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The ability of 17�-estradiol (E2) to regulate the proliferation of prostate cancer (PCa) cells in the
absence of androgen is poorly understood. Here, we show the predominant estrogen receptor
(ER) isoform expressed in PCa specimens and cell lines is ER�. Our data indicate that E2 induces the
formation of a complex between androgen receptor (AR), ER�, and a proline-, glutamic acid-, and
leucine-rich cofactor protein 1 (PELP1) in PCa cells. This protein complex is formed on AR’s cognate
DNA-responsive elements on the promoter in response to E2. Formation of this complex enables
the transcription of AR-responsive genes in response to E2. Knockdown of PELP1, AR, or ER� blocks
the assembly of this complex, blocks E2-induced genomic activation of AR-regulated genes, and
blocks E2-stimulated proliferation of PCa cells. Overall, this study shows that PELP1 may enable
E2-induced AR signaling by forming a protein complex between AR, ER�, and PELP1 on the DNA,
leading to the proliferation of PCa cells in the absence of androgen. PELP1 may bridge the signal
between E2 bound to ER� and AR and thus allow for cross talk between these steroid receptors.
These data suggest a novel mechanism of AR activation in the absence of androgens in PCa cells.
Our data indicate that disruption of the complex between AR and PELP1 may be a viable thera-
peutic strategy in advanced PCa. (Molecular Endocrinology 26: 550–561, 2012)

The first line of therapy for advanced prostate cancer
(PCa) is androgen deprivation. However, castration-

resistant PCa (CRPC) invariably develops in patients with
metastatic PCa (1). In CRPC, the androgen receptor (AR)
is functionally active, resulting from either 1) AR ampli-
fication, 2) gain-of-function in AR (largely occurring in
the ligand-binding domain and conferring ligand promis-
cuity), 3) intracrine androgen production (thus providing
tumor-produced ligand to AR), or 4) indirect or nonan-
drogenic AR activation (2, 3).

Nonandrogenic AR activation in CRPC may occur
through indirect AR activation by growth factors or other

steroid receptors (4). Estrogens have been reported to
stimulate proliferation of cultured PCa cells (5). The first
estrogen receptor (ER) expressed in fetal prostate, and the
predominant form in its epithelium, is ER�, which, to-
gether with AR, appears to mediate the initial stages of
gland development. ER� gene appears to be transcrip-
tionally inactivated by promoter DNA methylation in
most PCa cell lines and specimens (6–8). ER� expression
in metastastic lesions has been noted (9, 10). However,
the expression ligand binding, heterodimerization, trans-
activation, and subcellular localization of the two major
ER subtypes, ER� and ER�, have been variously reported
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in both normal and diseased human prostate (11–14).
Discrepancies in the literature make it difficult to define
the relative biological roles of the predominant ER sub-
types, ER� and ER�, in PCa (11–16). Specifically, the role
of ER� in PCa is unclear, with evidence for both an asso-
ciation between loss of ER� expression in CRPC and
progression, (6, 12, 17–19) and between retained expres-
sion of ER� in metastatic lesions and increased mortality
(10, 18, 19).

In this report, we examined the ability of estrogens to
mediate nonandrogenic proliferation of PCa cells via AR
and its cofactor, the proline-, glutamic acid-, and leucine-
rich protein 1 (PELP1) (20–23). PELP1 is known to in-
teract with several nuclear receptors (NR), including ER
and AR (24, 25). PELP1 appeared to be predominantly
localized in the nuclear compartment, interacted with hi-
stones and histone-modifying enzymes, and has been
shown to be involved in chromatin remodeling for ligand-
bound NR (26–28). PELP1 thus represented a protoon-
cogene involved in cellular proliferation (29, 30). PELP1
uniquely has been shown to be important for both the
genomic and nongenomic action of NR (24, 28). Because

PELP1 has been shown to interact with AR in PCa cells
(31), we examined whether PELP1 could couple ER and
AR and facilitate 17�-estradiol (E2)-induced activation
of AR signaling in PCa cells.

We found that E2 stimulates PCa proliferation in an
ER�-, PELP1-, and AR-dependent manner, suggesting a
novel mechanism by which CRPC can be stimulated to
grow in the absence of androgen.

Results

Because the expression of the ER isoforms in PCa was not
clearly established, we evaluated, using immunohistochem-
istry, clinical prostate specimens from 35 consecutive pa-
tients who had undergone a radical prostatectomy for clin-
ically localized PCa (Fig. 1, A and B). We noted low or no
expression of ER� in the vast majority of primary prostate
tumors (Fig. 1, A and C). In contrast, high levels of expres-
sion of ER�, AR, and PELP1 expression were noted in pros-
tate tumors (Fig. 1, A and C). Although the expression of AR
and PELP1 were noted to be predominantly nuclear, ER�

FIG. 1. A, Immunohistochemical analysis of ER�, ER�, AR, and PELP1 in prostatic cancer specimens is shown at magnification �100 (top row)
and �400 (bottom row). Tables show the distribution of the Gleason sum (B), the staining pattern for different markers by percentage of
specimens with no staining, low staining, and high staining (C), and the percentage of specimens with any degree of positivity as stratified by
Gleason sum (D).
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expression was detected in both the nucleus and cytoplasm
of the prostate tumors. The expression level and subcellular
localization of AR, PELP1, and ER� was not influenced by
the grade of the tumor (Fig. 1D). Further evaluation revealed
that ER�, but not ER�, was expressed in a vast majority of
PCa cell lines (Supplemental Fig. 1, published on The Endo-
crine Society’s Journals Online web site at http://mend.
endojournals.org). These data together suggested that ER�

is the predominant isoform in primary PCa and PCa cell
lines.

Because ER and AR both interact with the scaffolding
protein PELP1, and PELP1 has a documented role in both
genomic and nongenomic signaling mediated by AR, we
postulated that PELP1 may be involved in E2-mediated
activation of AR. Using coimmunoprecipitation experi-
ments, a complex between ER�, AR, and PELP1 was
noted in LNCaP and LAPC4 cells (Fig. 2A). Similar com-
plexes were noted in C4-2, CWR22v1, and PC-3(AR)2

cell lines (data not shown).
Knockdown of PELP1 decreased the interactions be-

tween PELP1 and AR, PELP1 and ER�, and AR and ER�

(Fig. 2B and Supplemental Fig. 2). In contrast, knock-
down of AR or ER� did not affect the interaction between
ER� and PELP1 and AR and PELP1, respectively (data
not shown). Indeed, in PC-3 cells, which lack AR expres-
sion, an interaction between ER� and PELP1 was noted:

upon introduction of AR in PC-3(AR)2 cells, the complex
between AR, ER�, and PELP1 was restored, without sig-
nificant increase in the interaction between ER� and
PELP1 (Fig. 3A). These data suggest that PELP1 acts a
bridge between AR and ER�.

Because the subcellcular localization in clinical speci-
mens indicate that AR, ER�, and PELP1 are predomi-
nantly nuclear, chromatin immunoprecipitation (ChIP)
assays were used to determine whether this complex was
formed on androgen-responsive elements (ARE) on the
prostate-specific antigen (PSA) promoter. In PC-3 cells, in
the absence of AR, neither ER� nor PELP1 could bind the
PSA promoter. Thus, even though ER� and PELP1 can be
detected in a complex, they do not bind the PSA pro-
moter. In the presence of AR, in PC-3(AR)2 cells, AR,
ER�, and PELP1 form a complex associated with the ARE
region of the gene (Fig. 3B). These data suggest that the
transcriptional machinery on the ARE may include the
protein complex between AR, ER�, and PELP1, with AR
binding to its cognate ARE sequence, PELP1 binding AR,
and ER� binding PELP1.

The functional import of the protein complex between
AR, ER�, and PELP1 was revealed by increased transcrip-
tion from and ARE in response to E2 in knockdown ex-
periments (Fig. 4 and Supplemental Fig. 3). As previously
reported, E2 was less potent than dihydrotestosterone

FIG. 2. ER�, AR, and PELP1 can form a complex. A, One hundred micrograms of protein extracts from LNCaP and LAPC4 cells under normal
growing conditions were evaluated by immunoprecipitation by AR, ER�, PELP1, or IgG control and immunoblotted with corresponding antibody.
Input lysates are shown on the left. B, Effect of siRNA to PELP1 on AR, PELP1, and ER� complex formation. LAPC4 cells were transfected with
siRNA for 48 h, and their lysates were subjected to IP with AR or with ER-� and then immunoblotted with antibodies to AR, PELP1, or ER� Input
lysates are shown on the left. IB, Immunoblot; IP, immunoprecipitation.
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(DHT) in inducing transcription from ARE (5). Further,
E2-induced gene expression required each member of the
complex, as evidenced by the effect of the knockdown of
either AR, ER�, or PELP1 on the transcription from an
ARE luciferase (Fig. 4A), transcription of AR-responsive
genes, such as NKx3.1 and PSA in quantitative RT-PCR
assays (Fig. 4B) or protein expression of PSA in Western
blottings (Fig. 4C and Supplemental Fig. 4). Interestingly,
knockdown of ER� or PELP1 did not affect the ability of
DHT to induce PSA gene expression: only knockdown of
AR affected DHT-induced PSA gene expression (Fig. 4,
A–C). These data suggest that the protein complex be-
tween AR, ER�, and PELP1 is important for E2-mediated
regulation of androgen-responsive genes in PCa cells.

Further confirmation of the role of this complex in
gene transcription is derived from transient transfection
experiments with AR splice variants in PC-3 cells (Fig.
5A). Because PELP1 has 10 LXXLL motifs, PELP1 most
likely binds to the ligand-binding domain of AR. Full-
length AR is able to bind PELP1 and ER� (Fig. 5B) and
activate transcription from an ARE in response to either
E2 (Fig. 5C) or DHT (Fig. 5D). The AR splice variant,
ARv7, which lacks the ligand-binding domain, does not
bind PELP1 well (Fig. 5B) and is associated with a signif-
icantly higher basal level of transcription from the ARE
luciferase but does not significantly further induce tran-
scription from an ARE in response to either E2 (Fig. 5C)
or DHT (Fig. 5D). ARc562g binds to PELP1 and ER�

(Fig. 5B) but cannot activate transcription to either E2
(Fig. 5C) or DHT (Fig. 5D), because it cannot bind DNA
[the single amino acid change (C to G) disrupts the zinc
finger DNA-binding domain of AR]. These data indicate
that AR needs to bind PELP1, ER�, and DNA to modu-
late E2-mediated transcription from ARE. Finally, a syn-
thetic AR construct, AR�1 (which lacks exon 1 and its
powerful transactivation domain), binds PELP1, ER�,
and DNA but is able to weakly transactivate in response
to both E2, as a consequence of its weakened transacti-
vational ability (Fig. 5C) or DHT (Fig. 5D). These data
strongly support the central role for PELP1 and its inter-
action with both ER� and AR on the ARE promoter
sequence in modulating E2-mediated transcriptional
activation.

Because E2 is known to regulate proliferation of PCa
cells, we then examined the importance of this protein
complex in modulating cell proliferation. C4-2 cells
transfected with small interfering RNA (siRNA) were
subject to androgenic deprivation for 48 h and then
treated with E2 or DHT (Fig. 6). E2-induced proliferation
of PCa cells was blocked by knockdown of either PELP1
or AR on 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assays (Fig. 6A) and verified by
green fluorescent CyQUANT (Invitrogen, Carlsbad, CA)
cell proliferation assays in C4-2 cells (data not shown). In
contrast, DHT-induced proliferation of PCa cells was

FIG. 3. ER�, AR, and PELP1 can form a complex on DNA. A, Fifty micrograms of protein extracts from PC-3 cells or PC-3(AR)2 (PC-3 cells stably
transfected with AR under the control of its native promoter) were evaluated by immunoprecipitation by AR, ER�, and control and immunoblotted
with corresponding antibody. Input lysates are shown on the left. B, One hundred microliters of sheared DNA lysates from PC-3 cells or PC-3-AR2
were subject to ChIP assays with the PSA promoter after immunoprecipitation with ER�, AR, PELP1, or IgG control. A representative PCR gel is
shown below. IB, Immunoblot; IP, immunoprecipitation; *, statistically significant.
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blocked by knockdown of AR but not of PELP1 (Fig. 6B).
E2-induced proliferation was dependent on a functional
ER� and AR, as confirmed by chemical blockers of ER
(ICI 182,780) or AR (flutamide) in LAPC4 cells (Fig. 6C).
Both ICI 182,780 and flutamide block the ability of E2-
induced protein complex formation between ER�, AR,
and PELP1 (Fig. 6D). Flutamide has no effect E2-induced
protein complex between ER� and PELP1 but appears to
decrease the ability of AR to bind this protein complex.
Taken together, these data strongly support the central
role for AR in E2-induced and DHT-induced prolifera-
tion in PCa cells.

Mechanistically, the treatment with E2 resulted in the
increased recruitment of AR, ER�, and PELP1 to the com-
plex formation on the PSA promoter on ChIP assays (Fig.
7A). E2 treatment increased the interaction between ER�

and PELP1, between ER� and AR, and between AR and
PELP1 (Fig. 7B). Further validation of these findings was

obtained from ChIP-re-ChIP experiments, which revealed
an E2-mediated increase in AR, ER�, and PELP1 complex
formation on the PSA promoter (Supplemental Fig. 5).
Critically, the complex on the PSA promoter induced by
E2 appears to be distinct from that induced by DHT,
which further supports this alternative pathway for acti-
vation of androgen-responsive genes. Taken together,
these data strongly suggest that in the presence of DHT
(noncastrate state), that the transcription from androgen-
responsive genes is driven by AR. ER� and PELP1 may be
present in a protein complex with AR but are not required
for DHT-mediated transcription. In contrast, in the cas-
trate state, DHT may be absent, and exposure of PCa cells
to E2 may recruit ER� and PELP1 to the DNA complex
with AR and activate transcription of genes regulated by
ARE (Fig. 7C). Thus, this model indicates a role for
PELP1 in regulating nonandrogenic activation of AR sig-
naling in PCa cells.

FIG. 4. Role of protein complex between ER�, AR, and PELP1 on expression of androgen-responsive genes. A, 500,000 C4-2 cells were transfected with
siRNA and with 4 �g of ARE-luciferase reporter in P-60 dishes, then plated into six-well plates and subjected to androgen-free media for 48 h. Cells were
then treated with DHT (10 nM) or E2 (10 nM) and harvested for luciferase 48 h later. B, mRNA level: 100,000 LNCaP cells in six-well plates were
transfected with siRNA and subjected to androgen-free media for 2 d. Ethanol (EtOH), E2 (10 nM), or DHT (10 nM) was added, and mRNA was harvested
24 h later for QPCR analyses. C, Protein level 100,000 LNCaP cells in six-well plates were transfected with siRNA and subjected to androgen-free media
for 2 d. E2 (10 nM) and DHT (10 nM) were added, and lysates were harvested 24 h later for Western blot analyses. siRNA, Small interfering RNA; si con,
control siRNA; *, statistically significant.
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Discussion

The role of estrogens in PCa initiation and development is
complex and poorly understood. In men, serum testoster-
one levels drop by about 35% between the ages of 21 and
85, whereas E2 levels remain constant or increase (19).
These levels are thought to be maintained by increased
aromatization of adrenal androgens within peripheral ad-
ipose tissue, which also tends to increase in older males
(19, 32–34) This alteration of the E2/testosterone ratio
temporally mirrors the onset of prostate disease and in

particular PCa (19, 35, 36). In addition, serum levels of
estrogens in African American men (who have the highest
incidence of PCa) are higher than in Caucasian and Jap-
anese men (lowest incidence of PCa); serum testosterone
levels did not significantly vary among these men (19, 32).
Data from aromatase-knockout mice indicate that PCa
develops more rapidly when estrogen was administered in
addition to testosterone (37). Expression array analyses
indicate a central role for ER-related pathways in PCa
(19, 38, 39). These data strongly suggest a role for estro-
gens in PCa.

FIG. 5. Effect of AR mutants on AR-PELP1 binding and E2-mediated transactivation. A, Structures of five AR constructs used: ARwt is the full-
length AR, ARv7 is an AR splice variant that lacks the C-terminal ligand-binding domain, ARc562g is a point mutant AR construct that does not
translocate to the nucleus upon DHT treatment, and AR�1 is a synthetic construct lacking AR amino terminus and the transactivation domain.
NTD, Amino-terminal domain; DBD, DNA-binding domain; LBD, ligand-binding domain. B, PC-3 cells were transiently transfected with these AR
constructs and then evaluated for complex formation between AR and PELP1 and AR and ER� by immunoprecipitation with the AR441 antibody
(directed against an epitope on the amino terminus of AR) or the AR c-19 antibody (directed against an epitope on the carboxy terminus of AR).
Immunoprecipitation of extracts from PC3 cells transfected with ARwt, ARv7, and ARc562g was performed with the AR 441 antibody (against the
N terminus), whereas those from cells transfected with AR�1 were perfomed with the AR c-19 antibody (against the C terminus). The
immunoblotting was performed with antibodies to PELP1 and ER� and both the AR-441 antibody and the AR c-19 antibody. Input lanes reveal the
expression and immunoreactivity of PELP1, ER�, and AR in these transiently PC-3-transfected cells (bottom four rows). As expected, both the ARwt
and ARc562g are recognized by both AR antibodies. The AR�1 splice variant is recognized by only by the C-terminal antibody, whereas the ARv7
splice variant is only recognized by the N-terminal antibody. Transcription in PC-3 cells transiently transfected with AR splice variants, along with an
ARE luciferase promoter, was evaluated in the absence and presence of E2 (10 nM) (C) or DHT (10 nM) for 24 h (D). IP, Immunoprecipitation;
*, statistically significant.
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The intraprostatic concentration of E2 in patients with
PCa after castration is not known. Although a 10 nM

concentration of E2 is physiologic, the relevance to the
prostatic milieu is not known (19). Clearly, E2 is not as
potent as DHT: the concentrations required for maximal
activation of AR (10 nM E2) may not be reached. How-
ever, we have shown that even at 0.1–1 nM concentra-
tions, E2 is able to activate AR signaling. This activation
of AR signaling may be sufficient in CRPC and represents
an alternative pathway for AR activation. E2 may directly
bind AR. However, the ability of ER� and PELP1 knock-
downs to diminish AR activation strongly suggests that
direct binding of E2 to AR is not the primary driver of
E2-induced AR signaling.

Our data suggest a possible mechanism for studies that
show a poorer outcome with higher ER� expression in met-
astatic PCa. Elevated expression of ER� may allow for the
nonandrogenic activation of AR signaling and proliferation
of CRPC cells potentially in response to lower E2 concen-
trations. Activation of ER� leads to increased binding of the
protein complex of AR, ER�, and PELP1 to the DNA and

subsequent activation of transcription
from these promoters. Disruption of this
complex blocks the ability of E2 to acti-
vate AR genomic signaling.

In this manuscript, we have de-
scribed a novel mechanism for AR ac-
tivation in the absence of androgens via
the scaffolding protein PELP1. PELP1
expression is deregulated in a wide va-
riety of hormone-driven tumors, in-
cluding breast, ovarian, and PCa (23,
24, 29, 40). PELP1 contains several
motifs that may be involved in its myr-
iad of protein-protein interactions, in-
cluding 10 NR-interacting boxes
(LXXLL motifs), a zinc finger motif, and
proline-rich domains (41). PELP1 likely
interacts with NR such as AR, ER, glu-
cocorticoid, and progesterone receptor
(PR) via these LXXLL motifs and mod-
ulates the function of these NR (24).
PELP1 directly also interacts with ki-
nases such as c-Src and the p85 subunit
of phosphatidylinositol 3 kinase via its
proline-rich domains (42). This ability of
PELP1 to interact with multiple proteins
via distinct motifs allows it to function as
a “scaffolding” protein bringing dispa-
rate NR and kinases together. Our data
indicate that PELP1 bridges the interac-
tion between AR and ER� in PCa cells

and enables the activation of AR by the activation of ER�.
The physical interaction of PELP1 with both AR and ER�

likely facilitates the cross talk between these two NR.
Our data indicate that PELP1 forms a complex with

ER� in the absence of AR in PC-3 PCa cells. However,
this complex is unable to bind ARE or direct transcription
from an ARE. Thus, although both PELP1 and ER� can
both bind DNA, their effect on transcription from an
ARE requires AR binding to the ARE. These data are
further confirmed by the AR mutant experiments, which
demonstrate that the transactivation of AR-responsive
genes by E2 requires both AR DNA-binding domain as
well as AR interaction with PELP1. Further, the fold of
transcriptional activation of AR-responsive genes is
driven by AR transactivation domain, because deletion of
this domain significantly attenuates AR transactivation.
E2 treatment strongly induces the formation of the AR-
PELP1-ER� complex on the DNA. Our data indicate that
PELP1 enables the bridging of the E2 signal from ER� to
AR and thus allowing AR to activate transcription of
AR-regulated genes.

FIG. 6. Role of PELP1 and AR in E2 and DHT-mediated proliferation of PCa cells. A and B,
50,000 C4-2 cells in 24-well plates were transfected with siRNA and subjected to androgen-
free media for 48 h. E2 (10 nM) (A) or DHT(10 nM) (B) were added and proliferation evaluated
at 48 h. C and D, 50,000 LAPC-4 cells were subjected to androgen-free media for 48 h,
incubated with either ICI 182,780 (10 �M) or flutamide (25 �M) for 2 h before the addition of
either E2 (10 nM) or DHT (10 nM). Proliferation was assessed by the MTT assay at 48 h (C).
From a parallel batch of LAPC4 cells, protein extracts were prepared and subjected to
immunoprecipitation by AR or ER� and immunoblotted with corresponding antibody. Input
lysates are shown on the bottom. EtOH, Ethanol; IP, immunoprecipitation; siRNA, small
interfering RNA; si con, control siRNA; ICI, ICI182780; Flu, flutamide; *, statistically significant.
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Interestingly, the AR-PELP1-ER� complex does not
appear to be critical for DHT-induced transcription from
an ARE. DHT-induced AR gene expression does require
AR, as evidenced by knockdown experiments. DHT and
E2 treatment of PCa cells are known to induce transcrip-
tion of many similar genes, as evidenced by microarray
analyses (43). These data establish a novel mechanism for
E2-induced transcription of AR-responsive genes in PCa
cells. E2 appears to be less potent than DHT in inducing
transcription from an ARE. However, the similar fold
induction of PSA and Nkx3.1 gene expression by E2 and
DHT suggests that additional mechanisms may also be
involved in E2-regulated gene expression. Our data sug-
gest that other proposed mechanisms, including possible
direct E2-ER� binding to ARE or direct binding of E2 to
AR, are unlikely to play a major role in E2-mediated
transcription of AR-responsive genes. Previous studies
have indicated that E2 may bind weakly to a mutant AR
T887A that is seen in LNCaP cells. However, binding of

E2 to unmutated AR such as that found in LAPC4 cells
has not been reported (44). The activity of E2 in LAPC4
cells as well as in PC3 cells with stably transfected wild-
type AR cannot be attributed to E2 binding to AR.

Knockdown of PELP1 expression by conventional
siRNA and short hairpin RNA techniques appears to be
of limited value. In our hands, we can routinely achieve
only a 70% knockdown of PELP1 protein expression.
Despite multiple approaches to achieve higher levels of
PELP1 knockdown, PCa cells appear to require some ex-
pression of PELP1. Similar findings have been noted in
ovarian cancer cell lines, where a 70–80% knockdown of
PELP1 could be achieved (30). Consequently, although
the knockdown experiments strongly indicate a role for
PELP1 in the nonandrogenic activation of AR, they likely
underestimate the true measure of the role of PELP1 in
nonandrogenic activation of AR. Novel approaches may
be required to block PELP1 function in PCa cells.

FIG. 7. Mechanism of E2-regulated gene expression. A, PC-3 cells or PC-3(AR)2 were subject to androgen-free media for 2 d and then treated
with 10 nM E2 for 24 h; 100 �l of sheared DNA lysates were subject to ChIP assays with the PSA promoter after immunoprecipitation with ER�,
AR, or PELP1. B, C4-2 cells were subject to androgen-free media for 2 d and then treated with 10 nM E2 for 24 h; 50 �g of protein extracts were
evaluated by immunoprecipitation by AR or ER� and immunoblotted with corresponding antibody. Input lysates are shown on the left. C, Model
showing the activation of AR-responsive genes in the noncastrate state in the presence of androgen and in the castrate state in the absence of
androgen. EtOH, Ethanol; IB, immunoblot; IP, immunoprecipitation; *, statistically significant.
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The ability of E2 to activate AR in PCa cells raises
several additional mechanistic questions. The effect of E2,
PELP1, or ER� on AR nuclear translocation has not been
reported. Several factors are postulated to be involved in
AR nuclear translocation, including heat shock proteins
(hsp), hsp27 and hsp90, importin, and others. The role of
AR posttranslational modifications such as sumolyation
or phosphorylation on AR nuclear translocation is not
known. PELP1 may serve as a scaffolding protein in-
volved in alternative mechanisms of AR nuclear translo-
cation and AR activation. PELP1 may couple the E2 sig-
nal to AR activation, by enabling AR posttranslational
modifications or by disrupting critical protein-protein in-
teractions involved in AR cytoplasmic tethering. These
putative mechanisms are under active investigation in our
laboratory.

The key findings in this manuscript, that PELP1 to
couple ER� with AR and to activate AR in the absence of
androgenic ligand, are both novel and interesting. Be-
cause PELP1 may directly interact with ER�, glucocorti-
coid, and PR (45), PELP1 may couple the activation of AR
signaling to other steroid receptors as well. Moderate to
strong PR expression is identified in 60% of metastatic
lesions and in 54% of recurrent tumors after androgen
deprivation therapy (46). Thus, this cross talk between
steroid receptors resulting in nonandrogenic activation of
AR may be an escape mechanism for AR activation in PCa
cells despite blockade of androgen production. We be-
lieve that this cross talk pathway via PELP1 may represent
a viable therapeutic target for CRPC.

Materials and Methods

Case selection
Formalin-fixed paraffin-embedded PCa tissues were re-

trieved from March 2004 to October 2004 at our institution,
using pathology archives. Tissue samples from 35 consecutive
patients undergoing a radical prostatectomy for PCa were in-
cluded in the construction of tissue microarray (TMA). We used
consecutive patients to minimize the potential biases in selection
of specific patients. The Institutional Review Board reviewed
and approved the study. For each case, comprehensive clinico-
pathologic data were obtained from patients’ medical files and
entered into an institutional review board-approved database.

Pathologic evaluation
All hematoxylin and eosin (H&E)-stained section from each

specimen were reviewed by a staff pathologist (Dr. Payal Kapur)
to select representative areas of the tumor from which to acquire
cores for microarray analysis. Two to three samples, for each
patient, two from the tumor and one from high-grade prostatic
intraepithelial neoplasm if present, were identified and circled
on the H&E-stained slides. Only cases with large tumor volume

(more than two sections of tumor with at least 0.5 cm of the
tumor dimension on each slide) were included in the study.

Construction of TMA blocks
TMA were built using a semiautomatic arraying instrument

(Beecher Instruments, Silver Spring, MD) that uses two separate
core needles for punching the donor and recipient blocks and a
micrometer-precise coordinate system for assembling tissue
samples on a block. For each case, two to three 1.0-mm core
diameter sample punches were taken, each of which corresponded
to the earlier selected areas on the H&E section. These punches
from each “donor” block and placed on separate “recipient” TMA
block and spaced 0.5 mm apart. Multiple sausage internal controls
of normal prostate were also placed in the TMA block. Serial 3-
to 4-�m sections were obtained from the microarray for immu-
nohistochemical staining, and the first slide was stained with
H&E to confirm the presence and grade of tumor. Tumor sam-
ples were randomly arranged on the blocks. Sample tracking
was based on coordinate positions for each tissue spot in the
TMA block; the spots were transferred onto TMA slides for
staining. This sample tracking system was linked to a Microsoft
Excel database containing demographic, clinical, pathologic,
and survival data on each patient. The array was read according
to the given TMA map, and each core was scored individually.
The cores that contained very little tumor were not evaluated.
Each case had at least one core punches with sufficient tumor (at
least three to four high-power fields of viable tumor) for immu-
nohistochemical evaluation.

Immunohistochemical staining
We performed immunohistochemical staining for PELP1,

ER�, ER�, and AR using serial sections from the paraffin-em-
bedded TMA block. Immunostaining was performed on either
Ventana Benchmark XT (ER and PELP) automatic immunos-
tainer (Ventana, Tucson, AZ) or DAKO (AR) Autostainer
(DAKO, Carpinteria, CA). Heat-induced epitope retrieval was
performed using EDTA buffer and a modified pressure cooker.
Optimum primary antibody dilutions were predetermined, us-
ing a PCa as positive control sample for PELP1 (monoclonal
mouse, SX53G8, dilution 1:150; DAKO), ER� (monoclonal
rabbit, SP1, prediluted; Ventana), ER� (monoclonal mouse,
14C8, dilution 1:50; Abcam, Cambridge, MA), and AR (poly-
clonal rabbit, N-20, dilution 1:50; Santa Cruz Biotechnology,
Inc., Santa Cruz, CA). Negative controls were run by omitting
the primary antibody.

Immunohistochemical analysis and scoring
Number of positive tumor cells in relation to the total num-

ber of cells encountered and the intensity of nuclear staining
(weak or strong) for each of the markers were quantified man-
ually per tissue core by a staff pathologist (Dr. Payal Kapur),
who was blinded from the clinical data. The percentage of pos-
itively staining tumor cells was assessed. The mean of the dupli-
cate scores was calculated for data analysis.

Cell lines and culture
LNCaP and DU145 were obtained from American Type Cul-

ture Collection (Manassas, VA). LAPC4 was kindly provided by
C. Sawyers (Memorial Sloan Cancer Center, New York, NY),
CWR22v1 was kindly provided by T. G. Pretlow (Case Western
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Reserve University, Cleveland, OH), and PC-3(AR)2 was kindly
provided by T. J. Brown (University of Toronto, Toronto, Can-
ada). LNCaP, C4-2, PC-3, PC-3(AR)2 , and DU145 were main-
tained in T medium (Invitrogen) supplemented with 5% fetal
bovine serum (FBS); CWR22v1 in DMEM (Mediatech, Manas-
sas, VA) containing 10% FBS; and LAPC-4 cell in Iscove’s
DMEM (Mediatech) containing 10% FBS. All growth media
were supplement with penicillin (100 IU/ml) and streptomycin
(100 �g/ml).

Androgen-free media
Cells were carefully washed with PBS, and growth medium

was changed to phenol red-free RPMI 1640 with 1% charcoal
strip FBS for 48 h before treatment.

Antibodies and reagents
AR, �-actin antibody was purchased from Sigma (St. Louis,

MO); PELP1 antibody from Bethyl Laboratories (Montgomery,
TX); ER� antibody (MCA1974S) from AbDSerotec (Raleigh,
NC); ER�, AR (AR441 and AR C-19) PSA antibodies from
Santa Cruz Biotechnology, Inc.; and ER-� from Cell Signaling
Technology (Boston, MA). E2, DHT, ICI 182,780, and flut-
amide were purchased from Sigma-Aldrich (St. Louis, MO). E2,
DHT, and flutamide were solubilized in ethanol; ICI 182,780
was solubilized in dimethylsulfoxide.

RNA interference
Twenty micromolar human PELP1 SMARTpool siRNA or

nonspecific control siRNA from Dharmacon (Chicago, IL), or
siRNA against human AR, ER� from Invitrogen (20 �M), was
transfected using LipofectAMINE 2000 (Invitrogen) according
to manufacturer’s protocol.

Proliferation assays
Cells in 96-well plates were subjected to androgen depriva-

tion for 48 h. Cells were then treated with either ethanol, E2, or
DHT for 48 h. Chemical inhibitors were added 2 h before treat-
ment. Cell proliferation was measured using MTT colorimetric
assay. All experiments were performed in triplicate.

Western blot analysis
After treating with ethanol, E2, and DHT for 24 h, cells were

washed twice with PBS and total cellular protein extracted from
cell pellets by protein lysis buffer [50 mmol/liter HEPES (pH
7.5), 150 nmol/liter NaCl, 10% glycerol, 1% Triton X-100, and
1.5 mmol/liter MgCl2] containing protease inhibitor cocktail.
Protein samples (15–30 �g) were loaded on polyacrylamide gels
(NuPAGE 10% bis-Tris gel; Invitrogen) and subjected to elec-
trophoretic analysis and subsequent blocking. Membranes were
incubated with primary antibody (overnight at 4 C) and relevant
secondary antibodies (1 h at room temperature). After extensive
washing, membranes were developed using ECL Plus (Amer-
sham, Piscataway, NJ) or SuperSignal West Dura Extended Du-
ration Substrate (Pierce, Rockford, IL).

RNA isolation and real-time RT-PCR
Total cellular RNA was extracted with RNeasy mini kit

(QIAGEN, Valencia, CA) according to manufacturer’s instruc-
tions. One microgram of RNA was subjected to cDNA synthesis

(Bio-Rad, Hercules, CA); 2.5 �l of cDNA were subjected to a
25-�l PCR carried out in iCycler thermal cycler (Bio-Rad) using
iQ SYBR Green Supermix (Bio-Rad) with denaturing at 95 C for
3 min followed by 36 cycles of amplification at 95 C for 30 sec,
60 C for 30 sec, and 72 C for 60 sec. Primers to homeobox
protein NK-3 homolog A and PSA were obtained from Invitro-
gen. 18S rRNA was used as internal control. All experiments
were repeated in triplicate. Fold induction of homeobox protein
NK-3 homolog A, PSA mRNA was determined by normalizing
threshold of cycle value of these cDNA with � threshold of cycle
value of 18S rRNA cDNA of each sample.

Immunoprecipitation
AR, ER�, and PELP1 antibodies were bound with Dyna-

beads Protein G (Invitrogen), and target antigens in whole cell
lysates (200 �g) were immunoprecipitated according to manu-
facturer’s protocol.

Luciferase assay
Appropriately transfected cells were divided into 12-well

plates and culture media replaced after 24 h with androgen-free
media. Identical cell populations were stimulated with E2,
DHT, or vehicle for additional 24 h. All experiments were per-
formed in triplicate, luciferase activity in cell lysates were mea-
sured using luciferase assay system (Promega, Madison, WI)
and were normalized to sample protein concentration. Results
are presented as fold change from baseline by dividing the rela-
tive luciferase activity of treated cells over that obtained for
untreated cells.

Chromatin immunoprecipitation
Transfected cells were subject to androgen deprivation for

48 h and then treated with equal volumes of 0.1% ethanol, E2,
or DHT. Twenty-four hours later, cells were fixed in 1% form-
aldehyde solution in PBS for cross-linking, which was stopped
using 125 mmol/liter glycine. Cells were treated with 750-�l cell
lysis buffer [5 mmol/liter PIPES (pH 8.0), 85 mmol/liter KCl,
0.5% Nonidet P-40, 12 ng of benzamidine, 100 ng of 1,10-
phenanthroline, 100 ng of aprotinin, and 100 ng/ml leupeptine]
for 5 min on ice. Nuclear lysis buffer [400 �l; 50 mmol/liter
Tris-Cl (pH 8.1), 10 mmol/liter EDTA, and 1% sodium dodecyl
sulfate (SDS)] was added to the pellet for 10 min on ice, and
samples were sonicated to shear DNA to 200- to 1000-bp frag-
ments. Lysates were precleared with rotating incubation with 20
�l of Sepharose beads for 2 h at 4 C. As a positive control for
DNA fragmentation, 10 �l (10% volume of the immunoprecipi-
tates) of input samples were collected at this stage. For immu-
noprecipitation, 100 �l of lysate were incubated with 5 �g of
AR antibody. Immunoprecipitation was performed in 400 �l of
IP buffer [150 mmol/liter NaCl, 1.0% Nonidet P-40, 0.5% de-
oxycholate, 0.1% SDS, and 50 mmol/liter Tris (pH 8.0)] for 2 h
at 4 C. Then protein A-Sepharose (Amersham) was added for
2 h at 4 C with rotation. Protein A beads were washed with
Super-IP (IP buffer plus 150 mmol/liter NaCl), thrice with IP
buffer and once with TE buffer [10 mmol/liter Tris (pH 8.0) and
1 mmol/liter EDTA], with 5-min rotations between each wash at
room temperature. To extract DNA, all samples (including in-
puts) were incubated with 150 �l of ChIP extraction buffer (1%
SDS and 0.1 mol/liter NaHCO3) along with 10 �l of 5 mol/liter
NaCl and 0.3 �l of ribonuclease A. This solution was incubated
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at 65 C overnight. DNA was purified using QIAquick PCR
Purification kit (QIAGEN). PCR amplification was done on
DNA recovered from immunoprecipitated and input chromatin
samples. PCR conditions were: 94 C for 3 min followed by 36
cycles of 94 C for 30 sec, 60 C for 30 sec, and 72 C for 60 sec.
Quantification by real-time PCR was done as indicated.

ChIP-re-ChIP assay
Ten micrograms of sheared chromatin from variously treated

LNCAP cells were extracted as described (ChIP-IT Express En-
zymatic Magnetic Cromatin Re-immunopreciptation kit and
Enzymatic Shearing kit; catalog nos. 53009 and 53035; Active
Motif, Carlsbad, CA) and added to 25 �l of progtein G magnetic
beads, 20 �l of ChIP buffer 1, and protease inhibitor cocktail
(Re-ChIP-IT Magnetic Chromatin Re-immunopreciptation kit,
catalog no. 53016; Active Motif) in a siliconized 1.7-ml micro-
centrifuge tube. Three micrograms of either AR or PELP1 anti-
body were added last and the mixture incubated for 4 h at 4C.
The tubes were then placed on a magnetic stand to pellet the
beads on the side of the tubes and the supernatant discarded.
The beads were washed with the ChIP buffers provided and then
the chromatin eluted using the Re-ChIP-IT Elution buffers. The
chromatin was then desalted using a prepared desalted column.

A portion of the chromatin (10 �l) from this stage was pro-
cessed and used to evaluate the efficacy of the immunoprecipi-
tation using quantitative polymerase chain reaction (QPCR).
Most of the chromatin (90 �l) from this stage was then used for
the re-ChIP evaluation and was mixed with 25 �l of protein G
magnetic beads, 10 �l of ChIP buffer 1, 1 �l of protease inhib-
itor cocktail, and 11 �l of distilled water. 3 �g of either AR or
PELP1 antibody were added last and the mixture incubated for
4 h at 4C. The tubes were then placed on a magnetic stand to
pellet the beads on the side of the tubes and the supernatant
discarded. The beads were washed with the ChIP buffers pro-
vided and then the chromatin eluted using the Re-ChIP-IT Elu-
tion buffers. The cross-links were reversed using reverse cross-
linking buffer. Processed DNA samples then used for QPCR
evaluation.

Statistical analysis
All error bars in graphical data represent mean � SD. Stu-

dent’s two-tailed t test was used for the determination of statis-
tical relevance between groups with P � 0.05 considered as
significant.
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