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Background:Mechanisms that redirect androgen receptor signaling to primarily support prostate tumor growth are poorly
understood.
Results: Prostate cancer cells were addicted to ELK1, which tethered AR to activate growth genes in hormone-dependent and
castration-recurrent PC without ELK1 phosphorylation.
Conclusion: ELK1 directs a critical arm of transcriptional growth signaling by AR that is preserved in CRPC.
Significance: The ELK1-AR interaction offers a functionally tumor-selective drug target.

The androgen receptor (AR) is essential for diverse aspects of
prostate development and function. Molecular mechanisms by
which prostate cancer (PC) cells redirect AR signaling to genes
that primarily support growth are unclear. A systematic search
for critical AR-tethering proteins led to ELK1, an ETS transcrip-
tion factor of the ternary complex factor subfamily. Although
genetically redundant, ELK1 was obligatory for AR-dependent
growth and clonogenic survival in both hormone-dependent PC
and castration-recurrent PC cells but not for AR-negative cell
growth. AR required ELK1 to up-regulate a major subset of its
target genes that was strongly and primarily enriched for cell
growth functions. AR functioned as a coactivator of ELK1 by
association through its A/B domain, bypassing the classical
mechanism of ELK1 activation by phosphorylation and without
inducing ternary complex target genes. The ELK1-AR synergy
per se was ligand-independent, although it required ligand for
nuclear localizationofARas targeting theARA/Bdomain to the
nucleus recapitulated the action of hormone; accordingly, Caso-
dex was a poor antagonist of the synergy. ELK3, the closest sub-
stitute for ELK1 in structure/function and genome recognition,
did not interact with AR. ELK1 thus directs selective and sus-
tained gene induction that is a substantial and critical compo-
nent of growth signaling by AR in PC cells. The ELK1-AR inter-
action offers a functionally tumor-selective drug target.

Both androgen-responsive and advanced prostate tumors
are generally dependent on the androgen receptor (AR)2 for

growth (1–4). The growth could be driven by circulating
androgen, postablation synthesis of intratumoral androgen, or
by AR acting completely independently of androgen (5–10). In
all cases, the current clinical paradigm for adjuvant therapy is
total and ubiquitous attenuation of AR signaling by androgen
ablation and the use ofAR ligands that antagonize, sequester, or
deplete AR (11). However, currently available antiandrogens
have limited efficacy in blocking disease progression; further-
more, androgen ablation is associated with undesirable side
effects in a variety of non-target tissues and organ systems (12).
Therefore, it is desirable to identify and effectively disrupt a
functional aspect of AR that is critical for tumor growth but not
for the physiological role of androgen in differentiated normal
tissues.
Specific mechanisms by which prostate cancer cells repro-

gram androgen/AR signaling to primarily support tumor
growth are not well understood. In the classical model of gene
regulation by AR, the receptor requires bound ligand to
homodimerize, enter the nucleus, and bind to well character-
ized androgen response elements (AREs) associated with target
genes (13–17). Androgen binding also enables phosphorylation
of AR that is required for its stabilization and activity (18, 19).
When the bound ligand is an agonist, AR then recruits coacti-
vators; in contrast, whenAR is bound to antagonists, co-repres-
sors are preferentially recruited (15, 16). AR contains sites of
coregulator binding that are either ligand-dependent or -inde-
pendent. However, in prostate cancer cells that are adapted to
grow in the absence of hormone, the AR apoprotein is localized
in an active form in the nucleus. In such cells, the AR apopro-
tein activates a gene set that is distinct from genes that require
androgen for activation in the same cells (9, 20). This set of* This work was supported by the Harold and Helen McMaster endowment
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genes strikingly overlaps the signature gene overexpression
profile of clinical castration-recurrent prostate tumors and is
enriched for gene clusters primarily supporting mitotic cell
division (9, 20). Furthermore, we have demonstrated that in
those cells theAR apoprotein can support growth through gene
activation that occurs without the direct binding of AR to AREs
and likely through tethered associations of the receptor with its
target genes (9).Our previous detailed studies of the interaction
of AR with CCAAT/enhancer-binding protein � (involved in
terminal tissue differentiation) suggested that tethered associ-
ations of ARwith DNAmay not require hormone except in cell
contexts in which androgen is needed for nuclear import of AR
(21). Therefore, it may be possible to identify one or a few crit-
ical AR-tethering proteins whose interaction with the receptor
may be necessary, althoughnot sufficient, for androgen/AR-de-
pendent growth of both early stage and advanced prostate can-
cer cells. If such interactions do not occur in, or are not critical
for, the normal physiological actions of AR, then they could be
targeted for functionally selective and tumor-specific interven-
tion in prostate cancer.
In prostate cancer cells in which AR is localized in the

nucleus in the absence of hormone, the AR apoprotein has pro-
found genotropic effects. However, in genome-wide chromatin
binding studies using cell linemodels of advanced prostate can-
cer in the absence of hormone, putative tethered associations of
ARwith chromatin generally give relativelyweak signals at best.
This is presumably due to the poor efficiency of immunopre-
cipitation of AR in such complexes (9, 20). Nevertheless, the
association of AR with DNA-bound transcription factors has
been reported by screening a synthetic cis-element array of
transcription factor binding sites for AR recruitment from a
nuclear extract of LNCaP cells (22). After narrowing this list on
the basis of the cis-elements that could be functionally validated
as mediators of transactivation by AR, we undertook a detailed
investigation of ELK1. ELK1 belongs to the ternary complex
factor (TCF) subgroup of the ETS family transcription factors.
ETS family proteins share a conserved winged helix-turn-

helix DNAbinding domain of about 85 amino acids and bind to
a core GGA sequence. The many ETS proteins demonstrate
both commonalities and differences in tissue specificity and
binding site (target gene) selectivity (23, 24). The TCF subfam-
ily proteins have the additional capability of forming a ternary
complex with the serum response factor (SRF) and serum
response elements (SREs) to induce immediate early genes (25,
26). TCF proteins are activated by MAPK signaling to control
growth or to respond to stress (27). ELK1 ordinarily represses
genes in its SUMOylated form (28); its activation through
MAPK occurs by phosphorylation that is accompanied by loss
of SUMOylation (28), resulting in a loss of its ability to repress
genes. Although ELK1 regulates a broad network of genes (29),
deletion of the ELK1 gene does not result in significant abnor-
malities in phenotype (30). This is presumably due to functional
redundancy within the TCF subfamily (23, 24).
ELK1 is redundant for normal mammalian development but

shows consistent expression in the epithelial cells of clinical
prostate tumors (31). ELK1 also appears to support transcrip-
tional signaling by AR. It was therefore of interest to further

examine the nature and significance of its interactions with AR
in prostate cancer.

EXPERIMENTAL PROCEDURES

Cell Culture andReagents—Normal primary prostate epithe-
lial cells from two donors aged 17 and 29 years were purchased
from Lifeline Cell Technology (Oceanside, CA). LNCaP, VCaP,
DU145, PC-3, and HeLa cell lines were from the American
Type Culture Collection (Manassas, VA). C4-2 cells were
kindly provided by Dr. Edwin Sanchez (University of Toledo).
293FT cells were from Invitrogen. LNCaP and C4-2 cells were
routinely grown at 37 °C in 5% CO2 in RPMI 1640 medium
supplemented with 10% FBS (Invitrogen); 100 units/ml penicil-
lin, 100 �g/ml streptomycin, 2 mM L-glutamine mixture (Invit-
rogen); and sodium pyruvate (1 mM) (Invitrogen). VCaP, HeLa,
andDU145 cellswere grown inDMEMsupplementedwith 10%
FBS and 100 units/ml penicillin, 100�g/ml streptomycin, 2mM

L-glutamine mixture. PC-3 cells were grown in RPMI 1640
medium supplemented with 10% FBS and 100 units/ml penicil-
lin, 100�g/ml streptomycin, 2mM L-glutaminemixture. 293FT
cells were grown in DMEM supplemented with 10% FBS, non-
essential amino acids (Invitrogen), 500 �g/ml Geneticin (Invit-
rogen), and 100 units/ml penicillin, 100 �g/ml streptomycin, 2
mM L-glutamine mixture. Affinity-purified rabbit anti-human
antibodies to AR (sc-816) and ELK1 (sc-355) and mouse anti-
human antibodies to AR (sc-7305), ELK1 (sc-65986), and
GAPDH (sc-47724) were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA). Rabbit monoclonal anti-human anti-
body to ELK1 (ab 32106) was from Abcam (Cambridge, MA).
Phospho-ELK1 (Ser-383) antibody (catalogue number 9181)
was purchased fromCell Signaling Technology (Danvers, MA).
R1881 and Casodex were kindly provided by Dr. Lirim Shem-
shedini (University of Toledo). Cisplatin used for the Annexin
V assay was a gift fromDr. Steve Patrick (University of Toledo).
LipofectamineTM 2000 was purchased from Invitrogen. Prote-
ase inhibitor mixture was purchased from Thermo Scientific
(product number 78410). Phosphatase inhibitor mixture (cata-
logue number P-5726) and phorbol 12-myristate 13-acetate
were purchased from Sigma-Aldrich. For hormone depletion,
cells were grown in either phenol-red free RPMI 1640 medium
or phenol red-free DMEM supplemented with 10% charcoal
stripped FBS (Invitrogen) and 100 units/ml penicillin, 100
�g/ml streptomycin, 2 mM L-glutamine mixture for 48 h before
the experiments.
Plasmids—GAL4-TATA-Luc plasmid (pG5luc) and expres-

sion plasmid for VP16 and Gal4 were purchased from Promega
(Madison, WI) (CheckMate Mammalian Two-hybrid System).
The (ELK1)2-TATA-Luc plasmid was constructed using an
EMSA-validated oligonucleotide sequence representing a tan-
dem repeat of the optimal binding site for ELK1 (5�-GAGCCG-
GAAGATCGGAGCCGGAAG-3�) that was custom synthe-
sized. The complementary oligonucleotides were annealed to
obtain double-stranded DNA. The synthetic DNA was de-
signed with the addition of 5� KpnI and 3� NheI sites and sub-
stituted for the Gal4 element in the pG5luc vector (Promega)
upstream of the TATA box. The ISRE-TATA-Luc and ARE-
TATA-Luc plasmids were similarly constructed but with the
insertion of the ISRE (5�-GATCGGGAAAGGGAAAC-
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CGAAACTGAAGCC-3�) or a consensusARE (5�-AGTACGT-
GATGTTCT-3�), respectively, instead of the ELK1 element.
The pRL plasmid encoding Renilla luciferase was purchased
from Promega. The PSA-Luc plasmid containing a 6.1-kb DNA
fragment encompassing the promoter and distal enhancer
regions of the PSA gene was a kind gift from Dr. Lirim Shem-
shedini. The AR expression plasmid (pSG5 vector) was a kind
gift from Dr. Lirim Shemshedini. The expression plasmids for
human full-length ELK1 and ELK3 in the pCMV plasmid were
purchased from OriGene (Rockville, MD). The Gal4 fusion
with ELK1 in which the DNA binding domain of ELK1 (amino
acids 1–86) was deleted was constructed by PCR using the
ELK1 expression plasmid as the template and the appropriate
primers and subcloned at BamHI (upstream) and NotI (down-
stream) sites in a vector expressing Gal4 fusions (pBind). VP16
fusion constructs for the various domains of AR were con-
structed using the VP16 expression plasmid from Promega.
The AR(A/B)-NLS construct was generated by PCR amplifica-
tion of the A/B domain (residues 1–555) from the full-length
AR plasmid and cloning into the pCDHvector with an in-frame
insertion of tandem repeats of a nuclear localization sequence
(NLS) at its C terminus. pCDH-ELK3 was generated by cloning
the full-length ELK3 cDNA into the pCDHvector. TheTIPARP
promoter-Luc constructwas generated by PCRamplification of
the nucleotide sequence�536 to�60 of theTIPARP gene from
human genomic DNA. The ELK1 binding element within this
sequence spans nucleotides�357 to�348. This PCR-amplified
product was cloned into pGL3-Basic vector. TIPARP (�ELK1)
promoter-Luc construct was made by deleting the ELK1 bind-
ing element from the TIPARP promoter-Luc construct and
cloned into pGL3-Basic vector. shRNAs targeting AR, ELK1,
and SRF and non-targeting control shRNA in the lentiviral
expression vector pLKO.1-puro were purchased from Sigma-
Aldrich. All shRNA sequences are in Supplement 8.
Transfection and Reporter Luciferase Assays—Transient

transfections of LNCaP and C4-2 cells were performed using
Cell Line Nucleofector kit R from Amaxa Biosystems (Ger-
many) following the manufacturer-optimized protocol for
LNCaP cells. 2 � 106 cells were used for each nucleofection.
After nucleofection with appropriate plasmids and shRNA, the
cells were plated in 12-well poly-D-lysine-coated plates from
BDDiscovery Labware. In all cases, the appropriate empty vec-
tor plasmids were used to equalize total DNA for transfection.
For promoter analysis, 2 �g of each promoter-luciferase
reporter construct was transfected. In the AR or ELK1 knock-
down experiments, 1.5�g of each shRNAor non-targeting con-
trol shRNA plasmid was transfected. HeLa cells were trans-
fected using Lipofectamine 2000 transfection reagent. The cells
were lysed with Passive Lysis Buffer (Promega), and the lucifer-
ase activities were measured using substrates for either firefly
luciferase or Renilla luciferase provided in the Luciferase Assay
System (Promega) in a luminometer (Lumat LB9501, Berthold,
Wildbad, Germany). In all cases, uniformity of transfection was
confirmed using the pRL-null plasmid expressing Renilla
luciferase.
Lentivirus-mediated Transduction—For lentivirus-mediated

gene knockdown, shRNAs for AR, ELK1, and SRF and non-
targeting control were packaged in 293FT cells using lentiviral

packaging plasmids as described previously (9). The virus-con-
taining supernatant was harvested 48 and 72 h after transfec-
tion, filtered, and stored at �80 °C until the time of infection.
24 h before infection, 5 � 105–6 � 105 cells were plated in
poly-D-lysine-coated 6-well plates (for LNCaP or C4-2 cells) in
phenol red-free medium supplemented with 10% heat-inacti-
vated charcoal-stripped FBS and 2 mM L-glutamine. The next
day, cells were infected with either non-targeting control
shRNA lentivirus, AR shRNA lentivirus, ELK1 shRNA lentivi-
rus, a combination ofAR shRNAandELK1 shRNA lentiviruses,
or SRF shRNA lentivirus with Polybrene (8 �g/ml) for a dura-
tion of 5 h followedby a similar second lentiviral infection for an
additional 5 h. 10 h after the infection, the virus was replaced
with fresh phenol red-free medium containing 10% charcoal-
stripped FBS. For the AR-negative cell lines DU145 and PC-3,
after the lentiviral infection, the virus was replaced with fresh
phenol red-free medium containing 10% FBS.
VCaP cells are sensitive to Polybrene. Therefore, to increase

the lentiviral transduction efficiency in the absence of Poly-
brene, the MISSIONTM ExpressMag Super Magnetic kit from
Sigma-Aldrichwas used. Briefly, 24 h before infection, 5� 105–
6� 105 cellswere plated in poly-D-lysine-coated 6-well plates in
phenol red-free DMEM supplemented with 10% heat-inacti-
vated charcoal-stripped FBS and 2 mM L-glutamine. The next
day, cells were infected with either non-targeting control
shRNAor ELK1 shRNA lentivirus usingMISSIONExpressMag
Beads according to the manufacturer’s protocol. 18–20 h after
the infection, the virus was replaced with fresh phenol red-free
DMEM containing 10% FBS.
Cell Proliferation Assay—Cells were trypsinized and 4000–

6000 cells/well were seeded in 96-well plates in phenol red-free
medium supplemented with 10% charcoal-stripped FBS and
grown at 37 °C in 5% CO2 for different time periods. For
LNCaP, VCaP, and C4-2 cells, it was necessary to use plates
coatedwith poly-D-lysine. For LNCaP andVCaP cells, 24 h after
seeding in 96-well plates, the cells were treated with vehicle
(ethanol) or R1881 (1 nM). The culture medium was not
changed during the entire time course. At the end of each time
point, cell viability was determined using the MTT assay.
Briefly, 10 �l of MTT (5 mg/ml) was added to each well and
incubated for 2 h at 37 °C. The formazan crystal sedimentswere
dissolved in 100�l ofDMSO, and the absorbance at 570 nmwas
measured using a SpectraMax Plus spectrophotometer (Molec-
ular Devices Corp., Sunnyvale, CA). The assay was conducted
in sextuplicate wells, and all values were normalized to day 0.
Two- and Three-dimensional Colony Formation Assays—For

the two-dimensional colony formation assay, cells were
trypsinized, and 500 cells/well were seeded in poly-D-lysine-
coated 6-well plates in phenol red-free medium supplemented
with 10% charcoal-stripped FBS. 24 h later, the cells were
treated with vehicle or R1881 (1 nM) and grown at 37 °C in 5%
CO2 for 2 weeks until colonies had formed. The treatments
were replenished every 96 h. Colonieswere fixedwithmethanol
and stained with crystal violet. Each treatment was conducted
in triplicate, and pictures of individual wells were taken.
For the three-dimensional colony formation assay, 24-well

plates were coatedwith a bottom layer of 0.8% SeaPrep ultralow
gelling temperature agarose (BioWhittakerMolecular Applica-
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tions, Rockland,ME) in phenol red-freemedium supplemented
with 10% charcoal-stripped FBS. Cells were trypsinized, serially
diluted in the same medium, and applied as the top agarose
layer. The agarose gel bed was overlaid with phenol red-free
medium supplemented with 10% charcoal-stripped FBS con-
taining R1881 (1 nM). The plates were incubated at 37 °C in 5%
CO2 for 2 weeks until colonies formed. R1881 was replenished
every 96 h. The colonies were stained with MTT by applying
500�l ofMTT (5mg/ml) to each well and incubated for 30min
at 37 °C.
Apoptosis Assay—Cells were trypsinized and seeded in poly-

D-lysine-coated 6-well plates in phenol red-free medium sup-
plemented with 10% charcoal-stripped FBS. Apoptosis was
measured by Guava Nexin analysis using the Guava Nexin rea-
gent staining kit according to the manufacturer’s instructions.
RNA Isolation, Reverse Transcription, and Quantitative Real

Time PCR—Total RNA from cells was isolated using the
RNeasy minikit (Qiagen, Georgetown, MD) according to the
manufacturer’s protocol. Reverse transcription was performed
using 500 ng of total RNA and the High-Capacity cDNA
Archive kit (Applied Biosystems, Invitrogen) according to the
vendor’s protocol. cDNA was measured by quantitative real
time PCR using the StepOnePlus Real-Time PCR System
(Applied Biosystems, Invitrogen) and TaqMan Fast Universal
PCRMaster Mix (Applied Biosystems, Invitrogen). All primers
and TaqMan probes were purchased from the Applied Biosys-
tems inventory (Invitrogen). All samplesweremeasured in trip-
licate and normalized to the values for GAPDH.
Western Blot Analysis—Cells were lysed with radioimmune

precipitation assay buffer (150 mM NaCl, 1% Nonidet P-40,
0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris of pH 8.0)
containing protease inhibitor mixture (Pierce, Thermo Fisher
Scientific) and incubated on ice for 30 min. Total protein con-
centration was determined by Bradford assay (Bio-Rad). Cell
lysates were heated at 95 °C for 5 min. Protein samples (25–50
�g) were resolved by electrophoresis on 8% SDS-polyacryl-
amide gels and electrophoretically transferred to PVDF mem-
branes (Millipore, Billerica, MA). The blots were probed with
appropriate primary antibody and the appropriate horseradish
peroxidase-conjugated secondary antibody. The protein bands
were visualized using the HyGLO Chemiluminescent HRP
Antibody Detection Reagent (Denville Scientific, Metuchen,
NJ).
Detection of Phospho-ELK1—LNCaP cells were washed twice

with PBS and incubated for a further 24 h in serum-free
medium. The cells were then treated with vehicle, phorbol
12-myristate 13-acetate (10 �M), or R1881 (1 nM) for various
durations. After the treatment, the cells were harvested and
lysed in radioimmune precipitation assay buffer containing 1�
protease inhibitor mixture and 1� phosphatase inhibitor mix-
ture. 60 �g of total protein was heated at 95 °C for 5min in SDS
sample loading buffer and analyzed byWestern blot. Phospho-
ELK1 was detected using anti-phospho ELK1 (Ser-383)
antibody.
Chromatin Immunoprecipitation (ChIP) andRe-ChIP—Cells

were treatedwith either vehicle or R1881 (1 nM) for 2 h and then
subjected to ChIP using anti-AR antibody (sc-816) and anti-
ELK1 antibody (ab 32106). The ChIP assay was performed

using the EZChIP chromatin immunoprecipitationkit (catalogue
number 17-371) according to the vendor’s protocol (Millipore,
Temecula, CA), and ChIP signals were measured by quantitative
real time PCR analysis of chromatin-immunoprecipitated prod-
ucts. Each sample was tested in triplicate. The primers and
TaqMan probes used to amplify genomic sequences by real time
quantitative RT-PCR are in Supplement 8.
For the re-ChIP assay, the first immunoprecipitation was

performed with either anti-ELK1 antibody (ab 32106), anti-AR
antibody (sc-816), or normal rabbit IgG (sc-2027). The chroma-
tin complexes from the first round of immunoprecipitation
were eluted with 10 mM DTT at 37 °C for 30 min, diluted 20
times with ChIP dilution buffer (1%TritonX-100, 2mMEDTA,
150 mM NaCl, 20 mM Tris HCl, pH 8.1), and subjected to the
second round of immunoprecipitation with anti-AR antibody
(sc-816) or anti-ELK1 antibody (ab 32106). The chromatin
eluted from the second immunoprecipitation was detected by
PCR amplification of a 407-bp fragment of the promoter region
of the TIPARP gene. A 478-bp genomic fragment within the
GAPDH gene was amplified as the non-targeting negative con-
trol. The forward and reverse primer sequences for the PCR
amplifications are in Supplement 8. The PCR products were
analyzed by electrophoresis on a 1% agarose gel. The PCR cycle
used to amplify the TIPARP and GAPDH sequences is as fol-
lows: initial denaturation at 95 °C for 15 min followed by 35
cycles of 1min at 94 °C, 1min at 68.5 °C, and 1min 30 s at 72 °C
and a final extension at 72 °C for 10 min.
mRNA Expression Profiling and Gene Ontology Analysis—

The Affymetrix DNA microarray analysis was performed as a
full service global gene expression study at the transcriptional
profiling core facility of The Cancer Institute of New Jersey
(New Brunswick, NJ). The data obtained are from two separate
experiments. Total RNA samples were used to generate labeled
cRNA, which was hybridized to human U133 Plus 2.0
Affymetrix microarrays. Scanned image files were analyzed
using the Gene Chip Operating System version 1.4 software,
and standard thresholding and filtering operations were used.
The data were normalized using housekeeping genes. Normal-
ization assumes that for a subset of genes (i.e. housekeeping
genes) the ratio of measured expression averaged over the set
should be 1. All data are minimum information about a
microarray experiment-compliant, and the raw data have been
deposited in aminimum information about amicroarray exper-
iment-compliant database (Gene Expression Omnibus) as
detailed by the Microarray Gene Expression Data Society. The
Gene Expression Omnibus (GEO) accession number for the
data is GSE34589.
Differentially expressed genes were identified by comparing

R1881 treatment with vehicle treatment (R1881-activated
genes, 1.5-fold cutoff) in control shRNA- versus ELK1 shRNA-
infected cells. In cells treated with vehicle, genes repressed or
activated by ELK1 alone were identified by comparing samples
from cells infected with control shRNA versus ELK1 shRNA
(0.5-fold cutoff for repression by ELK1; 2-fold cutoff for activa-
tion by ELK1). The adjusted p values for the comparisons, cal-
culated using the Bioconductor limma program, were �0.05.
Gene ontology analysis was performed using DAVID Bioinfor-
matics Resources 6.7 (32, 33).
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Coimmunoprecipitation—For C4-2 cells, cells plated in hor-
mone-depleted medium were harvested in radioimmune pre-
cipitation assay lysis buffer and 1� protease inhibitor mixture.
350 �g of whole cell lysate was precleared using protein A-aga-
rose beads (Calbiochem, Merck KGaA) for 2 h. Immunopre-
cipitation was performed using 2 �g of rabbit polyclonal AR
antibody (sc-816), a 1:80 dilution of rabbit monoclonal ELK1
antibody (ab 32106), and normal rabbit IgG (sc-2027) followed
by six washings with radioimmune precipitation assay buffer.
TheWestern blot was probedwithmousemonoclonal AR anti-
body (sc-7305) and mouse monoclonal ELK1 antibody (sc-
65986). For LNCaP cells, cells were harvested in Triton X-100
lysis buffer (20mMTris, pH 7.4, 137mMNaCl, 2 mM EDTA, 1%
Triton X-100, 10% glycerol, 0.5 mM DTT) and 1� protease
inhibitor mixture. 350 �g of lysate was precleared with protein
G Plus-agarose beads (Calbiochem, Merck KGaA) for 2 h.
Immunoprecipitation was performed using 2 �g of mouse
monoclonal AR antibody (sc-7305), mouse monoclonal ELK1
antibody (sc-65986), and normalmouse IgG (sc-2025) followed
by six washings with Triton X-100 lysis buffer. The Western
blot was probed with rabbit polyclonal AR antibody (sc-816)
and rabbit monoclonal ELK1 antibody (ab 32106).
Mammalian Two-hybrid Assay—The CheckMate Mamma-

lian Two-hybrid System (Promega) was used. HeLa cells
were plated in 24-well plates in hormone-free phenol red-
free DMEM without antibiotics. When the cells were about
90% confluent, they were co-transfected with pG5Luc, pBind
vector expressing Gal4 or Gal4-ELK1 fusion proteins, and
pACT vector expressing VP16 or VP16 fusion proteins using
Lipofectamine 2000 transfection reagent. After 48 h of trans-
fection, the cells were lysed with Passive Lysis Buffer, and the
luciferase activity was determined as described above.
Statistical Analysis—All of the experiments were repeated

at least three times. Statistical significance was determined
using one-way analysis of variance. The error bars in all
graphs represent S.D. The p values are indicated in the figure
legends.

RESULTS

The cell lines chosen for this study include (i) LNCaP, a com-
mon model of hormone-dependent PC; (ii) VCaP, a hormone-
dependent PC model harboring the common TMPRSS2-ERG
fusion as well as recently identified functional splice variants of
AR; (iii) C4-2, a model of CRPC developed by xenotransplanta-
tion in castratedmice; and (iv)DU145 andPC-3,which are both
AR-negative PC cells.
ELK1 Is Essential for Androgen-stimulated Growth but Does

Not Regulate the Level of Active AR—In LNCaP cells, in the
absence of hormone, depletion of ELK1 using two shRNA len-
tiviruses with different target site specificities modestly
increased the basal level of cell growth (Fig. 1, A and B), con-
sistent with the role of ELK1 in suppressing a number of growth
genes when it is not activated (discussed in the next section).
However, depletion of ELK1 abrogated the growth response to
androgen (Fig. 1,A and B). Depletion of ELK1 did not affect the
ability of androgen to induce several classical androgen target
genes (Fig. 1C for ELK1 shRNA 1 and supplemental Fig. 1 for
ELK1 shRNA 2), indicating that ELK1 was not required for the

general transcriptional activity ofAR.VCaP cells are dependent
on androgen for survival as well as growth as evident from the
progressive decline in viable cells in the absence of hormone
(Fig. 1D); however, depletion of ELK1 did attenuate androgen-
dependent growth (Fig. 1D). Depletion of ELK1 in VCaP cells
did not affect the androgen-stabilized level ofAR (Fig. 1D, inset)
or the ability of AR to activate a number of its classical target
genes (Fig. 1E). A modest increase in the androgen-induced
activity was observed for its classical target genes in some
instances upon depletion of ELK1; this may reflect a modestly
repressive association of ELK1 with AR bound to its classical
response elements in the chromatin as previously noted for
other AR-tethering proteins. Depletion of ELK1 did not affect
the growth of DU145 cells and PC-3 cells (Fig. 1F), consistent
with a specific role for ELK1 in supporting AR-dependent
growth.
ELK1 Enables Induction by Androgen of a Gene Set That Pri-

marily Supports Cell Cycle Progression and Mitosis—ELK1 is
known to both repress and up-regulate genes. The term “acti-
vation” of ELK1 refers to regulatory events that either reverse
gene repression by ELK1 or cause up-regulation of a target gene
by ELK1. mRNA expression profiling of LNCaP cells treated as
shown in Fig. 1A using Affymetrix DNA microarray analysis
resulted in 616 Affymetrix probe sets showing a �50% increase
in expression due to androgen treatment in the presence of
ELK1 compared with the absence of ELK1 (Fig. 2A and
supplemental Table 1). This subset corresponded to 466 unique
annotated genes. ELK1 was activated by androgen as evident
from both a loss of gene repression by ELK1 and up-regulation
of target genes. A substantial proportion (27%) of all probe sets
up-regulated by androgen showed fully or partially ELK1-depen-
dent induction by androgen (Fig. 2B); this subset overlapped the
majorityof a smallergroupofprobesets showing�50%repression
by ELK1 alone (Fig. 2B and supplemental Table 2). A relatively
small number of genes showed up-regulation by ELK1 alone
(supplemental Table 3), but in contrast to genes repressed by
ELK1, only a few of them were further induced by androgen (Fig.
2B).Notably, the list of genes showing induction by androgen
in an ELK1-dependent manner did not include well known
targets of the ternary complex of ELK1 with SRF and SRE
(e.g. c-FOS and EGR1), the activation of which requires phos-
phorylation of ELK1.
Ontology analysis for the gene set showing ELK1-dependent

activation by androgen in Fig. 2A was performed using the
DAVID Bioinformatics Resources (32, 33). This gene set pri-
marily supported cell cycle and mitosis as represented by the
top four clusters with enrichment scores of 14, 11, 5, and 5 and
corresponding Benjamini adjusted p values of 1.6e�14, 4.3e�14,
7.1e�8 and 8.6e�6 as well as clusters 6 and 7. This was in con-
trast to the group of genes that was induced by androgen com-
pletely independently of ELK1 (represented by the 1676 probes
in Fig. 2B); for this gene set, it was only cluster 19 that showed
any enrichment for cell cycle and mitosis genes (enrichment
score, 2.21; Benjamini adjusted p value, 2.7e�3).

The Affymetrix data were validated by quantitative RT-PCR
for representative genes, most of which are known to support
cell cycle progression andmitosis (Fig. 2C). As discussed above,
many of the genes were repressed by ELK1 as evident from the

ELK1 in Androgen Receptor Growth Signaling

APRIL 19, 2013 • VOLUME 288 • NUMBER 16 JOURNAL OF BIOLOGICAL CHEMISTRY 11051



ELK1 in Androgen Receptor Growth Signaling

11052 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 16 • APRIL 19, 2013



fact that depletion of ELK1 increased their expression (e.g.
the 10 genes from the right in Fig. 2C); androgen treatment
essentially prevented this repression by ELK1 but did not
further induce the genes in the absence of ELK1. Many genes

(e.g. the eight genes from the left in Fig. 2C) were relatively
unaffected by depletion of ELK1 but were activated by
androgen; this activation did not occur in the absence of
ELK1. The collective patterns of response of target genes to

FIGURE 1. Effect of depleting ELK1 on hormone-dependent PC cells. A and B, hormone-depleted LNCaP cells were infected with ELK1 shRNA 1 lentivirus (A),
ELK1 shRNA 2 lentivirus (B), or control (Ctrl) shRNA lentivirus. 72 h later (after the knockdown (KD) had occurred), cells were treated with vehicle (veh) or R1881
(1 nM), and cell growth was monitored by the MTT assay. A and B, insets, Western blots showing ELK1 and AR with GAPDH as the loading control. C, LNCaP cells
treated as described for A were harvested at 48 h of treatment to measure mRNA levels for the indicated androgen-activated genes by quantitative real time
PCR. D, hormone-depleted VCaP cells were infected with ELK1 shRNA lentivirus or control shRNA lentivirus. 72 h later (after the knockdown had occurred), cells
were treated with vehicle or R1881 (1 nM), and cell growth was monitored by the MTT assay. D, inset, Western blot showing ELK1 and AR with GAPDH as the
loading control. E, VCaP cells treated as described for D were harvested at 48 h of treatment to measure mRNA levels for the indicated androgen-activated
genes by quantitative real time PCR. F, DU145 and PC-3 cells were infected with ELK1 shRNA lentivirus or control shRNA lentivirus. 72 h later (after the
knockdown had occurred), cell growth was monitored by the MTT assay. F, inset, Western blot showing ELK1 with GAPDH as the loading control. R denotes
R1881. * and §, p � 0.001. Error bars represent S.D.

FIGURE 2. ELK1-dependent genotropic effects of androgen. A, hormone-depleted LNCaP cells were infected with lentivirus expressing ELK1 shRNA or
control shRNA. 72 h later (after the knockdown (KD) had occurred), cells were treated with vehicle (Veh) or R1881 (1 nM). 48 h after the treatments, total RNA was
extracted and subjected to Affymetrix DNA microarray analysis. The Affymetrix probe profile of ELK1-dependent gene activation by R1881 is plotted. B, the
Affymetrix data were used to plot Venn diagrams of sets of probes depicting overlapping subsets of genes coordinately regulated by ELK1 and R1881. C, the
results of the Affymetrix microarray analysis are validated for representative genes using quantitative real time PCR. *, p � 0.001. Error bars represent S.D.

ELK1 in Androgen Receptor Growth Signaling

APRIL 19, 2013 • VOLUME 288 • NUMBER 16 JOURNAL OF BIOLOGICAL CHEMISTRY 11053



depletion of ELK1 and/or androgen treatment are illustrated
in a heat map (supplemental Fig. 2). Thus, androgen
increases the expression of ELK1 target genes either by
reversing their repression or by simply activating them.

ELK1 Is Also Essential for AR-dependent Clonogenic Survival
andGrowth of CRPCCells and Cooperates with the ARApopro-
tein to Induce Cell Growth Genes—C4-2 cells are capable of a
high frequency of colony formation in soft agar, reflecting their

FIGURE 3. Effect of depleting ELK1 on clonogenic survival, growth, and AR-regulated gene expression in CRPC cells. A, top, C4-2 cells plated in
hormone-depleted medium were infected with ELK1 shRNA lentivirus or control shRNA lentivirus. 72 h later (after the knockdown had occurred),
anchorage-dependent colony formation was measured following treatment with vehicle or R1881 (1 nM). At the end of 2 weeks, colonies were stained
with crystal violet. A, bottom, at the end of 48 h of treatment, the cells were harvested for Western blot to probe for ELK1 and AR with GAPDH as the
loading control. B, C4-2 cells plated in hormone-depleted medium were infected with ELK1 shRNA lentivirus or control shRNA lentivirus. 72 h later (after
the knockdown had occurred), anchorage-independent colony formation was measured in 0.8% soft agar containing a serial dilution of cells following
treatment with R1881 (1 nM). At the end of 2 weeks, colonies were stained with MTT. C, hormone-depleted C4-2 cells were infected with AR shRNA
lentivirus or control (Ctrl) shRNA lentivirus. 72 h later (after the knockdown had occurred), cell growth was monitored in hormone-depleted medium by
the MTT assay. C, inset, Western blot showing AR with GAPDH as the loading control. D, hormone-depleted C4-2 cells were infected with ELK1 shRNA 1,
ELK1 shRNA 2 lentivirus, or control shRNA lentivirus. 72 h later (after the knockdown had occurred), cell growth was monitored in hormone-depleted
medium by the MTT assay. D, inset, Western blot showing ELK1 with GAPDH as the loading control. E, C4-2 cells plated in hormone-depleted medium
were infected with ELK1 shRNA, AR shRNA lentivirus, a combination of AR shRNA and ELK1 shRNA lentivirus, or control shRNA lentivirus. 72 h after
infection, cells were seeded in 6-well plates and incubated for an additional 72 h to achieve a good combined knockdown of ELK1 and AR. Cells were
harvested to measure mRNA levels for the indicated genes by quantitative real time PCR. E, inset, Western blot showing ELK1 and AR with GAPDH as the
loading control. F, the RNA samples used in E were analyzed for expression of two previously known apo-AR-regulated genes by quantitative real time
PCR. KD denotes knockdown. *, p � 0.001; **, p � 0.001. Error bars represent S.D.
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high tumorigenic potential (34). C4-2 cells are capable of robust
cell growth in the absence of hormone; however, colony sur-
vival of C4-2 cells, particularly in two-dimensional culture
(where autocrine factors could dissipatemore easily), is optimal
in the presence of androgen.
InC4-2 cells, clonogenicitywas virtually abrogated by knock-

ing down ELK1 with either one of two lentiviral ELK1 shRNAs

when examined by two-dimensional colony formation assay
(Fig. 3A, top panel, for ELK1 shRNA 1 and supplemental Fig. 3
for ELK1 shRNA 2). In this experiment, depletion of ELK1 did
not appreciably alter the expression of AR (Fig. 3A, lower
panel). Similarly, depletion of ELK1 virtually abrogated colony
formation using the anchorage-independent clonogenicity
assay in soft agar (Fig. 3B).

FIGURE 4. Lack of influence of ELK1-dependent androgen/AR signaling on cell survival, ELK1 phosphorylation, or regulation of immediate early
genes. A, hormone-depleted LNCaP cells were infected with ELK1 shRNA 1, ELK1 shRNA 2, or control (Ctrl) shRNA lentivirus. 96 h later, cells were treated with
vehicle (Veh) or R1881 (1 nM) for 48 h. Apoptosis was measured by the Annexin V assay. As a positive control for the assay, apoptosis was induced by treatment
with cisplatin (100 �M) for 24 and 48 h. B, hormone-depleted C4-2 cells were infected with ELK1 shRNA 1, ELK1 shRNA 2, or control shRNA lentivirus. 6 days later,
apoptosis was measured by the Annexin V assay. As a positive control for the assay, apoptosis was induced by treatment with cisplatin (100 �M) for 24 and 48 h.
C, LNCaP cells were treated with vehicle or R1881 (1 nM) for 48 h and harvested for RNA and protein. ELK1 expression was measured using quantitative real time
PCR, and the protein lysates were analyzed by Western blot for ELK1 with GAPDH as loading control (inset). D, serum-starved (Ser starv) LNCaP cells were treated
with vehicle or phorbol 12-myristate 13-acetate (PMA) (10 �M) for 1 h. LNCaP cells plated in hormone-depleted medium were treated with vehicle or R1881 (1
nM) for the indicated times. Cell lysates from all the samples were analyzed by Western blot for phospho-ELK1 (P-Elk1) or ELK1 protein with GAPDH as the
loading control. E, serum-starved LNCaP cells were stimulated with 20% FBS for the indicated times. LNCaP cells plated in hormone-depleted medium in
charcoal-stripped serum (CS SERUM) were treated with vehicle or R1881 (1 nM) for the indicated times. RNA was harvested, and the induction of endogenous
c-FOS, EGR1, PSA, TMPRSS2, CDC6, and DTL by serum or by R1881 was measured by quantitative real time PCR. For serum stimulation, mRNA levels are plotted
relative to the values for serum starvation. For R1881 treatment, the mRNA levels are plotted relative to their respective vehicle controls. R denotes R1881. * and
**, p � 0.001. Error bars represent S.D.
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C4-2 cells were capable of robust growth in monolayer cul-
ture in the absence of hormone (in medium containing char-
coal-stripped serum). This growth was dependent on AR as
depletion of AR inhibited the hormone-independent growth
(Fig. 3, C and inset). Knocking down ELK1 using either one of
the two ELK1 shRNA lentiviruses with different target site
specificities attenuated the hormone-independent growth of
C4-2 cells (Fig. 3, D and inset) as did the double knockdown of
ELK1 and AR (supplemental Fig. 4). It may be noted that the
ELK1-depleted cells exhibited a low basal growth rate that was
absent in the AR-depleted cells, possibly reflecting the loss of
repression of many growth-supporting genes by ELK1 (dis-
cussed below).
Most of the genes validated above as targets for ELK1-depen-

dent induction by androgen, including cell growth-supporting
genes, were also targets for ELK1-dependent induction by the
AR apoprotein in C4-2 cells. This is evident from the observa-
tion that depletion ofARdecreased gene expression in the pres-
ence of ELK1 but not when ELK1 was knocked down (Fig. 3, E
and inset). As expected, the results from AR knockdown versus
combined ELK1 and AR knockdown showed that ELK1
repressed the genes to a variable extent independently of AR.
On the other hand the expression levels of MYC and CDC5L
that we have previously shown to be supported by AR inde-
pendently of hormone (9) were unaltered by depleting ELK1
(Fig. 3F), confirming that ELK1 did not regulate the level of
functional AR in C4-2 cells.
Growth Effects of ELK1 Depletion Are Not Quantitatively

Related to Apoptosis—To test whether decreased cell survival
contributed to the growth inhibition upon depleting ELK1,
LNCaP and C4-2 cells were analyzed by the Annexin V assay at
time points corresponding to the onset of the growth inhibi-
tion. As a positive control for the assay, cisplatin was used to
induce apoptosis in the two cell lines. The two different ELK1
shRNA lentiviruses used in the growth studies above were used
to knock down ELK1. Neither shRNA increased the number of
apoptotic cells in LNCaP cells grown in the presence of andro-
gen (Fig. 4A), and they only modestly increased apoptosis in
C4-2 cells grown in hormone-depleted medium (Fig. 4B).
Functional Activation of ELK1 by Androgen Is Not Associated

with Altered ELK1 Expression or Phosphorylation—Androgen
treatment did not affect the expression level of ELK1mRNA or
ELK1 protein (Fig. 4, C and inset). Therefore, the androgen
effect that is dependent upon ELK1 is not due to regulation of
ELK1 expression.
The classical mechanism of activation of ELK1 resulting in

target gene induction is by phosphorylation, notably at posi-
tions Ser-383 and Ser-389. When serum-starved cells are stim-
ulated with serum factors or steroids, including androgens,
ELK1 is phosphorylated through MAPK pathways; this results
in transient induction of immediate early genes such as c-FOS.
In the preceding studies, ELK1 supported sustained (rather
than transient) induction of growth genes by androgen orAR in
medium containing charcoal-stripped serum. Therefore, it was
of interest to test whether, under these conditions, the activa-
tionofELK1byandrogenorARinvolved initialELK1phosphor-
ylation. In charcoal-stripped serum, androgen did not induce
phosphorylation of ELK1 in LNCaP cells (Fig. 4D). As a positive

control for ELK1 phosphorylation, stimulation of serum-
starved LNCaP cells with phorbol 12-myristate 13-acetate
caused phosphorylation of ELK1 within 1 h (Fig. 4D). There-
fore, the sustained activation of ELK1 by AR observed above is
independent of ELK1 phosphorylation.
In Charcoal-stripped Serum, Androgen Does Not Induce the

Immediate Early Gene Response Associated with the ELK1 Ter-
nary Complex—Several immediate early genes, including
c-FOS and EGR1, are targets of the ternary complex of ELK1,
SRF, andSRE,which is activatedbyMAPK-mediatedphosphor-
ylation of ELK1. In charcoal-stripped serum in which ELK1
supported sustained (long term) gene activation by androgen,
the hormone treatment failed to similarly activate the TCF tar-
get genes c-FOS and EGR1 either in the short term or after
prolonged exposure (Fig. 4E). In contrast, both mRNAs
increased in rapid response to serum stimulation (Fig. 4E). As
expected, the PSA and TMPRSS2 genes (controls; classical
androgen target genes) were induced by androgen over a longer
period (Fig. 4E). Examples of androgen-induced genes for
which ELK1 was required, including DTL, CDC6, THBS1, and
SLC7A11 (Fig. 4E and supplemental Fig. 5), followed a time
course of induction similar to that for PSA and TMPRSS2. On
the other hand, UBE2C, which also required ELK1 for induc-
tion by androgen (Fig. 2C), showed delayed induction by andro-
gen (supplemental Fig. 5), suggesting that this could be one of
the indirect targets of ELK1-dependent gene induction by
androgen. Furthermore, depletion of SRF using lentiviral SRF

FIGURE 5. Lack of dependence on SRF for ELK1-dependent gene activa-
tion by androgen. A, hormone-depleted LNCaP cells were infected with SRF
shRNA (sh) or control (Ctrl) shRNA lentivirus. 72 h later (after the knockdown
had occurred), cells were treated with vehicle or R1881 (1 nM). 48 h after
treatment, cells were harvested for RNA and protein. SRF mRNA expression
was measured using quantitative real time PCR, and the cell lysates were
analyzed by Western blot for SRF with GAPDH as loading control (inset). B, the
RNA samples from A were used to measure mRNA levels of PSA and TMPRSS2
by quantitative real time PCR. C, the RNA samples used in A were analyzed for
expression of the indicated genes by quantitative real time PCR. *, p � 0.001.
Error bars represent S.D.
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shRNA (Fig. 5A) did not appreciably decrease the ability of
androgen to induce either its classical target genes (PSA and
TMPRSS2) (Fig. 5B) or any of the target genes tested for which
ELK1 was required (Fig. 5C); as expected, depletion of SRF did
attenuate the immediate early gene response (supplemental
Fig. 6). Therefore, the cooperative long term transcriptional
signaling of ELK1 and AR excludes the ternary complex target
genes. AR elicits a sustained genotropic effect through ELK1
rather than the transient response that is typical of the classical
mechanism of activation of ELK1.

The ELK1 Binding Element and the ELK1 Protein Mediate
Transactivation by AR—ELK1 binds to a cis-element that is
shared with other ETS proteins. However, ELK1 does show
sequence preference; furthermore, it is preferentially bound to
certain ETS sites in the chromatin context. The cis-element
preferred by ELK1 was placed as two tandem repeat elements
upstream of a minimal TATA-dependent promoter-reporter
luciferase construct ((ELK1)2-TATA-Luc). In the AR-negative
HeLa cells in which this promoter construct was introduced by
transient transfection, the promoter was activated by androgen

FIGURE 6. Cooperative promoter activation by ELK1 and AR through the ELK1 binding element. A, HeLa cells were co-transfected with (ELK1)2-TATA-Luc
and pSG5-AR or pSG5 vector control. Cells were treated with either vehicle or testosterone (10 nM), and luciferase activity was measured 48 h after transfection.
B and C, HeLa cells were co-transfected with (ELK1)2-TATA-Luc and pCMV-ELK1 or pCMV vector control and pSG5-AR. Cells were treated with either vehicle (Veh)
or testosterone (Test) (10 nM). 48 h after transfection, cells were harvested to measure ELK1 mRNA (B) or lysed to measure luciferase activity (C). D, HeLa cells were
transfected and treated as described for C except that the promoter construct used was ARE-TATA-Luc. E, HeLa cells were transfected and treated as described
for C except that the promoter construct used was ISRE-TATA-Luc. F, HeLa cells were co-transfected with (ELK1)2-TATA-Luc and ELK1 shRNA 1, ELK1 shRNA 2,
or control shRNA plasmid and pSG5-AR. Cells were treated with testosterone (10 nM). 48 h after transfection, cells were harvested to measure ELK1 mRNA (left
panel) or to measure luciferase activity (right panel). G, C4-2 cells were plated in hormone-depleted medium and nucleofected with either (ELK1)2-TATA-Luc (left
panel) or PSA-promoter Luc (right panel) and treated with vehicle or R1881. 48 h after nucleofection, the cells were harvested for luciferase activity. H, C4-2 cells
were nucleofected in hormone-depleted medium with (ELK1)2-TATA-Luc and AR shRNA, ELK1 shRNA, or both ELK1 and AR shRNAs. After 48 h of nucleofection,
the cells were harvested for luciferase activity (left panel). The endogenous AR and ELK1 mRNA expression levels were measured by quantitative real time PCR
(right panel). *, **, and §, p � 0.001. Error bars represent S.D. Ctrl, control; KD, knockdown; RLU, relative luciferase units.
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in an AR-dependent manner (Fig. 6A). Doubling the level of
ELK1mRNA by transfecting an ELK1 expression plasmid (Fig.
6B) increased the promoter activation by androgen (Fig. 6C). In
contrast, ectopic ELK1 did not affect the promoter activity
when the ELK1 element was replaced by either the androgen-
activated classical ARE (Fig. 6D) or an androgen-repressed
ISRE (Fig. 6E). A partial knockdown of endogenous ELK1 by
transient co-transfection with either of the two different ELK1
shRNA expression plasmids (Fig. 6F, left panel) significantly
decreased androgen activation of (ELK1)2-TATA-Luc (Fig. 6F,
right panel). Thus, both loss of function and gain of function
experiments demonstrate the ability of AR to specifically acti-
vate a promoter through the ELK1 binding element and the
ELK1 protein.
The AR- and ELK1-dependent promoter activation studies

in HeLa cells were extended to C4-2 cells by examining the
effect of knocking down endogenous ELK1 specifically on the
activity of transiently transfected (ELK1)2-TATA-Luc. In C4-2
cells, androgen did not activate the (ELK1)2-TATA-Luc pro-
moter in contrast to the PSA promoter-Luc (Fig. 6G). However,
the (ELK1)2-TATA-Luc promoter was activated by AR in an
ELK1-dependent manner as evident from the results of the
individual and combined knockdownof ELK1 andAR (Fig. 6H).
ELK1 Physically Associates with AR and Recruits It to

Chromatin—Physical association between endogenous ELK1
and endogenousARwas evident from co-immunoprecipitation
experiments using C4-2 (Fig. 7A) and LNCaP cells (Fig. 7B).
ELK1 and AR specifically co-immunoprecipitated when anti-
body specific to either ELK1 or AR was used.
Next, we sought evidence for the ability of ELK1 to recruitAR

to chromatin. Because ARmost commonly exerts its transcrip-
tional activity by binding at relatively great distances (10–50
kb) from the target genes, we first chose seven chromatin sites
selected from the published (29) HeLa cell data based on (i) the
rank order of signal intensity for ELK1 binding, (ii) the presence
of consensus ELK1 binding elements corresponding to the peak
center and the absence of AREs, and (iii) the ability to design
suitable TaqMan probes for target sequences within 250 bp of
the peak center. Of the seven sites selected, three sites consis-
tently showed ELK1 binding, and this binding was androgen-
independent (Fig. 7C). Androgen induced quantifiable recruit-
ment of AR at these sites in LNCaP cells (Fig. 7D), although as
expected, the signal intensities were weaker than that at the
classical enhancer site of the PSA gene. Furthermore, the
androgen-induced recruitment of AR was abolished upon
depleting ELK1 using lentiviral shRNA (Fig. 7D). In contrast,
androgen-dependent recruitment of AR at the classical PSA
enhancer was unaffected upon depletion of ELK1 (Fig. 7D). The
results demonstrate the ability of ELK1 to recruit AR to ELK1
binding elements in the chromatin context.
In a second approach, we sought to use both promoter activ-

ity assays and ChIP to demonstrate simultaneous occupancy of
ELK1 and AR at a functional promoter-proximal site of an
endogenous target gene. At such a site, we would expect the
binding of AR but not ELK1 to be androgen-dependent. We
used the mRNA profiling data for LNCaP cells in supplemental
Table 1, the published data on chromatin sites of ELK1 binding
in a limited portion of the genome in HeLa cells (29), and AR

binding data in LNCaP cells (35) to identify a candidate gene.
We identified a candidate ELK1 binding element at nucleotide
positions �357 to �348 in the TIPARP gene, which is induced
by androgen �2-fold in an ELK1-dependent manner. The
induction of TIPARP by androgen was validated by real time
quantitative RT-PCR (Fig. 8A). A TIPARP promoter-luciferase
reporter construct spanning nucleotides�536 to�60was acti-
vated by androgen in transfected LNCaP cells; androgen could
not activate this construct when the ELK1 element was deleted
(TIPARP (�ELK1) promoter-Luc) (Fig. 8B) or when ELK1 was
depleted (Fig. 8C) in contrast to the PSA promoter-Luc (Fig.
8D). ChIP analysis demonstrated ELK1 binding to the pro-
moter both in the absence and in the presence of androgen,

FIGURE 7. Binding and chromatin recruitment of AR by ELK1. A and
B, either AR or ELK1 was immunoprecipitated using the appropriate antibody
from cell lysates obtained from C4-2 cells (A) and LNCaP cells (B) as described
under “Experimental Procedures.” The immunoprecipitates were probed by
Western blots using antibody to AR or ELK1 as indicated. Normal IgG was used
as the negative control for the immunoprecipitation (IP). C, LNCaP cells plated
in hormone-depleted medium were treated with either vehicle or R1881 (1
nM) for 2 h. Cells were harvested and subjected to ChIP using anti-ELK1 anti-
body. TaqMan probes were used to quantify the immunoprecipitated prod-
ucts using target sequences contained within 250 bp of the center of the
chromosome (chr) regions (peak regions of ELK1 binding) indicated in the
figure. D, LNCaP cells plated in hormone-depleted medium were infected
with either ELK1 shRNA or control shRNA lentivirus. 72 h later, cells were
treated with either vehicle or R1881 (1 nM) for 2 h. Cells were harvested and
subjected to ChIP using anti-AR antibody. The TaqMan probes for the PSA
enhancer and the probes used in C were used to quantify the immunopre-
cipitated products. * and §, p � 0.001. Error bars represent S.D.
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whereas the binding of AR at this chromatin site was androgen-
dependent (Fig. 8E). Sequential ChIPwas performedusing anti-
ELK1 antibody for the first ChIP followed by anti-AR antibody
for the re-ChIP and vice versa. As the intensity of the re-ChIP
signal was not within the reliable limit of the Ct values of the
TaqMan probes, highly specific PCR primers were designed to
amplify an �400-bp promoter fragment of the TIPARP gene;

control primers that could amplify a similarly sized fragment of
the GAPDH gene were also used. The results clearly demon-
strated androgen-dependent binding of AR and the simultane-
ous binding of ELK1 (Fig. 8F and supplemental Fig. 7).
ELK1Binds to theN-terminal A/BDomain of AR—The inter-

acting domains of AR and ELK1 (Fig. 9A) were mapped in situ
using the mammalian two-hybrid assay. In the Gal4-ELK1(87–

FIGURE 8. Functional association of ELK1 and AR in the TIPARP gene promoter. A, LNCaP cells plated in hormone-depleted medium were infected with
either ELK1 shRNA or control (Crtl) shRNA lentivirus. 72 h later, cells were treated with either vehicle or R1881 (1 nM) for 48 h. Total RNA from the cells was used
to measure the relative mRNA levels for the endogenous TIPARP gene by real time quantitative RT-PCR. B, LNCaP cells plated in hormone-depleted medium
were nucleofected with PSA promoter-Luc, TIPARP (�ELK1) promoter-Luc, or TIPARP promoter-Luc. The cells were treated with either vehicle or R1881 (1 nM) for
48 h. The cells were then harvested, and the luciferase activities were measured. C and D, LNCaP cells plated in hormone-depleted medium were nucleofected
with TIPARP promoter-Luc (C) or PSA promoter-Luc (D) and co-transfected with control shRNA or ELK1 shRNA lentivirus. The cells were treated with either
vehicle or R1881 (1 nM) for 48 h. The cells were then harvested, and the luciferase activities were measured. E, LNCaP cells plated in hormone-depleted medium
were treated with either vehicle or R1881 (1 nM) for 2 h. Cells were harvested and subjected to ChIP using either anti-AR antibody or anti-ELK1 antibody. TaqMan
probes were used to quantify the immunoprecipitated chromatin. F, LNCaP cells plated in hormone-depleted medium were treated with either vehicle or
R1881 (1 nM) for 2 h. Cells were harvested and subjected to ChIP using either anti-ELK1 antibody or normal rabbit IgG. The chromatin complexes from the first
ChIP (1st IP) were subjected to re-ChIP (2nd IP) using anti-AR antibody. The immunoprecipitated chromatin was amplified by PCR using primers specific for the
TIPARP gene promoter or a genomic sequence of GAPDH (non-targeting negative control). PCR products were analyzed by agarose gel electrophoresis on a 1%
gel. Untreated genomic DNA was used as a control to ensure the specificity of the PCR amplification. *, p � 0.001. Error bars represent S.D. RLU, relative luciferase
units.
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428) fusion construct, the N-terminal DNA binding domain of
ELK1, which is highly conserved among ETS proteins, was
replaced by the DNA binding domain of Gal4. VP16 fusion
constructs of various domains of AR were used (Fig. 9A). The
N-terminal A/B domain (residues 1–559) of AR interacted
exclusively and strongly with ELK1 (Fig. 9B). The identification
of a discrete segment of AR that specifically and strongly inter-
acted with ELK1 in situ provides complementary evidence
demonstrating the ability of ELK1 to physically recruit AR.
Nuclear Targeting of the AR A/B Domain Recapitulates Pro-

moter Activation through the ELK1 Element by Androgen and
Full-length AR—The A/B domain of AR comprises about half
the length of the AR polypeptide (�550 amino acids), including
sites of ligand-independent transactivation and coactivator
recruitment.We attached aC-terminal nuclear localization sig-

nal to the A/B domain construct (AR(A/B)-NLS) to ensure
optimal nuclear localization. When expressed in HeLa cells,
AR(A/B)-NLS was able to activate (ELK1)2-TATA-Luc in the
absence of hormone to the same extent that WT AR did in the
presence of androgen (Fig. 9C, top panel). The expression level
of the A/B domain was comparable with the androgen-stabi-
lized level of WT AR (Fig. 9D). In contrast, ARE-driven pro-
moter activation was only observed in the presence of WT AR
plus androgen (Fig. 9C, bottom panel). The results demonstrate
that the A/B domain is the functional entity required for the
action of AR as a coactivator of ELK1 and that the role of ligand
binding is for translocation of AR to the nucleus.
Casodex Is a Poor Antagonist of ELK1-dependent Gene Acti-

vation by Androgen or the AR Apoprotein—Casodex is an anti-
androgen that competes with androgen for binding to AR and

FIGURE 9. Identification of functional domains of AR interacting with ELK1. A, schematics drawn roughly to scale indicating the structural organization of
AR (top) and ELK1 (bottom), including the positions of the major functional domains. B, a mammalian two-hybrid assay was conducted as described under
“Experimental Procedures.” HeLa cells plated in hormone-depleted medium were co-transfected with pG5Luc, pBind (Gal4 expression plasmid), or pBind
expressing the Gal4 fusion proteins with ELK1(87– 428) together with VP16 fusion proteins of different AR domains (A/B, CD, CDE, DE, and E). The hybridization
signal was measured by assaying for luciferase activity. C and D, HeLa cells plated in hormone-depleted medium were transfected with either (ELK1)2-TATA-Luc
(C, top panel) or ARE-TATA-Luc (C, bottom panel) and co-transfected with expression plasmids for AR, AR(A/B)-NLS, or the vector control. At the same time, the
cells were treated with either vehicle (Veh) or testosterone (Test). Cells were harvested 48 h later to measure reporter luciferase activities
(C) or for Western blot analysis using anti-AR antibody (D). *, p � 0.001. Error bars represent S.D. RLU, relative luciferase units.
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antagonizes the classical mechanism of gene activation by
androgen. Although the ELK1-dependent gene activation by
AR required androgen in LNCaP cells, it was only partially and
variably sensitive to Casodex as demonstrated for a represent-
ative set of genes (Fig. 10A, left panel). Furthermore, in C4-2
cells, the cooperative gene activation by ELK1 and AR was
largely insensitive to both androgen and Casodex (Fig. 10B, left
panel). In contrast, the classical androgen target gene PSA was
exquisitely sensitive to androgen as well as Casodex in both
LNCaP and C4-2 cells (Fig. 10, A and B, right panels).
ELK3 Suppresses the Synergy between AR and ELK1—As

ELK3 is the closest structural and functional analog of ELK1,
the effect of ectopically overexpressing ELK3 on androgen-
stimulated activation of the (ELK1)2-TATA-Luc promoter was
tested. Ectopic ELK1 increased the androgen response (Fig. 11,
A and B). In contrast, ectopic ELK3 (Fig. 11B) virtually com-
pletely suppressed the androgen response (Fig. 11A). There-
fore, AR cannot synergize with ELK3 to activate the target pro-
moter in contrast to ELK1.
It was of further interest to confirm the inability of ELK3 to

support activation of endogenous genes that are the targets of
ELK1-AR. Accordingly, the ability of ectopic ELK3 to rescue
gene activation by androgen in the absence of ELK1 was tested.

In LNCaP cells, overexpression of ELK3 using lentivirus follow-
ing knockdownof ELK1using lentiviral shRNA (Fig. 11C) failed
to rescue the activation of ELK1-dependent androgen target
genes (Fig. 11D). This result further confirms that AR does not
cooperate with ELK3.

DISCUSSION

Androgen is essential for all aspects of normal prostate phys-
iology, including development, differentiation, maintenance,
and function of the prostate epithelium (36). Malignant pros-
tate epithelial cells must therefore selectively support mecha-
nisms that direct androgen/AR signaling to strongly support
growth. This study has identified one such mechanism medi-
ated by ELK1. To our knowledge, no studies have previously
reported the addiction of cancer cells of any type to ELK1. Phos-
phorylation of ELK1 through MAPK activates the ternary
ELK1-SRF-SRE complex, resulting in transient transcriptional
activation of immediate early genes such as c-FOS and EGR1.
However, the sustained cooperative action of ELK1 and AR
observed in this study did not involve phosphorylation of ELK1,
did not require SRF, and did not activate the ternary complex
target genes. Instead, ELK1 enabled sustained activation by AR
of a distinct set of primarily cell growth-supporting genes.

FIGURE 10. Effect of Casodex on ELK1-dependent gene activation by androgen/AR. A, LNCaP cells plated in hormone-depleted medium were treated with
vehicle (Veh) or R1881 (1 nM) or R1881 (1 nM) � Casodex (10 �M). 48 h after treatment, cells were harvested to measure mRNA levels of the indicated genes by
quantitative real time PCR. A, inset, Western blot for AR expression following the different treatments with GAPDH as the loading control. B, C4-2 cells plated in
hormone-depleted medium were treated with vehicle or R1881 (1 nM) or R1881 (1 nM) � Casodex (10 �M). 48 h after treatment, cells were harvested to measure
mRNA levels of the indicated genes by quantitative real time PCR. B, inset, Western blot for AR expression following the different treatments with GAPDH as the
loading control. * and §, p � 0.001. Error bars represent S.D.
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Many of those genes were targets of repression by ELK1;
accordingly, under conditions of hormone depletion, hor-
mone-dependent prostate cancer cells acquired a modest
growth advantage upon depletion of ELK1. However, in the
context of androgen-dependent interaction of AR with ELK1,
retention of ELK1 by the tumor cells offers a profound growth
advantage apparently because of the activation of many genes
in addition to relief of gene repression. The same reasoning
extends to the observed role of ELK1 in supporting the growth
of CRPC cells whether it is androgen-dependent clonogenicity
or hormone-independent growth.
The evidence indicates that the underlying mechanism for

the synergy between ELK1 and AR is the recruitment of AR
to the target genes as a coactivator by ELK1. The role of tether-
ing proteins in directing the genomic actions of nuclear recep-
tors has beenwell established by Safe andKim (37, 38). InCRPC
cells, although clonogenic survival was supported by androgen,
the cooperative action of ELK1 and AR in supporting both cell
growth and the activation of many growth-supporting genes
occurred in the absence of hormone. This hormone independ-
ence was also accompanied by the lack of sensitivity of the gene
activation to Casodex. In the hormone-dependent cells, the
mechanistic distinction between ELK1-dependent gene activa-
tion by androgen and the classical mechanism of gene activa-

tion by androgen (e.g. activation of the PSA gene) was reflected
by the absent or poor sensitivity of the former to Casodex. We
have previously demonstrated that tethered association of AR
with its target sites could be hormone-independent when the
cells are independent of hormone for nuclear import ofAR (21).
The recruitment of AR by ELK1 represents the first example in
which an AR-tethering protein binds to the N-terminal A/B
domain of AR. This study further demonstrates that the A/B
domain of AR alone is adequate to serve as a coactivator of
ELK1. This is in contrast the classical mechanism of gene acti-
vation by AR that requires hormone not only for nuclear local-
ization but also for the DNA binding and transactivation func-
tions of AR. Although Casodex is an antagonist of the classical
mechanism of gene activation by AR, the antagonist still
enables localization of AR in the nucleus. Thus, the ELK1-me-
diated component of growth signaling by AR can also be uti-
lized by the tumor cells after progression to CRPCs, which are
refractory to traditional antiandrogens. The results are also
consistent with recent reports onAR splice variants with C-ter-
minal truncations (7, 8) that are transcriptionally active and
support tumor growth in the absence of the ligand binding
domain.
Most of the genes repressed by ELK1were induced by andro-

gen or by theAR apoprotein.Gene repression by ELK1has been

FIGURE 11. Inability of ELK3 to interact with AR. A and B, HeLa cells plated in hormone-depleted medium were transfected with (ELK1)2-TATA-Luc. The same
amount of either the ELK1 or ELK3 expression plasmid or the pCMV vector control plasmid was co-transfected. In all cases, the AR expression plasmid was
co-transfected. The cells were treated with vehicle (Veh) or testosterone (Test) (10 nM) and harvested 48 h after transfection to measure luciferase activity (A) or
to measure relative mRNA levels of ELK1 and ELK3 (B). C, LNCaP cells plated in hormone-depleted medium were infected with either ELK1 shRNA or control (Ctrl)
shRNA lentivirus along with pCDH empty vector lentivirus or pCDH-ELK3 lentivirus. 72 h after infection, cells were harvested. The expression levels of mRNAs
for ELK3 (top panel) and ELK1 (bottom panel) were measured by quantitative real time PCR. D, LNCaP cells plated in hormone-depleted medium were infected
with either ELK1 shRNA or control shRNA lentivirus along with pCDH empty vector lentivirus or pCDH-ELK3 lentivirus. 72 h later, the cells were treated with
either vehicle or R1881 (1 nM) for 48 h and harvested. The expression levels of mRNAs for the indicated genes were measured by quantitative real time PCR. *
and **, p � 0.001. Error bars represent S.D.
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associated with SUMOylation of ELK1 that results in the
recruitment of SUMO-dependent histone deacetylase. Phos-
phorylation of ELK1, primarily through the three MAP kinase
pathways, relieves this repression and enables ELK1 to recruit
coactivators with histone acetyltransferase activity (39). There
is an example in the literature in which a protein, the E3 ligase
PIASx�, binds to the SUMOylated form of ELK1 and relieves
gene repression by blocking the recruitment of histone deacety-
lase 2 (40). As demonstrated in the present study, AR activates
ELK1by binding to itwithout an increase in ELK1phosphoryla-
tion. However, the activation of ELK1 by AR is distinct from
that induced by PIASx� in several ways. First, unlike AR,
PIASx� targets immediate early genes. Second, AR not only
relieved gene repression by ELK1 but also frequently further
activated the genes in an ELK1-dependent manner. Finally, a
large number of genes whose expression was not appreciably
modulated by ELK1 alone were also activated by AR in an
ELK1-dependent manner. This could be because, unlike
PIASx�, AR is primarily a transcription factor that may be
expected to recruit additional coactivators. Furthermore, the
diverse gene/promoter contexts of the large number of genes
regulated by AR through association with ELK1 must involve
interplay with a variety of coregulators.
The early steps of prostate oncogenesis in approximately half

of all prostate tumors have been linked to the formation of a
fusion protein between the androgen-regulated TMPRSS2 and
the ETS protein ERG; about 10% of prostate tumors express a
fusion between TMPRSS2 and ETV1, ETV4, or ETV5 (41–43).
TMPRSS2-ERG and AR modulate gene expression in an inte-
grated manner that includes direct interaction between them
(44). However, this interaction leads to suppression of many
androgen target genes, possibly suppressing a differentiation
program, to enable tumor growth (44). In contrast, physical
association of AR with another ETS protein, ETV1, resulting in
AR and ETV1 reciprocally serving each other as transcriptional
coactivators of their respective target promoters has been dem-
onstrated; the impact of this interaction on global gene expres-
sion and its physiological role in prostate cancer are still
unclear, although ectopic overexpression of ETV1 did generate
prostatic intraepithelial neoplasia lesions (45). ETS1 may also
directly associate with AR, but its physiological significance is
yet to be understood (46). As evident from the foregoing stud-
ies, interaction with ELK1 enables a distinct and key compo-
nent of AR signaling in PC that is independent of TMPRSS2
gene fusions.
In the particular context of tumor growth, hormone-induced

non-genomic activation of the MAPK pathway is generally
believed to be of greater consequence to estrogen receptor
action in breast cancer (47, 48) than to AR action in prostate
cancer. Indeed, the principal effect of the cross-talk between
the androgen signaling axis and MAPK signaling on prostate
cancer growth appears to be via enhancement of the transcrip-
tional activity of AR through phosphorylation of AR as noted in
the Introduction.
Although ELK1 is genetically and functionally redundant, it

may have acquired functional prominence in prostate tumor
cells compared with normal prostate epithelial cells due to dif-
ferences in the expression pattern of ELK1 and its closest struc-

tural and functional analog, ELK3 (24, 49), particularly as ELK3
did not have the ability to interact with AR. The relatively low
expression of ELK3 in PC tissues compared with normal pros-
tate (26) would suggest that changes in the TCF complement in
PC cells may enable the onset of a major mechanism of growth
signaling by AR that utilizes ELK1. ELK1 and ELK3 were the
only TCF proteins detectable in laser-captured epithelial cells
from untreated and matched CRPC tumors (31). More quanti-
tative studies of relative ELK1 and ELK3 mRNA and protein
expression levels from the epithelial cell populations derived
from matched normal and malignant prostate are warranted.
Genes activated byARplay a broad spectrumof physiological

roles. The pattern of expression of AR-tethering proteins dur-
ing development, differentiation, and malignant transforma-
tion of the prostate could redirect AR signaling according to the
physiological context. This may be exemplified by the estab-
lished AR-tethering proteins, including HoxB13 (involved in
development) (50) and CCAAT/enhancer-binding protein �
(involved in terminal differentiation) (21, 51) as well as ELK1
(demonstrated in this study to be required for growth).
Recent reports have demonstrated enrichment of possible

ELK1 binding sites in relation to chromatin sites of AR binding
(52–54). The observation that ELK1, fully or in part, supported
a substantial proportion (�27%) of all gene activation (direct or
indirect) by androgen in PC cells suggests that only a few AR-
tethering proteins may be adequate to direct AR signaling
toward supporting growth. Disrupting the interactions of AR
with tethering proteins critical for growth signaling is a poten-
tial means of functionally targeting interventions selectively to
prostate tumors.
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