR plasmid. The medium was changed to CDS plus different doses of DHT for 24 h. D, LNCaP cells were transfected with
reporters and PP1� as in A, in addition to 100 ng of Flag-AR plasmid. Replicate wells were analyzed for luciferase activity or Flag-AR expression by anti-Flag
immunoblotting. The band intensities for Flag antibody were normalized to �-tubulin, and the ratio in the absence of PP1 was set at 1. E and F, LNCaP (E) and
PC3 (F) cells were transfected with AR (100 ng), PP1� (100 ng), Renilla luciferase control reporter, and the indicated AR-driven luciferase reporters (Pb: Probasin),
and were then cultured for 24 h in CDS medium without or with 10 nM DHT as indicated. RLU is shown normalized to the non-PP1� samples.
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gene activity by �14-fold over the level in the absence of PP1
(Fig. 6C). Because of this amplified activity a response could be
detected clearly at 10-fold lower DHT (0.1 nM DHT), but half-
maximal stimulation was observed at �1 nM DHT in the
absence and presence of co-transfected PP1�.

One mechanism by which PP1 may be enhancing andro-
gen-stimulated transcription is by increasing AR protein
expression (although, as shown in Fig. 2B, PP1� transfection
does not markedly increase total AR levels in LNCaP cells).
Nonetheless, to address this mechanism, LNCaP cells were
cotransfected with PP1�, ARE4-luciferase reporter gene, and
Flag-AR. As shown in Fig. 6D, coexpression of PP1� and AR
in LNCaP led to a marked increase in AR reporter gene activ-
ity. In contrast, in the same experiment there was a more
modest increase in expression of the Flag-AR, suggesting
that increased AR protein is not the sole basis for enhanced
reporter gene expression. Finally, to study whether the
effects of PP1 are promoter/enhancer-specific, LNCaP and
PC3 cells (an AR-negative PCa cell line) in steroid-depleted
medium were transiently transfected with AR and a panel of
AR-regulated luciferase reporter genes, minus or plus PP1�,
and DHT-stimulated activity was assessed. As shown in Fig.
6E (LNCaP) and 6F (PC3), co-transfection of PP1� strongly
enhanced AR transactivation of all four androgen-regulated
reporter genes. Taken together, the marked increases in

DHT-stimulated AR reporter gene
expression in AR and PP1�-co-
transfected LNCaP cells, in con-
junction with more modest in-
creases in AR protein in these
cells, indicate that PP1� can
enhance AR transcriptional activ-
ity in addition to its effects on AR
protein expression.
PP1 Inhibitor Tautomycin Im-

pairs AR Transcriptional Activity—
Consistent with the above results,
transient transfection with AR-
regulated reporter genes showed
that the PP1 inhibitor tautomycin
could markedly decrease DHT-
stimulated transcriptional activity
(Fig. 7A). Moreover, using quantita-
tive real time RT-PCR, we found
that tautomycin treatment of
LNCaP cells could suppress DHT-
stimulated expression of the endog-
enous androgen-regulated PSA and
TMPRSS2 genes (Fig. 7, B and C).
Consistent with these results, we
also found that two different PP1�
siRNA decreased DHT-stimulated
PSA mRNA levels in LNCaP cells
(Fig. 7D).
To assess the effects of tautomy-

cin on endogenous AR protein ver-
sus AR transcriptional activity, we
examined a DHT dose response in

LNCaP cells. In the absence of tautomycin, AR protein levels
were increased, and PSA expression was strongly stimulated at
0.1–1 nMDHT (Fig. 7E). Tautomycin caused a decrease in total
AR protein at lower DHT concentrations, but AR levels par-
tially recovered at higherDHTconcentrations. AR phosphoryl-
ation at Ser-81 also partially recovered at higher DHT concen-
trations, although the level of pS81 relative to total AR was still
decreased at high DHT concentrations. In contrast, PSA levels
were markedly decreased by tautomycin at low DHT concen-
trations, and did not recover at DHT concentrations up to 100
nM, despite the increases in total AR (Fig. 7E). Similar results
were obtained in C4-2 cells, which have substantial basal AR
activity in the absence of added DHT and respond to lower
levels of DHT (Fig. 7F). Taken together, the PP1� transfection
and tautomycin data demonstrate that endogenous PP1� can
markedly enhance AR transcriptional activity, and that mech-
anisms in addition to AR protein stabilization may contribute
to this effect.
In contrast to tautomycin, the PP2A inhibitor fostriecin

increased AR protein and markedly increased both pS81 and
PSA in LNCaP cells (Fig. 7G). This result confirms that PP2A
negatively regulates AR in cells that do not express SV40 T
antigen, and shows that protein phosphatases have distinct
effects on AR expression and phosphorylation (Fig. 7G).

µµ

α

FIGURE 7. PP1 inhibition reduces endogenous AR-mediated transcriptional activity. A, LNCaP cells were
transfected with 2.5 ng of Renilla control, 50 ng of ARE4- or PSA-luciferase reporter plasmids. The medium was
then changed to CDS without or with 10 nM DHT and 500 nM tautomycin as indicated for 24 h. B and C, LNCaP
grown in CDS medium for 2 days were treated with DHT and tautomycin as indicated. Total RNA was isolated
for real-time RT-PCR analysis of PSA (B) and TMPRSS2 (C) gene expression. Values shown are means of duplicate
samples and are representative of two experiments. D, LNCaP were transfected with 20 nM of RNAi for nonspe-
cific control (NS), AR, or PP1, incubated in CDS medium for 2 days, and then treated with 10 nM DHT for 24 h as
indicated. Total RNA was isolated for real-time RT-PCR analysis of PSA gene expression. E and F, LNCaP (E) and
C4-2 (F) cells were split in CDS medium for 2 days, and treated for 24 h with different doses of DHT, without or
with 250 nM tautomycin. G, LNCaP cells split in CDS medium for 2 days were treated with 10 nM DHT 24 h,
together with different doses (nM) of PP2A-specific inhibitor fostriecin.
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PP1 Inhibition Enhances AR Phosphorylation at Ser-650 and
Decreases ARNuclear Localization—The above results showed
that PP1� could both stabilize AR and enhance it transcrip-
tional activity, but it was not clear whether these were direct
effects of PP1 on AR versus indirect effects of PP1 on other
proteins that regulate AR stability and activity. Therefore, we
next used a panel of phosphospecific antibodies directed at pre-
viously identified AR phosphorylation sites to determine
whether AR phosphorylation at specific sites was increased by
PP1 inhibition (7, 10). The AR was precipitated from tautomy-
cin or control treated LNCaP cells, and equal amounts of total
AR protein were then immunoblotted with phosphospecific
AR antibodies. Tautomycin treatment resulted in a marked
increase in the phosphorylation of Ser-650, and a modest
increase in Ser-256 and Ser-424, with no clear change at Ser-16,
Ser-81, Ser-94, Ser-213, or Ser-308 (Fig. 8,A and B and data not
shown). This result indicates that PP1 may selectively dephos-
phorylate AR at Ser-650, although we cannot yet rule out
dephosphorylation of other sites or the possibility that PP1
inhibition is strongly activating kinases that target Ser-650 (4,
10). Interestingly, a previous study of sites targeted by PP2A in
theARN terminus found that Ser-650 phosphorylationwas not
decreased by PP2A, consistent with Ser-650 being a site tar-
geted specifically by PP1 (7).
The functional significance of AR phosphorylation at most

sites has not been established, but recent results indicate that
AR nuclear export can be enhanced by Ser-650 phosphoryla-
tion and by OA treatment (10, 18). Therefore, we determined
whether tautomycin treatment altered the nuclear localization
of endogenousAR inLNCaP cells. As expected,DHT treatment

of LNCaP cells in androgen-depleted medium stimulated a
marked increase in nuclear AR and a corresponding decrease in
cytoplasmic AR (Fig. 8C). The addition of tautomycin reduced
this nuclear localization, with a marked decrease in the ratio of
nuclear to cytoplasmic AR. Tautomycin also caused a loss in
nuclear AR in cells that were co-treatedwith proteasome inhib-
itors (MG115 � MG132), consistent with a direct effect on AR
cellular localization that is independent increased degradation
(Fig. 8D). Taken together, these results indicate that PP1 inhi-
bition is enhancing AR Ser-650 phosphorylation, nuclear
export, and degradation.
Finally, to determine whether these effects of PP1 inhibition

were dependent on increased Ser-650 phosphorylation, we
examined an S650A mutant AR. For these experiments we
generated LNCaP cells stably transfected with N-terminal Flag
epitope-tagged wild-type or S650A AR. As observed with the
endogenous AR, tautomycin treatment of cells expressing the
Flag-tagged wild-type AR caused a marked loss of nuclear
Flag-AR and a decrease in total Flag-AR expression (Fig. 8E). In
contrast, tautomycin did not decrease levels of the Flag-
AR(S650A) in the nucleus or decrease total cellular levels (Fig.
8E), indicating that these effects of PP1 inhibition are mediated
by increased Ser-650 phosphorylation.

DISCUSSION

We initially observed cell type-specific effects on AR of a
nonspecific phosphatase inhibitor, OA. Using a more specific
PP1 inhibitor (tautomycin) and PP1 siRNA, we found that pro-
teasome-mediated AR degradation was increased in response
to PP1 suppression in all cell types examined. Conversely, over-

FIGURE 8. PP1 mediates AR dephosphorylation at Ser-650 and nuclear retention. A, LNCaP cells were split in FBS medium for 2 days, and 500 nM tautomycin
was added for 1 or 8 h. AR was precipitated with anti-AR(N441), and equal amounts of total AR were immunoblotted with a panel of phospho-AR-specific
antibodies and a total AR antibody. The band intensities for each phospho-antibody were normalized to the total AR, and the ratio in the absence of tautomycin
was set at 1. Fold increase after 1 or 8 h of tautomycin were then determined, and the graph shows the average fold change from three independent
experiments. B, representative blot showing results with pS81 and pS650 antibodies. C, LNCaP cells were grown in CDS medium for 2 days, and 10 nM DHT was
added for 1 and 4 h. Tautomycin (500 nM) was added as indicated, and cells were harvested with the NE-PER kit for nuclear and cytoplasmic proteins. D, as in
C, LNCaP cells grown in CDS medium were treated with 10 nM DHT and tautomycin, with and without proteasome inhibitor (MG115/132, 5 �M each) as
indicated, and nuclear versus cytoplasmic AR were assessed. E, LNCaP stable lines expressing Flag-tagged AR wild-type or S650A mutant were grown in FBS
medium and treated with tautomycin (500 nM) as indicated. Nuclear and total protein extracts were then immunoblotted with an anti-Flag Ab.
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expression of PP1� increased AR expression and transcrip-
tional activity. In contrast, the PP2A specific inhibitor fostrie-
cin enhanced AR protein expression and transactivation,
supporting a physiological role for PP2A in negative AR regu-
lation in cells that do not express SV40 small T-antigen (7).
While an association between AR and PP2A could not be
detected, presumably reflecting a weak and transient interac-
tion, we readily detected an AR-PP1 interaction by coprecipi-
tation that was independent of androgen. DHT treatment also
stimulated the nuclear translocation of both endogenous AR
and PP1�, supporting a physiological interaction and indicat-
ing that AR may function as a PP1 regulatory subunit for
nuclear targeting of PP1. Significantly, PP1 inhibition caused a
dramatic and specific increase in Ser-650 phosphorylation.
Moreover, consistent with recent data showing that Ser-650
phosphorylation stimulates AR nuclear export (10), we found
that PP1 inhibition markedly decreased nuclear AR. Finally,
these effects of PP1 inhibition on AR levels and nuclear local-
ization were abrogated by a S650A mutation, indicating that
they are due to phosphorylation at this site. Taken together,
these results demonstrate that PP1 interacts with AR and
enhances its stability, that AR contributes to PP1 nuclear
recruitment, and that PP1 enhances AR nuclear expression by
selective dephosphorylation of Ser-650.
The increase in proteasome-mediated degradation of AR in

response to PP1 inhibition by tautomycin may be secondary to
increased nuclear export and subsequent exposure to ubiquitin
ligases in the cytoplasm. However, Ser-650 is also imbedded in
a PEST sequence (residues 638–658) that may directly target
AR for degradation through proteasome- or caspase-3-depend-
ent pathways (19–21). Significantly, one report indicates that
Ser-650 phosphorylation enhances the interaction between AR
and the E3 ubiquitin-ligase CHIP (22).While PP1 binding is not
androgen-dependent, conformational changes in ARmediated
by ligand binding or interactionswith other proteinsmay none-
theless regulate PP1 accessibility to pS650, and thereby indi-
rectly regulate AR localization or degradation (8).
In this study, coprecipitation experiments indicated that

there was a direct interaction between AR and PP1�, although
an indirect interaction mediated by a PP1 regulatory protein
cannot yet be excluded. Binding of PP1 catalytic subunits to
many regulatory subunits is mediated in part by a short motif,
(R/K)VXF (13, 14, 23, 24). The AR has one site (KVFF) that fits
this motif, which is located in the DNA binding domain and is
part of the DNA recognition helix. Our preliminary studies
indicate that this site is not required for AR-PP1 binding (data
not shown). However, further studies are needed to determine
whether AR is interacting directly with the PP1 catalytic sub-
unit through this site or other motifs (25). Alternatively, it
remains possible that binding is mediated through a PP1 regu-
latory protein.
In prostate cancer cells, overexpression of PP1 markedly

stimulated AR-mediated transcription, while PP1 inhibition
significantly impaired AR transcriptional activity. The magni-
tude of variations in total AR protein expression were less dra-
matic and unlikely to fully account for these effects on tran-
scription. Increased nuclear AR clearly provides a further
mechanism for the stimulation of AR transcriptional activity by

PP1. Additionally, PP1 is known to interact with multiple pro-
teins that regulate chromatin remodeling, transcription, and
mRNA splicing (26–31). Therefore, in addition to mediating
Ser-650 dephosphorylation and increasing nuclear AR, PP1
may be recruited to AR target genes and function as a coactiva-
tor of AR transcriptional activity. Moreover, nuclear recruit-
ment of PP1 by AR would provide a mechanism by which AR
could both enhance transcription and regulate splicing of spe-
cific genes. These hypotheses are currently under investigation.
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