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ABSTRACT

P-TEFb (CDK9/cyclin T) plays a central role in andro-
gen receptor (AR)-mediated transactivation by phos-
phorylating both RNA polymerase 2 complex pro-
teins and AR at S81. CDK9 dephosphorylation mo-
bilizes P-TEFb from an inhibitory 7SK ribonucleo-
protein complex, but mechanisms targeting phos-
phatases to P-TEFb are unclear. We show that
AR recruits protein phosphatase 1� (PP1�), re-
sulting in P-TEFb mobilization and CDK9-mediated
AR S81 phosphorylation. This increased pS81 en-
hances p300 recruitment, histone acetylation, BRD4
binding and subsequent further recruitment of P-
TEFb, generating a positive feedback loop that sus-
tains transcription. AR S81 is also phosphorylated
by CDK1, and blocking basal CDK1-mediated S81
phosphorylation markedly suppresses AR activity
and initiation of this positive feedback loop. Finally,
androgen-independent AR activity in castration-
resistant prostate cancer (CRPC) cells is driven by
increased CDK1-mediated S81 phosphorylation. Col-
lectively these findings reveal a mechanism involving
PP1� , CDK9 and CDK1 that is used by AR to initiate
and sustain P-TEFb activity, which may be exploited
to drive AR in CRPC.

INTRODUCTION

The androgen receptor (AR) plays a central role in prostate
cancer (PCa) development, and most patients initially re-

spond to androgen deprivation therapy (ADT, surgical or
medical castration), but the tumors inevitably recur despite
castrate levels of androgen (castration-resistant prostate
cancer, CRPC). AR expression is generally increased in
CRPC, and one mechanism further driving its activity is
intratumoral synthesis of androgens from adrenal gland
derived precursors or de novo from cholesterol (1,2). This
activity can be suppressed by drugs including abiraterone
(which inhibits the enzyme CYP17A1 required for andro-
gen synthesis) or by the direct AR antagonist enzalutamide,
and both abiraterone and enzalutamide are now FDA ap-
proved for treatment of CRPC. However, patients who re-
spond to these agents generally relapse within 1–2 years and
AR appears to still be contributing to the growth of these
relapsed tumors in at least a substantial subset of patients.
Therefore, there remains a critical need to further elucidate
mechanisms contributing to AR activity and identify novel
therapeutic targets.

AR activity can be modulated by phosphorylation at
multiple sites (3), with serine 81 (S81) in the N-terminal do-
main being the major site that undergoes phosphorylation
in response to androgen (4). S81 phosphorylation can en-
hance AR binding of the coactivator EP300 (p300), with
subsequent acetylation of histones and possibly AR, and
an S81A mutation can markedly impair AR activity (5–7).
In androgen-dependent PCa cells, the androgen-stimulated
phosphorylation of S81 increases gradually over about 8
h and appears to be dependent on AR binding to chro-
matin, as it can be prevented by a mutation in the AR
DNA binding domain (4,8). This S81 phosphorylation is
mediated primarily by CDK9, presumably in association
with cyclin T (6). The CDK9/cyclin T complex (positive
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transcriptional elongation factor b, P-TEFb) is recruited to
enhancer/promoter sites by BRD4, where its primary func-
tion is to phosphorylate NELF (Negative Elongation Fac-
tor) and serine 2 in the RNA polymerase 2 C-terminal do-
main (CTD), and thereby stimulate transcriptional elonga-
tion (9–11).

A large fraction of P-TEFb is held in an inactive state
by association with a complex containing 7SK RNA and
HEXIM1, and can be released from this complex through
dephosphorylation of CDK9 by protein phosphatases, in-
cluding protein phosphatase 1 (PP1) (12–17). There are
three isoforms of the PP1 catalytic subunit, with PP1� be-
ing the major isoform. PP1� associates with a large number
of regulatory proteins that determine its localization and
activity (18). A regulatory protein targeting PP1 to chro-
matin is PNUTS (PP1 Nuclear Targeting Subunit), but ad-
ditional mechanisms that may target PP1� to chromatin to
drive CDK9 dephosphorylation and P-TEFb mobilization
remain to be identified (19). We reported previously that AR
could interact with PP1�, and that PP1� could enhance AR
activity by dephosphorylating S650 in the AR hinge region
and thereby prevent its nuclear export (20,21). We further
found that PP1� could increase AR protein stability by sup-
pressing the activity of ubiquitin ligases that target AR (22).
In this study we show that AR also recruits PP1� to chro-
matin, where it mediates the dephosphorylation and mobi-
lization of CDK9 to both drive transcriptional elongation
and AR S81 phosphorylation, leading to further CDK9 re-
cruitment via p300 and BRD4 to drive AR transcriptional
activity.

While AR S81 phosphorylation in response to androgen
stimulation is mediated primarily by CDK9, this site can
also be phosphorylated by CDK1 (23). CDK1 activity is
increased in CRPC (24), and we showed previously that in-
creased CDK1 activity could sensitize PCa cells to low lev-
els of androgen and may thereby contribute to AR activity
in CRPC (23). In this study we show that basal (in steroid-
depleted medium) AR S81 phosphorylation and transcrip-
tional activity in CRPC cells are mediated by CDK1, and
cannot be suppressed by AR antagonists. Moreover, we
show that CDK1 inhibition in both androgen-dependent
and independent PCa cells suppresses responses to andro-
gen stimulation. Taken together our findings indicate that
low levels of basal CDK1-mediated AR S81 phosphory-
lation are important to initiate transcription in response
to androgen, which can then stimulate a positive feedback
loop with recruitment PP1� and BRD4, mobilization and
recruitment of P-TEFb, and subsequent further AR S81
phosphorylation. We hypothesize that increased CDK1 ac-
tivity in CRPC acts through this positive feedback loop, and
that therapies targeting components of this loop may be ef-
fective in CRPC.

MATERIALS AND METHODS

Reagents

Compounds and vendors are as follows: dihydrotestos-
terone (DHT) and nocodazole (Sigma-Aldrich); R1881
(PerkinElmer); RO-3306 (Alexis Biochemicals); CDK9 In-
hibitor II (EMD Millipore); C646 (Xcess Biosciences);

Dinaciclib (SCH-727965, Selleckchem); Tautomycin (Cal-
biochem and Enzo Life Science); Fostriecin, Roscovi-
tine, CGP74514A, Olomoucine II, CDK1/2 inhibitor and
CDK1/5 inhibitor (Calbiochem). The Pfizer CDK1 in-
hibitor (PF-00176275 or AG024322) was kindly provided
by Pfizer Inc. The BRD4 antagonist JQ1 was kindly pro-
vided by Dr J. Bradner (DFCI, Boston, MA, USA). FBS
(fetal bovine serum) and CDS (charcoal-dextran stripped
serum) were from Hyclone. AR constructs and mutants,
and the CDK1-AF and cyclin B1 (CCNB1) expression
plasmids have been described previously (5,22,23). siRNAs
are as below: control siRNA (Dharmacon, Cat. D-001810-
01-05); CDK1 siRNAs (Dharmacon, Cat. M-003224-
03; Cell Signaling, Cat. 3500S), PP1� siRNAs (Dhar-
macon, Cat. M-008927-00; Santa Cruz, Cat. Sc-36299);
and AR siRNA (AR-1981, target sequence: AGGUUCU-
CUGCUAGACGACdTdT). The Flag-tagged AR-W741C-
S650A(Ser650Ala) plasmid was generated based on a re-
ported vector (5) using DNA mutagenesis.

Antibodies and immunoblotting

The sources for the antibodies and control IgGs were as
following: AR (Santa Cruz, Cat. sc-816); pAR-S81 (EMD
Millipore, Cat. 07–1375); pAR-S308 (Santa Cruz, Cat. sc-
26406); pRNA Pol II Ser2 (Abcam, Cat., ab5095); pRNA
Pol II Ser5 (Abcam, Cat. ab5131); CDK1 (Cell Signal-
ing, Cat. 9112); pCDK1-T161 (Cell Signaling, Cat. 9114);
CDK9 (Santa Cruz, Cat. sc-8338); Cyclin T1 (Santa Cruz,
Cat. sc-10750); BRD4 (Bethyl, Cat. A301-985A); p300
(Santa Cruz, Cat. sc-585); Histone 3 (Abcam, Cat. ab1791);
H3K27Ac (Abcam, Cat. ab4729); pH3-Ser10 (EMD Milli-
pore, Cat. 06–570); FoxA1 (Abcam, Cat. Ab23738); PSA
(Meridian Life Science, Cat. K92110R); Flag-M2 (Sigma-
Aldrich, Cat. F3165); HA (Cell Signaling, Cat. 3724); �-
Tubulin (EMD Millipore, Cat. MAB3408); �-Actin (Ab-
cam, Cat. Ab6276); GAPDH (Abcam, Cat. Ab9485);
Hsp90 (Santa Cruz, Cat. sc-69703), PP1 (Santa Cruz: Cat.
sc-443; Cat. sc-6104; and Cat. sc-6105), and control IgGs
(Santa Cruz: normal rabbit IgG, Cat. sc-2027; and normal
goal IgG, Cat. sc-2028). Protein A and protein G was from
Pierce (Cat. 20334 and Cat. 20399, respectively). The anti-
flag M2 affinity gel was from Sigma-Aldrich (Cat. A2220).
Western blots were developed using X-Ray film (Research
Products International) and the Western Lightning Plus-
ECL reagent (PerkinElmer). Images were acquired using a
CanoScan LiDE 210 scanner.

Peptide competition assay

For peptides: three indicated peptides (AR-S81-P: Q Q Q
E T [pSER] P R Q Q Q; AR-S81-C: Q Q Q E T S P R Q
Q Q; AR-S650-P: A S S T T [pSER] P T E E T) were from
Genscript USA. The peptides were suspended in solvent A
(99.8% Water, 0.1% Acetonitrile and 0.1% Trifluoroacetic
acid) and aliquots were stored at −80◦C. For blocking, indi-
cated folds (in molar concentration as compared to the pri-
mary antibody) of peptides were added to the primary an-
tibody suspension, and then incubated by rotation at room
temperature for 2 h, followed by proceeding to blotting.
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Cell culture and transfection

LNCaP were grown in RPMI-1640 containing 10% FBS;
the LNCaP-Abl cell line was maintained in phenol-red free
RPMI-1640 medium (Gibco) containing 10% CDS; C4-2
and VCaP cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) medium containing 10% FBS; and 293T
cells were grown in DMEM medium with 5% FBS. Cell
line identity was confirmed based on short tandem repeat
testing. For androgen-starving conditions, cells were grown
in medium containing CDS. Plasmids and siRNA transfec-
tions were carried out using the Lipofectamine 2000 (Invit-
rogen), following the manufacturer’s directions.

Chromatin immunoprecipitation (ChIP) and qPCR

ChIP analysis was as previously described (25). Anti-
bodies used were anti- AR (Santa Cruz, Cat. sc-816),
anti-pAR-S81 (EMD Millipore, Cat. 07–1375), anti-
pRNA Pol II Ser2 (Abcam, Cat., ab5095), anti-pRNA
Pol II Ser5 (Abcam, Cat. ab5131), anti-CDK9 (Santa
Cruz, Cat. sc-8338), anti-cyclin T1 (Santa Cruz, Cat.
sc-10750), anti-BRD4 (Bethyl, Cat. A301-985A); anti-p300
(Santa Cruz, Cat. sc-585), anti-H3K27Ac (Abcam, Cat.
ab4729), anti-PP1� (combined Santa Cruz sc-6104 and
sc-6105). Primers for ChIP were: PSA-enhancer: For-
ward, 5′-GCCTGGATCTGAGAGAGATATCATC-3′;
Reverse, 5′-ACACCTTTTTTTTTCTGGATTGTTG-
3′; PSA-promoter: Forward, 5′-
TCCTGAGTGCTGGTGTCTTAG-3′; Reverse, 5′-
CAGGATGAAACAGAAACAGGG-3′; KLK2-Enhancer:
Forward, 5′-GCCTTTGCTCAGAAGACACA-3′; Re-
verse, 5′-ACAAGAGTGGAAGGCTCTGG -3′; KLK2-
Promoter: Forward, 5′-CCTGTTGCTGTTCATCCTGA-
3′; Reverse, 5′-CCTATGGATCATGGAGATGTGA-3′.

RNA isolation and qRT-PCR analysis

RNA isolation was carried out using the TriZOL reagent
(Ambion) and the qRT-PCR analysis on gene expres-
sion was performed with the TaqMan One-Step RT-
PCR Master Mix Reagents (Applied Biosystems). The
TaqMan primers were: KLK2 pre-mRNA: Forward,
5′-GCCACAGCCCAGTTTTTCTC-3′; Reverse, 5′-
TGGAGGCTCACACACTGAAGA-3′; Probe, 5′-FAM-
ACCCATAGTCTTGCGCCCCAGGA-3′. The TaqMan
primer-probe sets for KLK2 and KLK3/PSA (FAM
labeled) and the internal control GAPDH (VIC-TAMRA
labeled) transcripts were purchased as inventoried mixes
from Applied Biosystems.

Co-immunoprecipitations (Co-IP)

Cells were harvested in triton lysis buffer (TLB) contain-
ing protease inhibitors, as described previously (Chen et
al. (20)). The lysates were incubated on ice for 20 min and
centrifuged for 5 min at maximum speed. 20 �l of the su-
pernatant was saved as input and the rest was mixed with
anti-flag M2 beads, followed by incubation at 4◦C on a
rotator for 2 h. Then the input and washed (4×) beads
were boiled in 60 �l of Laemmli buffer containing 5% �-
mercaptoethanol.

Cellular fractionation and cell proliferation analysis

The cellular fractionation assay was performed with the
Subcellular Protein Fractionation Kit (Pierce), following
the manufacturer’s direction. Cell proliferation assay was
carried out as below: cells were cultured in 96-well plate for 2
days and then treated for 3 days as indicated. The cell count-
ing analysis was performed with the CellTiter-Glo assay kit
(Promega), following the manufactures’ manual.

Statistical analyses

Data in bar graphs represent mean ± SD of three technical
replicates, and are representative of at least three indepen-
dent experiments. Results for immunoblotting are represen-
tative of at least three independent experiments.

RESULTS

AR S81 phosphorylation by CDK9 is tightly linked to chro-
matin binding and transcriptional activation

Consistent with previous studies, androgen-dependent
LNCaP PCa cells have very low levels of AR pS81 in the
absence of exogenous androgens (cultured in medium with
charcoal/dextran stripped serum, CSS medium), these lev-
els can be increased by treatment with androgen (DHT)
and this increase can be suppressed by cotreatment with
direct AR antagonists (bicalutamide or enzalutamide) or
by a CDK9 inhibitor (CDK9 inhibitor II, iII) (Figure 1A).
The specificity of the AR pS81 antibody was supported by
peptide blocking experiments (Supplementary Figure S1).
These results support the conclusion that S81 phosphoryla-
tion of the chromatin-associated AR is mediated by CDK9,
presumably in concert with cyclin T in the P-TEFb complex.

Recruitment of P-TEFb to chromatin can be medi-
ated through an interaction with the bromodomain pro-
tein BRD4 (26,27), which binds to acetylated histones and
has been reported to also interact directly with AR (28).
Therefore, to further assess whether AR S81 phosphoryla-
tion is mediated by chromatin-associated P-TEFb, we used
JQ1 (which blocks BRD4 binding to acetylated lysines) to
suppress BRD4 binding to chromatin. JQ1 suppressed the
DHT-stimulated increase in pS81 (Figure 1A and B) and,
consistent with previous reports, prevented induction of the
strongly AR regulated PSA and KLK2 genes (Figure 1C).
Using ChIP-qPCR we further confirmed that JQ1 blocked
the DHT-stimulated recruitment of BRD4 and CDK9 to
the PSA enhancer and promoter (Figure 1D). AR binding
was similarly decreased, and there was a marked decrease in
levels of pS81 AR associated with these sites. Finally, bind-
ing of active (phosphorylation on S5) RNA polymerase 2
(pS5) was also decreased and similar effects were seen on the
KLK2 enhancer and promoter (Figure 1E). These findings
further establish that BRD4 mediates P-TEFb recruitment
to these AR-regulated genes, and that chromatin-associated
CDK9 mediates AR S81 phosphorylation.

AR S81 phosphorylation has been reported to enhance
binding of the histone acetyltransferase EP300 (p300) (7),
suggesting that p300 binding and subsequent histone acety-
lation may drive a positive feedback loop through increased
BRD4 recruitment, a subsequent increase in P-TEFb re-
cruitment and further AR S81 phosphorylation. Consistent
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Figure 1. Androgen-stimulated AR Ser81 phosphorylation is associated with chromatin occupancy of BRD4 and P-TEFb. (A) LNCaP cells in steroid-
depleted medium (RPMI with charcoal/dextran stripped serum, CDS medium) were pre-treated for 30 min with AR antagonist (bicalutamide: BIC, 10
�M; or enzalutamide: ENZ, 10 �M), CDK9 inhibitor (CDK9 inhibitor II: iII, 50 �M) or JQ1 (500 nM) as indicated, and then treated for 4 h with 10 nM
DHT followed by lysis and immunoblotting. (B and C) LNCaP cells in CDS medium were treated for 4 h with DHT and BRD4 antagonist JQ1 (500 nM)
as indicated, followed by immunoblotting (B) or RNA isolation and qRT-PCR analysis (C). (D and E) LNCaP cells in CDS medium were treated for 4 h
with DHT and JQ1 as indicated, followed by ChIP-qPCR for occupancy of AR, pS81 (S81 phosphorylated AR), pS5 (S5 phosphorylated RNA Pol II),
CDK9 and BRD4 on AR-regulated elements (AREs) in the KLK3/PSA (D) and KLK2 (E) genes.

with pS81 enhancement of p300 binding, suppressing S81
phosphorylation by treatment with a CDK9 inhibitor (iII)
decreased DHT stimulated binding of p300 to the PSA and
KLK2 genes (Figure 2A). It should be noted that iII also
impairs AR recruitment to chromatin (5), so the decrease in
p300 binding may reflect both decreased total and S81 phos-
phorylated AR. We next used an inhibitor of p300 acetyl-
transferase activity (C646) to further dissect the role of p300
in AR mediated transcriptional activation. Treatment with
C646 prevented DHT stimulated H3K27 acetylation on the
PSA and KLK2 gene enhancers, and impaired the DHT
stimulated binding of AR to these genes (Figure 2B). Sig-
nificantly, C646 completely blocked the DHT-stimulated re-
cruitment of BRD4, CDK9 and RNA polymerase 2, as well
as the CDK9-mediated phosphorylation of AR S81. Bind-
ing of p300 was also abrogated, consistent with its bind-
ing being enhanced by AR S81 phosphorylation and by hi-
stone acetylation. As expected, C646 prevented the DHT
stimulated induction PSA and KLK2 mRNA (Figure 2C).
Finally, by immunoblotting we found that C646 globally
suppressed DHT stimulated AR S81 phosphorylation (Fig-
ure 2D). It should be noted that while iII and JQ1 had
no clear effects on levels of total AR, CDK9 or BRD4,
treatment with C646 did decrease total AR, possibly due
to decreased AR acetylation (7), which may contribute to
decreased AR binding to chromatin (Supplementary Fig-
ure S2). Together these results support a positive feedback
mechanism for androgen-stimulated AR activity whereby
low levels of pS81 AR enhance recruitment of p300, with
subsequent histone acetylation, increased recruitment of

BRD4 and P-TEFb and subsequent further AR S81 phos-
phorylation.

PP1� is recruited to chromatin by AR to mobilize CDK9

A large fraction of P-TEFb is held in an inactive state
by association with a complex containing 7SK RNA and
HEXIM1, and can be released from this complex through
dephosphorylation of CDK9 at S175 and T186 by phos-
phatases including PP1� (12–15,17,29). We reported previ-
ously that nuclear PP1� was increased in response to andro-
gen, and that it associates with AR and dephosphorylates
S650 in the AR hinge region, thereby enhancing AR nu-
clear retention (20). These findings suggested that PP1� also
may be recruited to chromatin by AR, and could thereby en-
hance AR transcriptional activity through CDK9 dephos-
phorylation and subsequent mobilization of P-TEFb. To
initially test this hypothesis, we used ChIP to determine
whether PP1� was recruited in conjunction with AR to the
AR regulated enhancer in the PSA gene. Significantly, we
found that stimulation with DHT for 4 h resulted in recruit-
ment of both AR and PP1� to the AR regulated enhancer
in the PSA gene, and also to the AR regulated enhancers in
the KLK2 and TMPRSS2 genes (Figure 3A). This recruit-
ment of PP1� was also observed at shorter times and per-
sisted for at least 8 h (Figure 3B). In an independent PCa
cell line (VCaP), we similarly found that DHT treatment in-
creased pS81, PSA and PP1� binding to the PSA and KLK2
enhancers (Supplementary Figure S3A–C).

We next used ChIP to determine whether treatment with
the PP1� inhibitor tautomycin had an effect on CDK9
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Figure 2. AR S81 phosphorylation and p300 recruitment coordinate a positive-feedback loop to sustain AR-mediated transactivation. (A) LNCaP cells in
CDS medium were treated for 4 h with DHT (10 nM) and CDK9 antagonist (iII: CDK9 inhibitor II, 50�M), followed by ChIP-qPCR for p300 binding to
the AREs in the KLK3/PSA and KLK2 genes. (B) LNCaP cells in CDS medium were treated with DHT and p300 antagonist (C646, 10 �M), followed by
ChIP-qPCR for binding to AR-regulated PSA and KLK2 enhancers. H3K27Ac: Lysine 27 acetylated histone H3. (C and D) LNCaP cells in CDS medium
were treated with DHT and C646, followed by RNA isolation for qRT-PCR (C) or immunoblotting (D).

activity at the AR regulated PSA enhancer. Indeed, tau-
tomycin (Tau) prevented the DHT-stimulated increase in
chromatin occupancy of P-TEFb (CDK9 and cyclin T1)
and decreased binding of RNA polymerase II phosphory-
lated at serine 2 (site phosphorylated by CDK9) and 5 (Fig-
ure 3C). Consistent with the CDK9 mediated phosphory-
lation of AR at S81, tautomycin also decreased binding of
S81 phosphorylated AR (Figure 3C). To address whether
these effects of tautomycin may reflect increased S650 phos-
phorylation, we examined the behavior of a Flag-tagged
S650A/W741C AR transiently expressed in LNCaP cells.
Treatment with bicalutamide (which stimulates the W741C
mutant but not endogenous AR in LNCaP cells) increased
binding of the Flag-tagged AR to the KLK2 and KLK3
enhancers. Significantly, this binding was prevented by tau-
tomycin, indicating that the loss of chromatin binding is
not due to increased S650 phosphorylation (Supplementary
Figure S4). We also confirmed that tautomycin did not de-
crease levels of total AR, CDK9 or BRD4 (see Supplemen-
tary Figure S2).

Importantly, while tautomycin is the most potent avail-
able inhibitor of PP1�, it is also a less potent inhibitor
of PP2A. However, in contrast to tautomycin, the selec-
tive PP2A inhibitor fostreicin (Fos) enhanced AR and pS81
AR binding to chromatin (Figure 3D). This result is consis-
tent with previous data showing PP2A can dephosphorylate
pS81 and suppress AR activity (20,30,31). To broadly as-
sess effects of tautomycin, we next isolated chromatin from
LNCaP cells treated with DHT and tautomycin. As ex-
pected, in response to DHT there was increased total and

pS81 AR in the chromatin fraction, as well as increased
PP1�, and P-TEFb (CDK9 and cyclin T) (Figure 3E). Sig-
nificantly, these increases were all prevented by tautomycin
treatment. Treating with tautomycin similarly blocked the
DHT-stimulated increases in chromatin bound AR (total
and pS81), BRD4 and P-TEFb in VCaP cells (Supplemen-
tary Figure S3D).

To further establish that the effects of tautomycin were
mediated through PP1� (the major PP1 catalytic subunit
isoform), we examined the effects of transiently decreasing
PP1� with two independent siRNA. Both siRNA decreased
PP1�, and this was associated with marked decreases in
DHT-induced AR S81 phosphorylation (Figure 3F). More-
over, as observed with tautomycin, PP1� siRNA impaired
or prevented the DHT-stimulated recruitment of AR, pS81
AR, pRNA pol2 and CDK9 to the KLK2 enhancer (Fig-
ure 3G). Consistent with this result, PP1� siRNA also sup-
pressed the DHT-stimulated transcription of KLK2 and
KLK3 (Figure 3H). Together these findings demonstrate
that PP1� is recruited to chromatin by AR and that its cat-
alytic activity contributes to the recruitment of P-TEFb.

PP1� binding to AR is regulated by the AR N-C terminal
interaction

We reported previously that PP1� binding to AR was not
dependent on androgen (20). In further studies we have
found that DHT treatment can decrease AR-PP1� bind-
ing (Figure 4A). This decrease appears related to the spe-
cific agonist conformation induced by DHT binding, as the
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Figure 3. AR stimulates PP1� recruitment and mobilization of P-TEFb. (A and B) LNCaP cells in CDS medium were treated for 2 h (A) or 2–8 h (B) with
androgen (10 nM DHT) as indicated, followed by ChIP-qPCR for AR and PP1� binding to the indicted AREs. (C) LNCaP cells in CDS medium were
treated for 4 h with PP1� inhibitor tautomycin (Tau, 200 nM) and DHT, followed by ChIP-qPCR. (D) LNCaP in CDS medium were treated overnight
with PP2A-specific inhibitor fostriecin (Fos, 100 nM) and DHT, followed by ChIP-qPCR. (E) LNCaP cells in CDS medium were treated for 4 h with
tautomycin and DHT as indicated, followed by isolation of cytoplasmic, nuclear and chromatin fractions, with HSP90, FOXA1 and H3 used as marker
proteins for the cellular fractions, respectively (right panel). The chromatin fraction was then immunoblotted for the indicated proteins (left panel). (F–H)
LNCaP cells in CDS medium were transfected with control siRNA, AR-specific siRNA or two independent PP1� siRNAs (20 nM) for 3 days, followed
by treatment with DHT (10 nM). Total proteins were normalized and immunoblotted (F); cells were harvested for ChIP-qPCR analysis (G); or qRT-PCR
analysis was carried out for PSA of KLK2 pre-mRNA (values normalized to the basal activity without DHT, set to 1) (H).



3744 Nucleic Acids Research, 2017, Vol. 45, No. 7

Figure 4. PP1�-AR binding is disrupted by androgen-induced AR N/C interaction. (A) 293T cells transfected with Flag-PP1� and HA-AR full length
were incubated overnight in CDS medium without or with indicated doses of androgen, followed by co-IP analysis. (B) 293T cells were transfected with
Flag-PP1� and HA-AR. Cells were then incubated overnight in CDS medium with bicalutamide (BIC, 10 �M), enzalutamide (ENZ, 10 �M), DHT (10
nM) and combinations as indicated, followed by co-IP analysis. (C) 293T cells were transfected with Flag-PP1� and AR, followed by incubation overnight
in CDS medium without or with DHT in combination with indicated AR antagonists (mifepristone: RU486; cyproterone acetate: CPA; and ARN509:
ARN; 10 �M each), followed by co-IP analysis. (D) 293T cells were transfected with Flag-PP1� and AR W741C (bicalutamide-activated mutant) or
F876L (enzalutamide-activated mutant) constructs. Cells were then incubated overnight in CDS medium without or with indicated ligands (BIC: 10 �M
of bicalutamide and ENZ: 10 �M of enzalutamide), followed by co-IP analysis. (E) 293T cells were transfected with Flag-PP1� and indicated HA-AR
constructs. Cells were then incubated overnight in CDS medium without or with DHT (10 nM) for co-IP analysis. (F) 293T cells were co-transfected of
Flag-PP1� and pBIND-AR-LBD. Cells were then incubated overnight in CDS medium without or with 10 nM DHT as indicated, followed by co-IP
analysis. (G) 293T cells were transfected with Flag-PP1� together with HA-AR wild-type (WT) versus its FQNLF motif mutant (FQNAA). The cells were
then incubated overnight in CDS medium, followed by treatment with 10 nM DHT for 30 min or 2 h, followed by co-IP.

AR antagonists bicalutamide or enzalutamide do not im-
pair AR-PP1� interaction and instead can suppress the de-
crease in this interaction caused by DHT (Figure 4B). The
loss of AR-PP1� association mediated by DHT could also
be suppressed by the AR antagonists mifepristone (RU486),
cyproterone acetate (CPA) and ARN-509 (ARN), with the
latter purer antagonist being most effective (Figure 4C).
To further confirm that PP1� binding is decreased when
AR is in the agonist conformation, we examined the AR
mutant W741C, which folds into the agonist conforma-
tion when bound to bicalutamide (32). As shown in Figure
4D, bicalutamide markedly decreased PP1� binding to the
W741C mutant AR. Finally, we found that enzalutamide
similarly decreased PP1� binding to the F876L mutant AR,
for which enzalutamide acts as an agonist (Figure 4D) (33–
35).

These results suggested that PP1� may be interacting
with the AR ligand binding domain (LBD). To assess
whether the PP1�-AR interaction was mediated by the AR
LBD, we then compared PP1� binding to full length AR
(FL) versus to constructs containing the AR DBD-LBD
or only the LBD. As shown in Figure 4E, PP1� bound to

the full length AR and this binding was decreased by DHT.
Both the DBD-LBD and LBD constructs were also bound
by PP1�, with binding to the LBD being the strongest, con-
sistent with a binding site in the LBD. However, surpris-
ingly, DHT did not clearly decrease PP1� binding to the
DBD-LBD or LBD constructs. We also examined another
construct containing the AR LBD fused to the yeast GAL4
DBD (pBIND-LBD), and similarly found that PP1� bind-
ing to pBIND-LBD was not decreased by DHT (Figure
4F).

Significantly, the DHT mediated conformational change
in the LBD induces a strong interaction between an
LXXLL-like motif in the AR NTD (FQNLF) and the coac-
tivator binding site in the LBD (AR N-C interaction) (36–
39). To determine whether this interaction interferes with
PP1� binding, we introduced mutations into the FQNLF
site that abrogate the N-C interaction (36). As shown in Fig-
ure 4G, DHT did not suppress PP1� binding to the FQ-
NAA mutant AR, supporting the conclusion that PP1�
binding to the LBD is negatively regulated by the N-C
interaction. Importantly, while FRET studies have shown
that the N–C interaction occurs rapidly after androgen
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stimulation, they also indicate that this interaction is dis-
rupted when AR is on chromatin, which appears necessary
to enhance binding of coactivator proteins through their
LXXLL-motifs (40–43). Taken together these results indi-
cate that AR recruits PP1� to chromatin through a site on
the LBD, and that access to this site is regulated by the AR
N–C interaction.

DHT-stimulated AR S81 phosphorylation and activity are
dependent on basal S81 phosphorylation by CDK1

Although CDK9 is the dominant kinase mediating S81
phosphorylation in response to DHT, we reported previ-
ously that S81 could also be phosphorylated by CDK1 and
that CDK1 activity could sensitize PCa cells to low lev-
els of androgen (5,23). Consistent with these previous re-
sults, the low basal pS81 levels in LNCaP cells cultured in
steroid-depleted medium could be further reduced by treat-
ment with a CDK1 inhibitor (RO-3306) for as little as 2 h
(Figure 5A). This treatment also reduced CDK1 mediated
histone 3 S10 phosphorylation (H3S10) phosphorylation,
with more modest effects of a CDK9 inhibitor (iII) or enza-
lutamide. Pretreatment with RO-3306 for 2 h also decreased
S81 phosphorylation in response to a subsequent 4 h stimu-
lation with DHT (Figure 5B), and this was associated with
a decrease in DHT-stimulated PSA gene expression (Fig-
ure 5C). These effects of RO-3306 on pS81 were observed
at concentrations at or below those required to decrease
H3S10 phosphorylation (∼5 �M), supporting an on-target
effect (Supplementary Figure S5A). Basal and DHT stim-
ulated pS81 levels in LNCaP cells (Supplementary Figure
S5B and Figure 5D, respectively) and PSA gene expression
(Figure 5E), were similarly decreased by a series of other
CDK1 inhibitors that have varying potency toward other
CDKs.

Two independent CDK1 siRNA were next used to fur-
ther assess the role of CDK1 in basal AR phosphorylation
and activity. Both siRNA suppressed DHT-stimulated S81
phosphorylation and PSA expression (Figure 5F). ChIP-
qPCR studies showed that the CDK1 siRNA also de-
creased DHT-stimulated recruitment of AR, pS81 AR,
pRNA polymerase 2 and p300 to the KLK2 enhancer (Fig-
ure 5G). Consistent with this finding, the DHT-stimulated
expression of KLK2 and KLK3 were also suppressed by the
CDK1 siRNA (Figure 5H).

We next used RO-3306 to determine whether acute short-
term CDK1 inhibition impairs DHT-stimulated AR bind-
ing to chromatin, and whether this is correlated with de-
creased S81 phosphorylation. As shown in Figure 5I, pre-
treatment with RO-3306 for 2–8 h progressively decreased
basal and DHT-stimulated S81 phosphorylation. Signifi-
cantly, the decreases in pS81 were associated with marked
decreases in DHT-stimulated AR binding to chromatin
(Figure 5J). Finally, we examined the effects of CDK1 inhi-
bition with RO-3306 in VCaP cells. Consistent with the find-
ings in LNCaP cells, RO-3306 decreased basal levels of pS81
and PSA expression, and suppressed the induction of S81
phosphorylation and PSA expression in response to DHT
treatment (Supplementary Figure S6A–D). Together these
results support a requirement for basal CDK1-mediated
AR S81 phosphorylation, which may function to initiate

a positive feedback loop through enhanced recruitment of
p300, BRD4 and P-TEFb, with subsequent amplification
of the response through CDK9 mediated S81 phosphoryla-
tion.

CDK1-mediated S81 phosphorylation drives AR antagonist-
resistant AR activity in CRPC cells

We reported previously that CDK1 activity was increased in
CRPC clinical samples versus untreated primary PCa (24)
(Supplementary Figure S7). The Abl and C4-2 cell lines
are castration-resistant PCa models derived from LNCaP
cells by in vitro culture in androgen-depleted medium (Abl)
or by selection in castrated mice (C4-2) (44,45). Similarly
to CRPC in patients, both Abl and C4-2 have high lev-
els of AR that has basal transcriptional activity in the ab-
sence of exogenous androgen. Relative to LNCaP cells, both
also have increased expression of mRNA encoding CDK1
and associated cyclins (Figure 6A). In contrast, P-TEFb
and BRD4 are increased in C4-2, but not Abl. Consistent
with increased CDK1 activity, both Abl and C4-2 have in-
creased levels of total and T161 phosphorylated CDK1 and
pH3S10, and have increased basal S81 phosphorylated AR
(Figure 6B). CDK1 can also phosphorylate AR on S308
(46), but increased pS308 was not observed in the Abl or C4-
2 versus LNCaP cells under these conditions. Significantly,
inhibition of CDK1 with RO-3306 for 2–4 h substantially
reduced basal pS81 in Abl and C4-2 cells (Figure 6C). A se-
ries of other CDK1 inhibitors (with varying effects on other
CDKs) also markedly decreased this basal S81 phosphory-
lation (Supplementary Figure S8).

We next asked whether this CDK1-dependent pS81was
contributing to the basal AR activity in Abl or C4-2 cells.
Abl cells do not express substantial levels of many typical
AR target genes such as PSA (likely due to promoter methy-
lation), but they do express KLK2. Therefore, to assess for
rapid effects on transcription, we used qRT-PCR to quan-
tify levels of unspliced KLK2 pre-mRNA. We found that
RO-3306 treatment caused a rapid decline in KLK2 pre-
mRNA in both Abl and C4-2 cells (Figure 6D). Examina-
tion of the KLK2 gene by ChIP in the Abl cells showed that
the decrease in KLK2 pre-mRNA was associated with de-
creases in binding of AR (total and pS81) and of pS5-RNA
polymerase 2 to the KLK2 enhancer and promoter (Figure
6E). Examination of the KLK2, PSA and TMPRSS2 genes
by ChIP-qPCR in C4-2 yielded similar results (Figure 6F).
Finally, using two independent CDK1 siRNA in C4-2 cells,
we confirmed that CDK1 depletion decreased basal AR S81
phosphorylation and PSA expression (Figure 6G and H).

In contrast to CDK1 inhibition, basal S81 phosphoryla-
tion in Abl and C4-2 cells was not suppressed by inhibition
of p300 (C646), CDK9 (iII), BRD4 (JQ1) or treatment with
AR antagonists (bicalutamide or enzalutamide), indicating
that it is independent of chromatin or ligand binding (Fig-
ure 7A). This inability of AR antagonists to suppress basal
pS81 suggested that CDK1-mediated AR phosphorylation
may be a mechanism contributing to AR antagonist resis-
tance. Therefore, to directly address whether AR antago-
nists could suppress CDK1-mediated S81 phosphorylation,
we transfected cells with expression vectors encoding AR
and a constitutively active mutant CDK1 (act-CDK1). Sig-
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Figure 5. Basal CDK1 activity is required for AR-regulated locus transactivation. (A) LNCaP cells in CDS medium were treated for 2 h with CDK1
inhibitor RO-3306 (RO, 10 �M), CDK9 inhibitor (iII, 50 �M) and AR antagonist enzalutamide (ENZ, 10 �M). Total proteins were normalized for
blotting. (B and C) LNCaP cells in CDS medium were pre-treated for 2 h with CDK1 inhibitor RO-3306 (0.5, 1, 2.5, 5 and 10 �M), followed by 4
h treatment with DHT (10 nM) as indicated. Total proteins were harvested for blotting (B) and total RNA was harvested for qRT-PCR (C) analyses,
respectively. (D and E) LNCaP cells in CDS medium were pre-treated for 2 h with indicated inhibitors (RO-3306: RO, 10 �M; Roscovitine: Ros, 10 �M;
CGP74514A: CGP, 10 �M; Olomoucine: Olo, 10 �M; PF: Pfizer compound AG024322, 10 �M; Dinaciclib: Dina, 1 �M; CDK1/2 inhibitor: 1/2, 20 �M;
and CDK1/5 inhibitor: 1/5, 100 �M), followed by 4 h treatment with DHT (10 nM) as indicated. Total proteins were harvested for blotting (D) and total
RNA was harvested for qRT-PCR analysis (E). (F–H) LNCaP cells in CDS medium were transfected with control siRNA or two independent CDK1
siRNAs (20 nM) for 3 days, followed by 4 h treatment with DHT (10 nM). Total proteins were normalized and assessed by immunblotting (F); cells were
harvested for ChIP-qPCR analysis (G); or qRT-PCR analysis was carried out with genes of interest (normalized to the DHT negative samples being set as
1) (H). (I and J) LNCaP cells in CDS medium were pre-treated with CDK1 inhibitor RO-3306 (10 �M) for indicated time points, followed by 4 h treatment
without or with DHT (10 nM) as indicated. Total proteins were harvested for blotting (F), or cells were subjected to ChIP for AR and pS81 AR (G).

nificantly, bicalutamide or enzalutamide could block DHT-
stimulated, but not CDK1-stimulated S81 phosphorylation
(Figure 7B). We next used nocodozole to arrest LNCaP
cells in mitosis and thereby further activate endogenous
CDK1. As expected, pS81 levels were markedly increased
by nocodozole. However, this increase was not prevented
by bicalutamide or enzalutamide (Figure 7C). Consistent
with these results, basal AR transcriptional activity in Abl
and C4-2 cells was not suppressed by enzalutamide (Figure

7D), and enzalutamide did not decrease basal AR binding
to the KLK2 enhancer in C4-2 cells (Figure 7E).

As these data showed that CDK1 was critical for basal
AR activity in Abl and C4-2 cells, we next assessed the
effects of CDK1 inhibition on PCa cell growth under
androgen-depleted conditions. As expected, enzalutamide
had no effect on the growth of Abl, C4-2 or LNCaP cells
in steroid-depleted medium, but did block the ability of an-
drogen (R1881) to stimulate LNCaP growth (Figure 7F).
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Figure 6. Increased CDK1 activity drives basal AR activity in CRPC cells. (A) Expression of CDK1 (CDC2) and genes mediating CDK1 activation in
CRPC Abl versus LNCaP (GSE11428) and between C4-2 versus LNCaP (GSE63479) under basal (CDS medium) growth conditions. (B) LNCaP, Abl and
C4-2 cells in CDS medium were harvested and equal amounts of protein were analyzed by immunoblotting. (C and D) Abl and C4-2 cells in CDS medium
were treated with 10 �M RO-3306 for 2 and 4 h, followed by blotting for AR and pS81 (C) and qRT-PCR analyses of KLK2 pre-mRNA (D) expression.
(E and F) Abl (E) and C4-2 (F) cells in CDS medium were treated with RO-3306 for 2 h, followed by ChIP analysis of the indicated AR-regulated loci
for occupancy by AR, pS81 and Ser5 phosphorylated RNA Pol II (pS5). (G and H) C4-2 cells in CDS medium were transfected with control siRNA,
AR siRNA or two independent CDK1 siRNAs (20 nM) for 3 days. Total proteins were normalized and analyzed by immunoblotting (G); or qRT-PCR
analysis was carried out for PSA mRNA (value normalized to control siRNA) (H).
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Figure 7. CDK1-mediated basal pS81 and AR activation are not repressed by direct AR antagonists. (A) Abl and C4-2 cells in CDS medium were treated
for 4 h with indicated compounds (CDK1 inhibitor RO-3306 (RO, 10 �M), p300 inhibitor (C646, 10 �M), CDK9 inhibitor (iII, 10 �M); BRD4 antagonist
(JQ1, 500 nM), bicalutamide (BIC, 10 �M) and enzalutamide (ENZ, 10 �M) and total proteins were normalized for blotting. (B) 293T cells in CDS medium
were co-transfected with AR, alone or with activated CDK1 (CDK-AF) and cyclin B1 vectors (23), followed by overnight treatments with bicalutamide
(BIC, 10 �M), enzalutamide (ENZ, 10 �M) and DHT (10 nM) as indicated for blotting. (C) LNCaP cells in CDS medium were treated overnight with
nocodazole (Noco, 50 ng/ml), followed by 4 h treatment with RO-3306, bicalutamide or enzalutamide (10 �M each) for blotting. (D) Abl and C4-2 cells
in CDS medium were treated for 4 h with CDK1 inhibitor RO-3306 (10 �M) or enzalutamide (ENZ, 10 �M), followed by RNA isolation for qRT-PCR
analysis of KLK2 pre-mRNA expression. (E) C4-2 cells in CDS medium were treated with enzalutamide (ENZ, 10 �M) and DHT (10 nM) as indicated
for 4 h, followed by ChIP analysis. (F) LNCaP (without or with androgen as indicated), Abl and C4-2 cells in CDS medium were treated for 3 days with
a range of doses of enzalutamide (0.4, 1, 2.5 and 10 �M), followed by cell proliferation analysis. The results were normalized to the untreated control
that was set as 1. (G) Androgen-sensitive PCa cell line (LNCaP), CRPC cell lines (Abl and C4-2) and AR-negative PCa cell line (PC3) in CDS medium
were treated for 3 days with a range of doses of RO-3306 (0.4, 1, 2.5 and 10 �M), followed by cell proliferation analysis. The results were normalized
to the untreated control that was set as 1. (H) Proposed model for AR transcriptional activation. AR recruits PP1� to dephosphorylate and mobilize P-
TEFb (CDK9/cyclin T) from an inhibitory 7SK complex, which can then phosphorylate RNA polymerase 2 (and associated proteins) for elongation and
phosphorylate AR S81. The latter pS81 then enhances p300 binding, histone acetylation, BRD4 binding and further recruitment of P-TEFb to generate
a positive feedback loop that sustains transcription of AR-regulated genes. CDK1 generates a basal pool of pSer81 that is needed to initiate this pathway,
and increased CDK1-mediated pS81 phosphorylation may drive this pathway at very low androgen levels, or in the presence of AR antagonists, in CRPC.
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In contrast, both Abl and C4-2 cells showed increased sen-
sitivity to the growth suppressive effects of RO-3306 (Figure
7G), and this occurred at concentrations that suppressed
basal S81 phosphorylation (5-10 �M, see Supplementary
Figure S5A). While higher drug levels would clearly glob-
ally suppress growth of neoplastic and normal cells, these
results suggest that effects on AR may provide a therapeu-
tic index for CDK1 inhibitors in advanced CRPC.

DISCUSSION

AR stimulates transcription through the recruitment of
multiple proteins, with CDK9 being one such key protein
that is required for transcriptional elongation and for phos-
phorylation of AR at S81. The CDK9/cyclin T (P-TEFb)
complex may be recruited by a direct interaction between
AR and CDK9 (6,47). Alternatively, P-TEFb can be re-
cruited by BRD4, which is in turn recruited through binding
to acetylated histones and may also interact directly with
AR (11,28). In any case, a large fraction of P-TEFb is held
in an inactive complex that includes 7SK RNA and Hexim1
and must first be mobilized, with one mechanism for mobi-
lization being through dephosphorylation of CDK9 medi-
ated by protein phosphatases including PP1� (12–17). PP1�
can be targeted to the nucleus by the protein PNUTS, and
can be selectively targeted by the HIV-1 Tat protein to the
HIV-1 promoter, but it has not been clear whether there
are further mechanisms for the recruitment of PP1� to spe-
cific subsets of genes (16,19). In this study we show that
AR mediates the recruitment of PP1� to a series of AR-
regulated genes. We further show that the PP1�-AR asso-
ciation is mediated by the AR LBD, either directly or pos-
sibly via a yet to be identified regulatory protein and that
this binding is regulated by the AR N/C interaction. Sig-
nificantly, most current data indicate that the N/C inter-
action is disrupted upon chromatin binding, presumably
in order to make the coactivator binding groove available
for recruitment of coactivator proteins with LxxLL-motifs
(40,41,43,48). Taken together, these findings reveal a mech-
anism for the selective recruitment of PP1� to AR target
genes, with subsequent mobilization and recruitment of P-
TEFb to initiate transcriptional elongation.

Additional mechanisms may be deployed by other tran-
scription factors to mobilize and recruit P-TEFb. Signifi-
cantly, while a large fraction of the inactive P-TEFb-7SK
RNA complex is in the soluble nuclear fraction, recent data
indicate that it is also positioned at many promoters prior to
transcription factor binding (15,49–53). NF�B and the HIV
transcription factor Tat can recruit the protein phosphatase
PPM1G to then dephosphorylate and mobilize CDK9 (15),
and Tat may also recruit PP1� for this purpose (12,16,17).
In addition to dephosphorylation of CDK9, the helicase
DDX21 and the splicing factor SRSF2 may release P-TEFb
by other mechanisms (51,54). Finally, AR regulated en-
hancer RNAs were recently found to bind cyclin T and
thereby compete it away from 7SK, similarly to HIV TAR
RNA (55). Therefore, AR may employ more than one mech-
anism for P-TEFb recruitment.

In addition to phosphorylation of RNA polymerase 2,
CDK9 mediates the phosphorylation of AR at S81 that
occurs subsequent to androgen stimulation and chromatin

binding (4,6,8). S81 phosphorylation enhances AR tran-
scriptional activity (5,6), which may be mediated through
increased binding of p300 and subsequent histone acetyla-
tion (7). Histone acetylation can then enhance binding of
BRD4, with subsequent further recruitment of P-TEFb to
drive transcriptional elongation. We propose that this fur-
ther recruitment of P-TEFb also drives further S81 phos-
phorylation, resulting in a positive feedback loop to sustain
high-level transcription of AR regulated genes (Figure 7G).

While CDK9 is the major kinase mediating S81 phos-
phorylation in response to androgen, this site can also be
phosphorylated by CDK1 (23). We have hypothesized that
CDK1-mediated S81 phosphorylation occurs physiologi-
cally during late G2 and M-phases of the cell cycle, and
functions to generate a pool of hyperactive AR that serves
to initiate the transcription of AR regulated genes when
cells exit mitosis (5). We further propose that increased
CDK1 activity in advanced CRPC (that persists to some
degree throughout the cell cycle) increases the pool of hy-
peractive S81 phosphorylated AR, and that this mechanism
contributes to AR activity and resistance to AR antago-
nists. A recent study found that CDK1 can also phosphory-
late AR at S308 during G2/M phase, which appears to be a
physiological mechanism to suppress AR chromatin bind-
ing during mitosis (46). Interestingly, we did not observe in-
creased S308 phosphorylation in the CRPC cell lines C4-2
or Abl, suggesting there may be additional mechanisms in
CRPC to selectively enhance S81 phosphorylation. Overall
these studies indicate that PP1�, CDK9 and CDK1 coop-
erate to drive AR transcriptional activity through a positive
feedback loop and that agents targeting components of this
loop may be effective in CRPC.
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