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The androgen receptor (AR) is a mediator of both androgen-dependent and castration-resistant prostate cancers. Iden-
tification of cellular factors affecting AR transcriptional activity could in principle yield new targets that reduce AR
activity and combat prostate cancer, yet a comprehensive analysis of the genes required for AR-dependent transcriptional
activity has not been determined. Using an unbiased genetic approach that takes advantage of the evolutionary con-
servation of AR signaling, we have conducted a genome-wide RNAI screen in Drosophila cells for genes required for AR
transcriptional activity and applied the results to human prostate cancer cells. We identified 45 AR-regulators, which
include known pathway components and genes with functions not previously linked to AR regulation, such as HIPK2
(a protein kinase) and MEDI$ (a subunit of the Mediator complex). Depletion of HIPK2 and MEDI? in human prostate cancer
cells decreased AR target gene expression and, importantly, reduced the proliferation of androgen-dependent and cas-
tration-resistant prostate cancer cells. We also systematically analyzed additional Mediator subunits and uncovered a small
subset of Mediator subunits that interpret AR signaling and affect AR-dependent transcription and prostate cancer cell
proliferation. Importantly, targeting of HIPK2 by an FDA-approved kinase inhibitor phenocopied the effect of depletion
by RNAI and reduced the growth of AR-positive, but not AR-negative, treatment-resistant prostate cancer cells. Thus, our
screen has yielded new AR regulators including drugable targets that reduce the proliferation of castration-resistant

prostate cancer cells.

[Supplemental material is available for this article.]

The androgen receptor (AR) is a ligand-regulated transcription
factor that plays a key role in the development and function of the
prostate gland (Dehm and Tindall 2007) and directs many other
aspects of human physiology including anabolic actions in both
bone and skeletal muscle. Upon binding to androgen, AR trans-
locates to the nucleus and binds DNA regulatory sequences of
target genes in association with coactivators and corepressors to
direct gene transcription (Heemers and Tindall 2007).

AR signaling is complex. While normal prostate epithelial
cells grow in response to androgen stimulation by adjacent stromal
tissue (Cunha and Donjacour 1987), prostate cancer cells appear to
proliferate in direct response to androgens (Gao et al. 2001). The
complexity of AR action is likely achieved through cellular factors
that modulate AR function and direct prostate cell context-specific
effects (Chang and McDonnell 2005).

Given such complexity, it is not surprising that AR signaling
drives both early androgen-dependent as well as late castration
resistant prostate cancer (CRPC) that does not respond to andro-

SPresent address: Seaver Autism Center for Research and Treatment,
Department of Psychiatry, Mount Sinai Medical Center, New York,
NY 10029, USA.

7Corresponding author

E-mail michael.garabedian@nyumc.org

Article published online before print. Article, supplemental material, and publi-
cation date are at http://www.genome.org/cgi/doi/10.1101/gr.144774.112.

gen deprivation therapy (Chen et al. 2004). In fact, improved
therapy of CRPC could result from targeting cellular factors that
control AR activity (Nabhan et al. 2011). Although the role of the
AR in prostate health and disease has been illuminated by high-
throughput genomic (Wang et al. 2009; Sharma et al. 2013),
metabolomic (Sreekumar et al. 2009), and chemical-biology ap-
proaches (Norris et al. 2009), systematic profiling of the genes
that functionally regulate AR action has not been conducted.

To identify functional regulators of the AR, we performed a
genome-wide RNAi screen to determine putative new AR cofactors,
pathways, and targets for prostate cancer therapy. This approach
has uncovered new cellular factors that affect AR-dependent tran-
scriptional and proliferative responses in prostate cancer cells.

Results

Genome-wide RNAI screen for new AR regulators

To identify new regulators of AR activity, we conducted a genome-
wide RNAi screen using AR transcriptional activation as measured
by reporter gene activity in Drosophila S2 cells upon stimula-
tion with 10 nM of the synthetic androgen R1881 (Supplemental
Fig. 1A; Yoshinaga and Yamamoto 1991; Echeverri and Perrimon
2006; DasGupta et al. 2007). This concentration enabled identifi-
cation of both positive and negative modulators. The activity of the
ligand-induced AR-dependent transcription pathway is quantified
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by normalization of the ratio of the absolute activity of Firefly lu-
ciferase to that of Renilla luciferase (Supplemental Fig. 1B,C).

We screened two independent Drosophila RNAi libraries for
AR modulators (Supplemental Fig. 1D): (1) a whole-genome library
consisting of double-stranded RNAs (dsRNAs) targeting 13,900
genes; and (2) an independent kinase/phosphatase library that
targets 468 genes with greater coverage than the whole-genome
library. We analyzed the data using multiple statistical protocols
and selected candidates based on their deviation from the plate
average (Supplemental Methods).

Because enhanced AR activity fuels advanced prostate cancer,
the goal of the screen was to identify positive regulators that when
reduced, decreased AR activity, although negative regulators of AR
activity were also identified (Supplemental Fig. 1E). We selected
~200 genes that reduced AR activity for confirmation in the sec-
ondary screen (Supplemental Fig. 1F). The secondary screen not
only validated the candidate genes for effects on AR transcriptional
activation, but also tested specificity by comparing the effect of the
depletion on the activity of the glucocorticoid receptor (GR). GR
was chosen because while AR and GR can bind to the same DNA
sequences, they exert different biological effects.

We validated 45 genes that when depleted, reduced AR-
dependent transcriptional activation. Of these, 21 were AR-specific
activators: Depletion affected AR transcriptional activation to
a greater extent than GR (Table 1; Supplemental Table 1A). The
remaining 24 were not specific for AR: Depletion affected AR and
GR hormone-dependent transcriptional activation to similar ex-
tents (Supplemental Table 1B). Genes that selectively decreased
AR transcriptional activity upon depletion were examined in
human prostate cancer cells (Table 1).

Importantly, several of the known regulators of AR were
identified, thus validating the experimental approach (Table 1),

including GSK3B (Wang et al. 2004), CDC25A (Chiu et al. 2009),
CDC25B (Ngan et al. 2003), FOXO3 (Lupien et al. 2008), EP300
(Fu et al. 2000), CREBBP (Comuzzi et al. 2003), HNRNPA1 (Yang
et al. 2007), and FHL2 (Muller et al. 2000). New AR regulators
include the serine/threonine kinase HIPK2 (Rinaldo et al. 2007);
the lipid kinase DGKI (Raben and Tu-Sekine 2008); nuclear fac-
tors PHACTR3 (also known as scapinin), which is an actin and PP1
phosphatase-binding protein associated with the nuclear scaffold
(Sagara et al. 2003, 2009); MED19, a component of the Mediator
complex (Baidoobonso et al. 2007); and MXD1, which competes
with MYC for binding to MAX (Wahlstrom and Henriksson
2007). Other factors identified were NUP153, subunit of the nu-
clear pore complex (Ball and Ullman 2005); DDX39B (also known
as BAT1), an RNA helicase involved in mRNA splicing and trans-
port (Peelman et al. 1995); HLF (Hunger et al. 1992) and CREB1
(Siu and Jin 2007), both bZIP transcription factors; HHEX, a ho-
meobox transcription factor (Bedford et al. 1993); and CSTF2T,
a pre-mRNA binding protein (Takagaki and Manley 1997). Sig-
naling molecules not previously linked to AR activity were also
identified and include CELSR1, a nonclassical cadherin involved
in cell-cell communication (Hadjantonakis et al. 1997); GPR179,
an orphan G-coupled protein receptor (Bjarnadottir et al. 2005);
RPH3A, involved in protein transport and vesicle exocytosis
(Inagaki et al. 1994); and MRPL40, nuclear-encoded mitochondrial
ribosomal protein (Kenmochi et al. 2001).

Evaluation of AR-specific regulators in human prostate
cancer cells

We examined the mRNA expression of the AR-specific regulators in
human prostate cells by qPCR and in human prostate tissue
through the Human Protein Atlas (Persson et al. 2006). We were
able to detect mRNA expression of virtu-
ally all of the factors in human prostate

Table 1. Factors that inhibit AR-dependent transcription when reduced by RNAi
Kinases
HIPK2? Serine/threonine nuclear kinase, interacts with transcription factors
GSK3BP Serine-threonine kinase; Wnt signaling pathway
DGCKI? Lipid kinase; phosphorylates DAG, producing phosphatidic acid
Phosphatases
CDC25A Dephosphorylates and activates the cyclin-dependent kinase
CDC25BP Dephosphorylates and activates the cyclin-dependent kinase CDC2

Nuclear functions

cancer cell lines, LNCaP and LNCaP-abl
cells (Supplemental Fig. 2). LNCaP cells are
androgen dependent for growth, while
LNCaP-abl cells are derived from LNCaP
cells isolated for their ability to grow in the
absence of androgen, and as such, repre-
sent a model for castration-resistant pros-
tate cancer (Culig et al. 1999). The regu-
lators also appeared to be expressed at the
protein level in human prostate epithelial
cells (Supplemental Fig. 3; Supplemental
Table 2), with the exception of DGKI,
which appears to be expressed in prostate
stromal, but not epithelial cells, and
RPH3A, which does not appear to be
expressed in prostate tissue.

PHACTR3? Associated with the nuclear scaffold
MED19? Component of the Mediator coactivator complex
MXD1? Protein competes with MYC for binding to MAX
NUP153? Subunit of the nuclear pore complex
DDX39B? DEAD-box family of RNA-dependent ATPases
HLF® Human hepatic leukemia factor; a bZIP transcription factor
FOX03P Forkhead family transcription factor
CREB1? Transcription factor
CREBBPP CREB binding protein-transcriptional coactivator
EP300° Transcriptional coactivator: HAT-regulates transcription via chromatin
HHEX? Homeobox transcription factor; enhances canonical WNT signaling
CSTF2T? Binds pre-mRNAs
HNRNPA1®? Influences pre-mRNA processing
Signaling
CELSR1? Nonclassic cadherin
GPR1797 Orphan GPCR
FHL2® Links various signaling pathways with transcriptional regulation
MRPL40? Nuclear-encoded mitochondrial ribosomal
RPH3AP Protein transport

Potential new AR regulators.

PFactors previously shown to affect AR activity.

We also examined if AR activators
identified in the screen might be up-reg-
ulated in prostate cancer. We found that
HIPK2 and MED19 mRNA were up-regu-
lated in, respectively, 32% and 23% of the
85 cases examined (Supplemental Fig. 4;
Taylor et al. 2010). Other factors from the
screen were also up-regulated in cancer
albeit to lesser extents (e.g., GSK3B, FOXO3,
GRP179). In contrast, CELSR1, FHL2, and
HLF mRNAs were largely down-regulated
in prostate cancer (Supplemental Fig. 4),
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suggesting that these factors play a different role in AR function from
those up-regulated, for example, by promoting AR-dependent dif-
ferentiation rather than proliferation. Importantly, dysregulation of
MED19 was associated with lower rates of survival in men with
prostate cancer (Supplemental Fig. 5A). Although alterations in
HIPK2 mRNA were not linked to changes in long-term survival
(Supplemental Fig. 5B), it is likely that activity, rather than expres-
sion, is important in kinase-driven carcinogenesis.

We next tested whether the factors would affect AR transcrip-
tional activity in human prostate cancer cells. The LNCaP cell line
stably expressing an AR-responsive probasin-luciferase reporter gene
(Link et al. 2005) was transfected with siRNAs against the human
homologs of the 21 factors. A majority of the AR regulators showed
reduced AR transcriptional activation when depleted by siRNA (Fig.
1A). Depletion of CDC25A, CDC25B, GSK3B, HIPK2, PHACTR3,
EP300, MED19, and DDX39B reduced AR transcriptional activity
between 40% and 60% compared with the control. In contrast, de-
pletion of NUP135, MXD1, and FHL2 had virtually no effect on ac-
tivation of the AR reporter gene. Gene knockdown was confirmed by
examining the mRNA level, and in most cases, the gene depletion
resulted in a >60% reduction in mRNA expression (Fig. 1B). Consis-
tent with the observations in Drosophila cells, a majority of the AR
regulators were capable of affecting AR-dependent transcriptional
activation of the reporter gene in human prostate cancer cells.

Next, we tested whether depletion of these gene products
would reduce AR-dependent proliferation of prostate cancer cells.
For this assay, we used LNCaP-abl cells, since they represent a
model for aggressive CRPC and therefore are the relevant cell type
to interrogate potential new targets. LNCaP-abl cells were trans-
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Figure 1.

fected with siRNAs against each factor, and cell proliferation was
measured after 7 d (Fig. 1C). Many of the genes affected prolif-
eration when depleted, which largely mirrored their effects on
AR-dependent transcription. MED19, CDC25A, MRPL40, CREBI,
CSTF2T, CDC25B, NUP153, FOX03, and HIPK2 all reduced cell
proliferation. Depletion of GRP179, HHEX, CELSR1, PHACTRS,
DDX39B, and GSK3B also affected proliferation, albeit to a lesser
extent. FHL2 and MDX1, despite efficient knockdown (Fig. 1D),
had little impact on proliferation. AR expression was largely un-
affected by knockdown of the candidate genes (Supplemental Fig.
6). The fact that reduction of some factors has a greater effect on
cell proliferation than depletion of AR suggests that targets in ad-
dition to AR might be affected.

Together, identification of factors that exert both effects on
AR-dependent transcription and proliferation reveals a list of
potential new AR regulators in prostate cancer cells. Two genes
not previously linked to AR activity that reduced AR-dependent
transcription and CRPC proliferation were the protein kinase
HIPK2 and the Mediator subunit MED19. We selected these genes
for further analysis because as a kinase, HIPK2 has the potential
to be targeted by small-molecule inhibitors. MED19 was selected
because it had the most potent effect on LNCaP-abl cellular
proliferation. We also found that both HIPK2 and MED19 pro-
teins associate with AR as assessed by coimmunoprecipitation
(Supplemental Fig. 7). In addition, HIPK2 and MED19 mRNA
were up-regulated in a subset of prostate cancers, and dysregu-
lation of MED19 mRNA was associated with poor prognosis,
lending relevance for the potential of these factors to fuel prostate
cancer.
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Effect of the AR regulators on AR-dependent transcriptional activity and cell proliferation in human prostate cancer cells. (A) LNCaP cells stably

expressing an AR-responsive probasin-luciferase reporter gene were transfected with siRNAs against the indicated factors or a scrambled, nonsilencing
siRNA (control), and after 48 h, were treated with 10 nM R1881 for 24 h. Luciferase activity was measured, normalized to protein, and presented as relative
luminescence units (RLUs). (B) The efficiency of knockdown of each factor was determined at the mRNA level relative to RPL19 and shown as relative mRNA
expression. (White bars) Nonsilencing siRNA; (black bars) the indicated siRNAs. (C) LNCaP-abl cells were transfected with siRNAs against the indicated
factor or a scrambled siRNA for the control cells, and cell proliferation was measured after 7 d. Data are represented as relative fluorescence units (RFUs).
(D) The extent of knockdown was determined and represented as in B, and relative mRNA expression is shown. The experiment was performed in triplicate

with error bars representing the standard deviation.
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MEDI9 and HIPK2 depletion reduce AR target gene expression Given the impact that MED19 depletion has on AR-mediated
in prostate cancer cells transcriptional activity and cell proliferation, we also examined
whether other Mediator subunits affect AR-dependent transcrip-
tion and cellular proliferation when depleted. Reduction by siRNA
of MED6, MED17, MED4, MED29, MED23, MED12, and CDK8 and
CCNC did not substantially decrease androgen-stimulated probasin-
Likewise, depletion of MED19 in LNCaP-abl cells reduced the ex- luciferase reporter activity in LNCaP cells. However, depletion
pression of the AR-target genes, important for growth in castration of MED1, MED26, and MED14, MED15, and MED16 did decrease
levels of androgen, UBE2C, CDC20, CCNA, and CDKI (Fig. 2B). androgen-stimulated transcription of the reporter (Fig. 3A,B). De-
MED19 depletion in LNCaP-abl cells also reduced the mRNA ex- pletion of MED14, MED15, and MED16 also significantly reduced

pression of FKBPS, and to a lesser extent NKX3.1, but not PSA, the proliferation of LNCaP-abl cells (Fig. 3C) but had no effect on
AR-deficient PC3 prostate cancer cells, despite efficient depletion

We evaluated the effect of HIPK2 and MED19 on endogenous AR
target gene expression in both LNCaP and LNCaP-abl cell lines.
Reduction of MED19 by siRNA in LNCaP cells reduced the andro-
gen-dependent expression of PSA, NKX3.1, and FKBPS (Fig. 2A).

suggesting cell type— and promoter-specific regulation of AR by

MED]19. in both cell types (Fig. 3D; Supplemental Fig. 8). Reduction of

Because MED19 is a component of the Mediator complex, its MED4, MED12, and MED17 expression also affected LNCaP-abl
reduction may disrupt the integrity of the entire Mediator com- cell proliferation but did not substantially affect AR-mediated
plex, thereby altering AR-dependent gene expression. We used ~ transcription, suggesting that these subunits modulate cell pro-

VP16 activity, which is known to be dependent on MED17 and liferation independent of AR (Fig. 3A,C). Consistent with this
MED25 (Ito et al. 1999), and GR activity, which depends on MED14 interpretation, proliferation of PC3 cells was also reduced by de-
and MED1 (Hittelman et al. 1999; Chen et al. 2006), as independent ~ pletion of MED17, MED4, and to a lesser extent by MED12 (Sup-
indicators of the integrity of the Mediator complex. In contrast to plemental Fig. 8). Therefore, MED19, along with MED14, MED1S5,
AR, the transcriptional activity of VP16 and GR was not compro- and MED16, affect both AR-mediated transcription and LNCaP-abl
mised when MED19 was reduced (Fig. 2C-F). Therefore, the loss of cell proliferation.

MED19 does not substantially alter the functional integrity of the Like MED19, depletion of HIPK2 in LNCaP cells also affected
Mediator complex and suggests that AR uses this specific Mediator the androgen-dependent expression of PSA and FKBPS, but had
component to control gene expression. little effect on NKX3.1 (Fig. 4A). Importantly, depletion of HIPK2
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Figure 2. MED19 depletion affects AR target genes expression. MED19 knockdown decreases the expression of AR target genes in LNCaP (A) and
LNCaP-abl (B) cells. Cells were transfected with control (siControl) or MED19 siRNA (siMED19), and either androgen deprived for 48 h and then treated
with 10 nM R1881 for 24 h (LNCaP) or cultured in media with 10% charcoal-stripped FBS for 48 h (LNCaP-abl). Relative mRNA levels of the indicated genes
were analyzed by gPCR and normalized to RPL19. Each assay was performed in duplicate, with error bars representing the range of the mean. (C-F) MED19
selectively regulates AR transcriptional activity. LNCaP-abl cells were transfected with control siRNA (siControl) or siRNA against MED19 (siMED19)
together with (C) a plasmid expressing the Gal4 DNA-binding domain fused to the VP16 activation domain, along with a luciferase reporter gene driven by
five Gal4-binding sites upstream of the E1b promoter. (D) A plasmid containing the human GR and a GR-responsive luciferase reporter, treated with 100 nM
dexamethasone. (E) An AR-responsive luciferase reporter treated with 10 nM R1881. Luciferase activity was measured, normalized to protein, and pre-
sented as RLU. (F) The efficiency of MED19 knockdown was monitored at the mRNA level. Each assay was performed in triplicate, with error bars
representing the standard deviation. The experiment was repeated twice with similar results.
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Figure 3. Mediator subunits differentially affect AR transcriptional activity and prostate cancer cell proliferation. (A) LNCaP cells stably expressing an
AR-responsive probasin-luciferase reporter gene were transfected with siRNAs against the indicated Mediator complex subunits or a scrambled, non-
silencing siRNA (control) and, after 48 h, were treated with 10 nM R1881 for 24 h. Luciferase activity was measured and normalized to protein and
presented as relative luminescence units (RLUs). (B) The efficiency of knockdown of each factor was determined at the mRNA level relative to RPL19 and
shown as relative mRNA expression. (White bars) Nonsilencing siRNA; (black bars) the indicated siRNAs. (C) LNCaP-abl cells were transfected with siRNAs
against the indicated Mediator complex subunits or a scrambled, nonsilencing siRNA (control), and cell proliferation was measured after 7 d as in Figure 1.
Data are shown as relative fluorescence units (RFUs). (D) Efficiency of knockdown at the mRNA level is shown relative to RPL19. (White bars) Nonsilencing
siRNA; (black bars) the indicated siRNAs. Each assay was performed in triplicate, with error bars representing the standard deviation.

reduced the expression of the AR-target genes in LNCaP-abl cells,
including UBE2C, CDC20, CDK1, and CCNA2, as well as reduced
expression under basal conditions of FKBPS, PSA, but not NKX3.1
(Fig. 4B). In fact, both basal and androgen-dependent expression of
CDK1 is affected by knockdown of HIPK2 and MED19, whereas
hormone-dependent induction of FKBPS is compromised by MED19
but not HIPK2 depletion (Supplemental Fig. 9), suggesting that the

effect of HIPK2 on AR is gene specific and manifest under low
hormone conditions. The reduction in gene expression of the cell
cycle regulators CCNA2, CDC20, UBE2C, and CDK1 could be in-
terpreted as an indirect result of decreased cell cycle progression
rather than a direct effect on AR activity. We think this is unlikely
given that these genes have been shown to be controlled by AR in
this cell line (Wang et al. 2009). In addition, there is only a small
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Figure 4. HIPK2 depletion affects AR target gene expression. HIPK2 knockdown decreases the expression of AR target genes in LNCaP (A) and LNCaP-
abl (B) cells. Cells were transfected with control (siControl) or HIPK2 siRNA (siHIPK2) and either androgen deprived for 48 h and then treated with 10 nM
R1881 for 24 h (LNCaP) or cultured in media with 10% charcoal-stripped FBS for 48 h (LNCaP-abl). Relative mRNA levels of the indicated genes were
analyzed by qPCR and normalized to RPL19. Each assay was performed in duplicate, with error bars representing the range of the mean.
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change in cell cycle distribution upon HIPK2 and MED19 depletion
in LNCaP-abl cells after 24 h (Supplemental Fig. 10). Nevertheless,
we cannot formally exclude the possibility that the cells have un-
dergone changes not yet reflected in the cell cycle distribution that
influence gene expression. Our results suggest that MED19 and
HIPK?2 affect genes modulated by AR in CRPC cells.

We next generated genome-wide expression profiles of RNA
extracted from LNCaP-abl cells depleted of MED19 or HIPK2
(Fig. 5A). This analysis identified 443 and 448 genes sensitive to
MED19 and HIPK2, respectively (Fig. 5B). Of these genes, for MED19
there were 250 down-regulated and 193 up-regulated, while for
HIPK2 there were 264 down-regulated and 184 up-regulated by
>1.5-fold. From these, 41 genes for MED19 knockdown and 35 genes
for HIPK2 knockdown were also changed upon depletion of AR
from LNCaP-abl cells (Fig. 5C; Supplemental Table 3). An inter-
active Venn diagram comparing the data sets is available at http://
sungear.bio.nyu.edu/imberg2013/ (Poultney et al. 2007). Gene
Ontology (GO) analysis reveals that HIPK2 and MED19 control

genes in common with AR that are involved in regulating cellular
components and biological processes in the nucleus, nucleo-
plasm, and in protein binding. GO classes that are not shared
with AR for HIPK2 include monoamine transport and negative
regulation of apoptosis, whereas classes for MED19 distinct from
AR comprise cell-cell signaling and regulation of calcium ion
transport, as well as plasma membrane and nucleolus functions
(Fig. SE). Thus, HIPK2 and MED19 control genes that converge
with AR function, while also regulating genes and pathways in-
dependent of AR.

HIPK2 and MEDI9 depletion selectively affects proliferation
of AR-expressing prostate cancer cells

Next, we examined the specificity and selectivity of HIPK2 and
MED19 depletion on the proliferation of additional cell types,
including AR-expressing, hormone-dependent LNCaP cells and
AR-deficient PC3 prostate cancer cells, as well as an AR-negative
embryonic kidney cell line, HEK293. De-
pletion of MED19 had a potent inhibi-

A LHCaPab B SMED19  siHIPK2 tory effect on cell proliferation for both
siMED19  siCon siHIPK2 TETEm—— 193 184 LNCaP and LNCaP-abl cells, but had
ﬁ ﬁ ﬁ Do ek 7250 v no effect on the proliferation of PC3 or

HEK293 cells, despite efficient reduc-
l l i S 443 = tion of MED19 expression by siRNA in
RNA RNA RNA AR these cell types. When HIPK2 was de-
\/ \/ SHPIKe " pleted, it too had a strong growth-in-
. - hibitory effect on LNCaP-abl cells and
SIMED19 41
LNCaP cells, but had no effect on PC3 or
D E HEK293 cell proliferation (Fig. 6A-D).
Efficient depletion of HIPK2 expression
l "uc:e')plasm by siRNA was observed in all cell lines

: E:Slziisbinding (Fig. 6E-H). This demonstrates the speci-

05 nucleolus ficity of both MED19 and HIPK2 in se-
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Figure 5.

numbers GSE7868 and GSE11428 (Wang et al. 2009).

juxtaparanode region of axon
monoamine transmembrane transporter activity

Effects of MED19 and HIPK2 depletion on gene expression in LNCaP-abl cells. (A) Depiction
of the procedure used to examine MED19 and HIPK2-responsive genes. (B) Number of genes up-reg-
ulated and down-regulated by >1.5-fold upon MED19 and HIPK2 depletion in LNCaP-abl cells. (C)
Numbers of genes in MED19 and HIPK2 siRNA-depleted LNCaP-abl cells that overlap with siRNA
knockdown of AR in LNCaP-abl cells. (D) Microarray heat map of changes in gene expression in LNCaP-
abl cells depleted of HIPK2, MED19, AR, and parental LNCaP cells depleted of AR siRNA. (E£) Gene
Ontology analysis of the genes affected by siRNA depletion of the indicated factor in LNCaP-abl cells. (*)
The data sets for LNCaP siAR, LNCaP-abl siAR were taken from Gene Expression Omnibus accession

voltage—gated calcium channel activity
regulation of calcium ion transport

negative regulation smooth muscle cell apoptosis
voltage—gated calcium channel complex

Inhibitors of HIPK2 reduce
the proliferation of AR-expressing
prostate cancer cells and decrease
AR target gene expression

Since HIPK2 encodes protein kinase, we
wanted to test the possibility of targeting
it with a small-molecule inhibitor. Be-
cause there are no HIPK2-specific inhibi-
tors commercially available, we turned to
the broad-spectrum kinase inhibitor BAY
43-9006 (sorafenib), an FDA-approved
drug, which has been shown to inhibit
HIPK2 catalytic activity (Bain et al. 2007).
Treatment of cells with BAY 43-9006
inhibited LNCaP and LNCaP-abl but not
PC3 or HEK293 proliferation, recapitu-
lating the phenotype observed by de-
pletion of HIPK2 (Fig. 7A). We observed
similar results with AS 601245, a broad-
range kinase inhibitor that also inhibits
HIPK2 (Supplemental Fig. 11; Bain et al.
2007).

We also compared the impact of BAY
43-9006 treatment with HIPK2 depletion
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AR acetylation and the resulting tran-
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2 ulates, through phosphorylation, the
z ° 15 activity of both TCF and LEF family
£ 1 1 members (Hikasa and Sokol 2011), which
.?_': 0.5 05 L L in concert with beta-catenin regulates AR
£ 5 expression (Li et al. 2009). HIPK2 could
“ siControl siMED19  siControl siHIPK2 0 siControl SIMED19 siControl SiHIPK2 also phosphorylate AR to modulate its
function, because there are nine potential

sites of HIPK2 phosphorylation on AR.
1541 G HEK293 151 H PC3 We have shown that blocking HIPK2
% 1 1 activity using kinase inhibitors had a
£ similar effect on AR target gene expres-
2 05 L L S L L sion and proliferation of AR-expressing
% 0 0 prostate cancer cells as depletion of HIPK2
x siControl sIMED19  siControl siHIPK2 siControl sIMED19  siControl siHIPK2 by siRNA. This suggests that that the ki-
Figure 6. HIPK2 and MED19 depletion selectively affects the proliferation of AR-expressing prostate  nase activity of HIPK2 is important for

cancer cells. AR-positive prostate cancer cell lines (A) LNCaP and (B) LNCaP-abl and AR-negative (C)
HEK293 and (D) PC3 cells were transfected with control siRNA (siControl), HIPK2 siRNA (siHIPK2), or
MED19 siRNA (siMED19), and cell proliferation was measured at the indicated days and shown as
relative fluorescence units (RFUs). (E-H) The efficiency of knockdown was monitored at the mRNA level
for each factor in the four cell lines relative to RLP19. Each experiment was repeated at least two times. A

representative experiment is shown.

on AR target gene expression in LNCaP-abl cells. As before, HIPK2
depletion inhibited the expression of FKPBS5, CDK1, and UBE2C.
Likewise, BAY 43-9006 treatment reduced the expression of these
target genes (Fig. 7B). Treatment with BAY 43-9006 in the context
of simultaneous reduction of HIPK2 did not further reduce the
expression of the AR target genes, nor did it further reduce pro-
liferation, suggesting that the effect of BAY 43-9006 is through
HIPK2 in LNCaP-abl cells (Fig. 7B,C), and that a HIPK2 kinase in-
hibitor can target AR-dependent CRPC cells.

Discussion

We have conducted a genome-wide RNAi screen to seek genes re-
quired for AR-dependent transcriptional activity. We successfully
identified AR regulators not previously linked to AR action, such
as HIPK2 and MED19, and found that their inhibition modulated
AR-dependent gene expression and reduced the proliferation of
AR-expressing prostate cancer cells.

HIPK2 is a nuclear serine-threonine kinase that regulates gene
expression by phosphorylating transcription factors and accessory
components of the transcription machinery. In nontransformed

the effect, and that specific targeting of
HIPK2, which has been recently at-
tempted and lead compounds identi-
fied via high-throughput kinase pro-
filing (Miduturu et al. 2011), could have
therapeutic value for prostate cancer pa-
tients where HIPK2 is activated. In fact, sorafenib has shown mod-
erate activity as a second-line treatment for CRPC (Aragon-Ching
et al. 2009), and our findings suggest that stratifying patients for
HIPK2 up-regulation could enhance sorafenib efficacy.

We identified MED19 as an AR regulator that inhibits AR-de-
pendent transcription and proliferation of AR-expressing prostate
cancer cells. Notably, changes in MED19 appear to be linked to
a poor prognosis (Supplemental Fig. 5). The Mediator is an ~30-
subunit complex that acts as a bridge between transcription factors
and RNA polymerase II to affect transcription initiation (Malik and
Roeder 2010) and elongation (Takahashi et al. 2011). The Mediator
complex has been divided into a head, middle, and tail regions as
well as a kinase module. The tail region mediates activator inter-
actions, while the head region interacts with components of RNA
polymerase II. MED19 is located in the head region, whereas sub-
units MED14, MED15, and MED16 are located at the tail. De-
pletion of these subunits affected AR transcriptional activity and
proliferation. It is conceivable that MED19 is directly associating
with AR to affect receptor-mediated transcription. In fact, we
find an association between MED19 and AR as judged by coim-
munoprecipitation (Supplemental Fig. 7). Alternatively, MED19
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Figure 7. A kinase inhibitor to HIPK2 recapitulates the effects of HIPK2 depletion on prostate cancer
cell proliferation and AR target genes expression. (A) LNCaP-abl, LNCaP, PC3, and HEK293 cells were
treated with 5 uM BAY 43-9006, and cell proliferation was measured after 4 d. Data are shown as relative
fluorescence units (RFUs). (B) LNCaP-abl cells were treated with 5 WM BAY 43-9006 or vehicle (DMSO) in
the presence (siControl) or absence of HIPK2 (siHIPK2), and the mRNA levels of AR target genes FKBPS5,
CDK1, and UBEC2 were measured by qPCR relative to RPL19. (C) Impact of BAY 43-9006 treatment on
LNCaP-abl cell proliferation as a function of HIPK2. LNCaP-abl cells were depleted of HIPK2 as in B, and
cell proliferation was measured after 7 d in the absence (DMSO) and presence of 5 uM BAY 43-9006.

Each experiment was performed at least two times with similar results.

might promote interactions between the head and tail regions
(Baidoobonso et al. 2007), with AR associating with MED14,
MED15, and/or MED16 (Sharma et al. 2013). MED19 has also been
shown to play a role in transcriptional elongation since deletion
of the yeast homolog affects the induction of the Hsc82 gene by
reducing RNA polymerase II occupancy throughout the body of
the gene (Kremer et al. 2012).

We also identified MED17, MED4, and to a lesser extent
MED12 as subunits that when depleted, affected both LNCaP-abl
and PC3 proliferation. These subunits are likely involved in con-
trolling genes affecting cellular proliferation both dependent and
independent of AR. Consistent with this finding is the modest
effect on AR-dependent transcriptional activation. Recent exome
sequencing of prostate cancers revealed frequent mutations in
MED12 (Barbieri et al. 2012). In addition to its nuclear activity,
MED12 has recently been shown to function in the cytoplasm to
negatively regulate TGF-B receptor signaling such that loss of
MED12 results in enhanced TGF-B signaling and drug resistance in
models of colon and lung cancer (Huang et al. 2012). Whether the
nuclear or cytoplasmic function of MED12 is affected by the mu-
tations found in prostate cancers remains an open question.

Other siRNA screens have been reported that used decreased
LNCaP cell proliferation rather than AR transcriptional activity as

1000

HEK293

the phenotypic end point (Dahlman et al.
2012; Whitworth et al. 2012). Interest-
ingly, the factors identified in these screens
and ours were largely nonoverlapping,
suggesting that the screens were sub-
saturating and/or different end-point

800
600
400
200

0

assays uncover unique factors affecting
prostate cancer proliferation.

In summary, using an unbiased ge-
netic approach, we have identified new
AR regulators and further validated the
use of cross-species screening in Dro-
sophila cells to elucidate complex path-
ways in human cells. Identification of the
kinase HIPK2 afforded a small molecule
inhibitor approach that recapitulated the

Q‘@O P o effects on growth and gene expression as
Q Q@ siRNA depletion of HIPK2, auguring a po-
51,8‘\ tential therapeutic target. Due to the un-

expected intensity of MED19’s effect on
prostate cancer cell proliferation, the se-
lectivity toward AR regulation, as well as
its deregulation being associated with
poor patient outcome also make it an in-
triguing target to fight prostate cancer by
silencing its expression.

Methods

Cell culture

LNCaP, HEK293, and PC3 cell lines were
purchased from the ATCC (Manassas, VA).
LNCaP-abl cells were from Zoran Culig
(Innsbruck Medical University, Austria).
LNCaP and LNCaP-abl cells were main-
tained in RPMI-1640, HEK293 were cul-
tured in DMEM, and PC3 cells were grown
in Ham'’s F12 (Cellgro; Mediatech, Inc.).
The above media was supplemented with
10% fetal bovine serum (FBS) (Hyclone; Thermo Fisher Scientific)
and 1% penicillin-streptomycin and 1% L-Glutamine (Cellgro;
Mediatech, Inc.), LNCaP-abl cells were cultured in RPMI-1640
without phenol red media (Cellgro; Mediatech, Inc.) supplemented
with 10% charcoal-stripped fetal bovine serum (cFBS), 1% penicillin-
streptomycin, and 1% L-glutamine.

RNAI screen

The Whole Genome Drosophila Library (DRSC 2.0) contains
13,900 genes, with an average of one to two dsRNAs per gene,
with each dsRNA aliquoted into a single well of a 384-well plate.
Drosophila S2R+ cells (20,000) were reverse-transfected using
the Effectene transfection reagent (QIAGEN) with pMK33-hAR
(80 ng), pARE3-Firefly luciferase (50 ng), and Pollll-Renilla lu-
ciferase (30 ng) of plasmid DNA/well. Plates were incubated for
48 h at 25°C before treatment with 10 nM R1881 for an addi-
tional 24 h. To measure AR transcriptional activity, the Dual Glo
Luciferase Assay (Promega) was performed and read using the
Envision Multilabel Plate Reader (PerkinElmer); the firefly lu-
ciferase was normalized to the Renilla luciferase levels. The screen
was performed in duplicate, and data were analyzed using mul-
tiple statistical protocols to identify the “hits” (Supplemental
Methods). Genes showing a reduction of threefold of the control
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(GFP) average or a threefold increase from the control average
were considered potential hits.

The same protocol for the genome-wide screen was used to
screen the kinase and phosphatase library, which consists of 468
genes, with an average of three dsRNAs per gene, except that the
control gene was beta-galactosidase (LacZ) dsRNA rather than GFP.
For the data analysis, we used the same statistical parameters as
described. A gene was included as a hit if it met two statistical
parameters (see the Supplemental Methods for a description of the
statistical methods used).

Secondary validation screen

The 249 amplicons chosen for the secondary screen (Supplemental
Table 4) were first generated as dsRNAs from PCR products (re-
ceived from the NYU RNAi Core Facility). Amplification by PCR
was followed by in vitro transcription reactions of the cDNA PCR
products into dsRNA using the Ambion MEGAscript T7, T3, and
SP6 kits (Life Technologies).

The secondary screen was designed to include 83 amplicons
and 13 controls per 96-well plate. Controls included AR-siRNA
(positive control: lack of AR activity), GFP dsRNA (negative con-
trol: full AR transcriptional activation), and empty wells (gauge
nonspecific effects of the siRNA on transcriptional activity). The
transcriptional activity of the glucocorticoid receptor (GR) was
assayed using a human GR construct (pMK33-hGR), and the same
reporter gene was used for screening AR (the response elements in
the reporter are the same for AR and GR). Cells were treated with
vehicle (ethanol), 10 nM R1881 for AR, or 100 nM dexamethasone
(Dex) for GR. The secondary screen was performed and FL/RL was
measured for both AR and GR under basal and hormone-induced
conditions. AR-specific hits were defined as a twofold (high spec-
ificity) and a 1.5-fold (moderate specificity) difference between AR
and GR activity.

RNA interference in mammalian cells

Three individual siRNAs (Silencer Select; Ambion, Life Technolo-
gies) were pooled and transfected into cells using the HiPerFect
transfection reagent (QIAGEN) following the manufacturer’s in-
structions. Nonsilencing siRNAs were used as controls. siRNAs
were used at a final concentration of 25-30 nM per individual
siRNA.

Luciferase assay

Plates (24-well) were coated with poly-D-lysine for 2 h at 37°C.
LNCaP cells stably expressing an AR-responsive probasin-luciferase
reporter gene (gift from Karen Knudsen) were seeded in triplicate at
a density of ~75,000 cells/well in RPMI media supplemented with
10% FBS and transfected on two consecutive days with siRNAs as
described above. Cells were steroid-starved by placing in phenol
red-free RPMI media with 10% cFBS for 48 h, then treated with
10 nM R1881 for 24 h. Luciferase activity was measured using 1X
Passive Lysis Buffer (Promega) and assayed as described by the
manufacturer. Data were normalized to protein concentration us-
ing the Bradford assay (Bio-Rad).

For luciferase assays in LNCaP-abl cells, cells were plated in
media supplemented with 10% cFBS and transfected with siRNAs
as above and cultured for 48 h. For the GR activity assays, cells were
treated with 100 nM dexamethasone for 4 h before lysis.

Proliferation assay

Cells were plated in their appropriate growth media in triplicate
(5000 cells/well for LNCaP and LNCaP-abl, 3000 cells/well for

HEK293 and PC3) in 96-well plates and reverse-transfected with
a pool of three siRNAs using the HiPerFect transfection reagent as
described above. Cell proliferation was determined using the
Cyquant-NF Cell Proliferation Assay (Invitrogen), which quan-
tifies the amount of fluorescent dye incorporated into newly
synthesized DNA. Fluorescence was quantified at 485/530 nm
with the SpectraMaxM5 Microplate Reader and SoftMaxPro soft-
ware (Molecular Devices).

RNA preparation and qPCR

Total RNA was isolated from cells using the RNeasy Mini Kit
(QIAGEN). cDNA was synthesized using the First-Strand cDNA Syn-
thesis Kit (USB) or SuperScript III reverse transcriptase (Invitrogen)
and random primer hexamers following the manufacturers’ in-
structions. Gene-specific cDONA was amplified in a 25-pL reaction
containing Hot Start SYBR Green qPCR Master Mix (USB). Real-
time PCR was performed using the MyiQ Single-Color Real-Time
PCR Detection System (Bio-Rad). Analysis was performed using
the AACT method (Bookout et al. 2006), and RPL19 was used as an
internal control for data normalization. The sequences of the
primers used for real-time PCR are given in Supplemental Table 5.

Cell cycle analysis

LNCaP-abl cells cultured in 10% CFBS media were transfected
with siRNAs. After transfection (24 h), cells were trypsinized
and fixed in 70% ethanol at 4°C. Cells were then stained with
100 mg/mL propidium iodide and processed for flow cytometry
(Becton-Dickinson FACScalibur). Data were analyzed using FlowJo
software.

Microarray analysis

Microarray experiments were carried out using Affymetrix Human
Genome U133 plus 2.0 expression arrays on RNA from LNCaP-abl
cells transfected with control siRNA, MED19 siRNA, or HIPK2 siRNA.
Normalization of the raw data and calculation of Gene Ontology
enrichment and fold-changes were conducted using R BioConductor
and the affy data processing package (Gautier et al. 2004; Gentleman
et al. 2004). In addition to the microarray data generated in this
study, publicly available data (Gene Expression Omnibus accession
numbers GSE7868 and GSE11428) were used in the analysis (Wang
et al. 2009). The Sungear software system was used to support the
analysis and visualization of the gene expression data sets (Poultney
et al. 2007). Genes and attendant GO annotations from LNCaP-abl
siHIPK2, siMED19, siAR, and LNCaP siAR data sets were loaded into
the system to yield the interactive Venn diagrams.

Data access

Results from the primary siRNA screen have been deposited with
the Drosophila RNAi Screening Center (DRSC) (http://www.flyrnai.
org) under the title “Factors affecting human androgen receptor
transcriptional activation” (see Supplemental Table 4 for DRSC ID
numbers). Microarray data are available through the NCBI Gene
Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/)
under the accession number GSE43881.
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