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Background: Prostate cancer (PCa) growth is promoted by the androgen receptor (AR). Castration-resistant PCa is asso-
ciated with activated signaling pathways.
Results: LCoR represses human PCa growth in vivo. Src kinase inactivates the corepressive function of LCoR in vivo.
Conclusion: LCoR, a novel corepressor for AR, inhibits PCa cell growth in vivo. LCoR is inactivated by Src kinase in castration-
resistant PCa.
Significance:As a ligand-dependentCoR, LCoR is able to inhibitAR activity in the presence of agonists in comparison to SMRT,
Alien, orNCoR and thus could offer new therapies without applying antagonists, which result in androgen-independent growth.
For this, the target could be the here-described Src pathway.

Theactivated androgen receptor (AR) promotes prostate cancer
(PCa) growth. AR antagonists repress the AR by recruitment of
corepressors. Not much is known about the inactivation of AR by
corepressors in thepresenceofagonists (androgens).Hereweshow
that the corepressor LCoR acts as an androgen-dependent core-
pressor that represses humanPCa growth in vivo. In linewith this,
progressive decrease of ligand-dependent corepressor expression
wasobservedinthePCaTRAMPmousemodelwith increasingage.
LCoR interactswithAR and is recruited to chromatin in an andro-
gen-induced manner. Unexpectedly, the LXXLL motif of LCoR is
dispensable for interaction with the AR. Rather, the data indicate
that LCoR interacts with the AR DNA binding domain on DNA.
Interestingly, the interaction of LCoR with AR is inhibited by sig-
naling pathways that are associated with androgen-independent
PCa.Herewealsoshowthat theSrckinase inactivates thecorepres-
sive functionofLCoR. InterferingwithendogenousSrc functionby
a dominant negative Src mutant, the growth inhibitory activity of
LCoR is enhanced in vivo in a xenograft mouse model system.
Thus, our studies indicate a role ofLCoRasanARcorepressoranda
tumorsuppressor.Further,thedecreasedexpressionorinactivationof
LCoR is as an important step towardPCacarcinogenesis in vivo.

Prostate cancer (PCa)4 in men is a serious health problem
worldwide and the second leading cause of cancer-relatedmale

deaths (1). The growth of the normal prostate and PCa is regu-
lated by the androgen receptor (AR) (2, 3), a ligand-activated
transcription factor and a member of nuclear hormone recep-
tor (NHR) superfamily. Its modular structure comprises an
N-terminally located transcription activation function (AF1), a
central DNA binding domain (DBD), and a C-terminal ligand
binding domain (LBD). Binding of natural agonist dihy-
drotestosterone (DHT) to the LBD induces conformational
changes in the AR, leading to its shuttling into the nucleus
and subsequent binding to the regulatory elements in the
target genes, thereby modulating their expression. The AR is
vital for proper prostate function, and its mutations have
been linked to benign prostatic hyperplasia (BPH) and PCa.
Further, increased AR-mediated transactivation has been
linked to progression of PCa. Therefore, the AR is a key
factor and drug target for PCa.
The transcriptional activity of AR is regulated by interacting

proteins termed “coactivators” that positively modulate recep-
tor function and by “corepressors” that inhibit AR function (4,
5) such as Alien (6), silencing mediator of retinoid and thyroid
receptors (SMRT) (7), and NCoR (8). Binding of the agonist to
the AR allows a preferential functional interaction of coactiva-
tors through their NR-box containing the LXXLL motif, which
in turn promotes gene activation (9). Conversely, we have
shown previously that corepressors are mostly recruited to
antagonist-boundAR and lead to suppression ofAR target gene
expression (6, 10, 11). LCoR was first identified as a ligand-de-
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pendent interaction partner for the LBD of estrogen receptor
(ER) requiring the LXXLL of the LCoR motif for binding to the
ER (12).
Development of hormone therapy-resistant or castration-re-

sistant PCa is associated with increased ARmRNA and protein
levels that lead to reduced corepressor recruitment toAR target
genes in the presence of AR-specific antagonists (2, 3). More-
over, various signaling pathways, including the Src kinase path-
way, are activated in androgen-independent/castration-resis-
tant PCa, leading to activated AR (13). Evidence also suggests
that in this situation, binding of corepressors to the AR is
reduced in the presence of AR antagonists as one underlying
molecular mechanism (10, 11).
This study focused on the inhibition of the AR in the pres-

ence of AR agonists and identifies LCoR as a novel androgen-
dependent corepressor for the human AR that inhibits the
growth of PCa. Further, LCoR itself is in turn functionally inac-
tivated by the Src kinase pathway.

MATERIALS AND METHODS

Reagents—AR antibody, salmon sperm, and DNA/protein
A-agarose 50% slurry were obtained from Upstate Biotechnol-
ogy. LCoR antibody was obtained fromGenway Biotechnology.
Themyc- and nonspecific IgG antibodieswere fromSantaCruz
Biotechnology, Inc.. Methyltrienolone or R1881 were from
PerkinElmer Life Sciences. DHT, CPA, proteinase K, RNase A,
and guanidium HCl were from Sigma. Casodex and OHF were
from Schering AG. The RNA purification kit was fromQiagen.
PP2, U0126, and LY294002 were procured from Calbiochem.
The complete mini protease inhibitor and the protease inhibi-
tormixture were fromRoche.Matrigel was purchased fromBD
Biosciences. Three-week-old athymic male nude mice were
obtained from NxGen Biosciences, and mice studies were per-
mitted by the Animal Ethics Committee of the University of
Wisconsin.
PlasmidConstructs—Mammalian expression vectors for var-

ious ARs and luciferase reporters have been described previ-
ously (11). pSG5-LCoR and pSG5-LCoR-mut were a kind gift
from Dr. John White. The pAB�gal, pAB-gal-NCoR, pABgal-
Alien, pETE-Hyg and pCMX-VP16, and Src-wt and Src
mutants were described previously (6, 11, 13). The pCS2-MT-
LCoR, pAB-VP-DBD, and VP-LCoR fusions were generated by
standard cloning techniques.
Cell Culture and Transient Transfection—CV1 and C4–2

cells were grown and transfected as described previously (11,
13). Unless stated otherwise, 1 �g of each luciferase reporter,
0.2 �g of AR expression plasmids, 1 �g of pSG5/pSG5-LcoR,
and 0.4 �g of pCMX-LacZ were used in transfections, and 16 h
post-transfection they were treated with hormone R1881 at
concentrations of 10�10 M, DHT 10�7 M, Casodex 10�7 M, CPA
10�7 M and OH-F 10�7 M and all signaling inhibitors at 1 �M.
72 h post-transfection, cells were harvested and measured for
luciferase and�-galactosidase activities as described previously
(11). Independent triplicate experiments were performed each
time and were repeated three times. The error bars represent
mean � S.D. Student’s t test was used to calculate the p values.
A p value below 0.05 was considered statistically significant.

Semiquantitative PCR—PCR reactions were carried out
using a forward and reverse primer for LcoR (forward, 5�-
tgcaactactcagaaccctgtgct-3�; reverse 5�-tggcagctgtggacaattg-
gtttc-3�) and GAPDH (forward, 5�-aatcccatcaccatcttccaggag-3;
reverse 5�-gcattgctgatgatcttgaggctg-3). The PCR reaction
standardization kit was obtained from Epicenter Biotechnolo-
gies (Madison, WI).
ChIP Assay—ChIP experiments involving the PSA enhancer

region (ARE III) were performed essentially as described previ-
ously (6). ChIP experiments were repeated three times with
similar results.
Real-time RT-PCR—Isolation of mRNA and the real-time

PCR was performed as described earlier (6). A total of 200,000
C4-2 cells/well were seeded out in charcoal-stripped serum
containing Tmedia in six-well tissue culture dishes. After 24 h,
cells were treated with R1881 (10�10 M) for 48 h, total cellular
RNA was isolated, and 1 mg RNA was reverse-transcribed to
cDNA and subjected to amplification by light cycler using spe-
cific primers and control primers against actin.
GST Pull-down—GST and GST-AR-DBD were expressed in

Escherichia coli strainHB101 overnight at 16 °C after induction
with 0.1 mM isopropyl-�-D-thiogalactopyranosid (Sigma).
After bacterial extraction, GST proteins were affinity-purified
via glutathione beads that were either incubated with 0.5 mg
LNCaP whole cell extract as positive control for full-length
LCoR binding to AR-DBD or with 10 �g of His-tagged purified
LCoR 101–218 or 219–433. His-tagged proteins were
expressed in E. coli strain BL21 under the same conditions.
Affinity purification was performed with nickel-nitrilotriacetic
acid beads (Invitrogen). The binding to GST/-AR-DBD was
analyzed via LCoR-Western blotting (LCoR antibody was
obtained from Cell Signaling Technology, Inc.). Ponceau stain-
ing of proteins served as loading control.
Generation of Stable Clones—A total of 200,000 C4–2 cells

were transfected with Src or mutant Src along with the pETE-
Hyg plasmid in 5:1molar ratio (total amount being 10�g) using
the calciumphosphatemethod. Themediumwas replacedwith
fresh T media 18 h post-transfection. Stable clones were
selected as described previously (6).
In Vivo Tumor Xenograft Model—1 � 106 C4-2 stable clones

were suspended in 100 �l of complete cell culture media and
100 �l of matrigel. Cells were subcutaneously implanted in the
left and right flanks of five athymic male nude mice in every
experimental group. At different time points, tumors were
measured by using a digital Vernier caliper.
Immunohistochemistry—Paraffin-embeddedprostate tissues

arrays (4 mm) were obtained from US Biomax. Immuno-
staining was performed using LCoR antibody (dilution 1:50)
essentially as described previously (13).

RESULTS

LCoR Functionally Represses the AR Transactivation
Function—A varying degree of LCoR protein expression was
observed in a panel of prostate epithelial cells, both normal and
tumorigenic (Fig. 1A). RWPE1 non-tumorigenic normal pros-
tate epithelial cells exhibited higher LCoR protein levels com-
pared with human prostate carcinoma cells such as LNCaP,
C4–2, 22RV1, and PC3, except DU145, indicating a decreased
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LCoR expression in most PCa carcinoma cells compared with
normal prostate epithelial cells.
To examine the transcriptional effect of LCoR on AR trans-

activation function, reporter assays employing androgen-re-
sponsive promoters were performed in CV1 cells lacking
endogenous AR expression. Ectopic expression of LCoR (5–40
ng) repressed agonist R1881-activated WT AR transactivation
in a dose-dependent manner (Fig. 1B). Also, LCoR repressed

WT AR activated by the natural agonist DHT and the partial
antagonist CPA (Fig. 1C). Because WT AR was not activated
either by Casodex orOHF, a repressive effect was not observed.
Further, the endogenous mutant AR (AR-T877A, bearing

a mutation in the LBD), often found in clinically relapsed
disease (14) and shown to positively stimulate the growth of
PCa (15), was also repressed by LCoR in an agonist (R1881
and DHT) dependent fashion (Fig. 1D). This AR mutant was

FIGURE 1. Functional repression of AR by LCoR. A, Western blot analysis showing LCoR proteins in a panel of prostate cell lines. �-actin was used as a loading
control. B, CV1 cells were transfected with pMMTV-Luc, WT hAR, and increasing amounts of pSG5-LCoR (5– 40 ng). Cells were transfected with 1 �g of WT hAR
(C) or T877A mutant (D). E, CV1 cells were transfected with GRE-Luc, pARR3-Luc (probasin), or PSA-Luc (F) along with WT hAR and pSG5-LCoR. The graph
represents the fold hormone induction with S.D. between triplicates. LCoR-mediated AR repression was significant in C–F (Student’s t test, p � 0.005).
LCoR-mut represents the NR-box mutant of LCoR (12). AR ligands (agonists): DHT, R1881. AR ligands (antagonists): OHF, Casodex, CPA. G, stable clones of C4-2
cells overexpressing either the empty vector control (left panel) or overexpressing LCoR (right panel) and the number of colonies obtained from the corre-
sponding stable clones (H).
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also activated by the partial agonist CPA, whereas LCoR
expression led to its down-regulation. Notably, unlike WT
AR, the T877A mutant was activated by the AR antagonist
OHF, and cotransfection of LCoR also repressed AR trans-
activation, suggesting that LCoR could overcome the
T877A-mediated activation through OHF. However, no sig-
nificant activation of AR was seen by Casodex. Thus, this
suggests that LCoR down-regulates the transactivation of
both activated WT and AR mutant T877A.
We also tested a double point mutant of AR (termed AR-

SUMO, small ubiquitin modifier) lacking the SUMOylation
sites of AR and devoid of interaction sites for the corepressors
SMRT and Alien (6, 11, 16). LCoR repressed transactivation of
the androgen-induced AR-SUMO mutant (supplemental Fig.
1), indicating that LCoR acts on AR in a distinct manner from
the corepressors SMRT or Alien.
Similar to repression of the AR-mediated transactivation

function on the MMTV promoter, ectopically expressed LCoR
efficiently repressed AR transactivation on GRE (glucocorti-
coid response element), probasin, and PSA promoter reporters
containing androgen response elements (Fig. 1, E and F) in an
agonist-dependent manner, indicating the versatility of LCoR
in its repression function in a wide androgen-responsive pro-
moter context.
Because AR regulates the growth of PCa and interference

with AR function leads to growth inhibition of PCa, we tested
whether interference with its function by LCoR has an influ-
ence on cellular growth. For that purpose, stable clones of the
human castration-resistant PCa C4–2 cells overexpressing
LCoR were generated, and colony formation assays were per-
formed. Using the empty expression vector, numerous colonies
were formedwithmore cells per colonies. However, cells stably
transfected with LCoR exhibited a marked decrease in both
their colony-forming potential and cell number per colony (Fig.
1, G and H), indicating that LCoR functionally interferes with
the growth of PCa cells.
The C Terminus of LCoR Is Sufficient to Repress AR Function

via Targeting Its DBD—First, we analyzed whether LCoR
requires the previously identified LXXLL motif necessary for
interactionwith ER to also repress AR in the presence of theAR
agonist. Interestingly, however, the LCoR mutant, having NR-
boxmutated (LCoRmut), also repressed theWTAR-mediated
transactivation in an agonist-dependentmanner (Fig. 2A). This
indicates that theNR-box of LCoR is dispensable forAR repres-
sion and suggests a different mode of interaction.
To map down the region(s) of AR that is targeted by LCoR

and to define whether a functional interaction between AR and
LCoR takes place, various deletion mutants of the AR NTD
were analyzed. The N-terminal of AR harbors the major trans-
activation function. Deleting AF-1 (�NTD) therefore renders
the intact C terminusAR transcriptionally incompetent, and no
repressive effect of LCoR on this AR mutant was observed.
Ectopically expressed LCoR repressed various N-terminal AR
truncations (�39–171, �39–328, �510–536, and �447–536)
in an androgen-dependent manner (Fig. 2B), indicating that
NTD is also dispensable for LCoR-mediated repression of AR.
The LBD deletion (�LBD) of AR was activated ligand-inde-

pendently andwas also repressed byLCoR.This suggests that in

contrast to many other NHRs, where intact LBD is required for
LCoR-mediated repression, the LBD of AR is dispensable for
LCoR-mediated repression.
Employing the LCoR mut, devoid of the LXXLL motif,

revealed similar pattern to repress the AR mutants, AR dele-
tions repressing the T877A, and AR �LBD mutant well (Fig.
2C). Taken together, these experiments rule out the involve-
ment of either the NR-box of LCoR or of the LBD of the AR in
repression by LCoR. The involvement of DBD-LBD cannot be
entirely ruled out because deletion of AF-1 bearing the N ter-

FIGURE 2. Mutational analysis of AR-LCoR-mediated repression. A, CV1
cells were transfected with the pMMTV-Luc reporter along with the pSG5 or
pSG5-LCoR expression vectors and treated with agonist R1881. LCoR-medi-
ated AR repression was significant (Student’s t test, p � 0.001). B, various AR
deletion plasmids that lead to truncated AR proteins were cotransfected with
LCoR and later treated with agonist R1881. LCoR-mediated AR repression was
significant (Student’s t test, p � 0.01). C, CV1 cells were transfected with
pMMTV-Luc along with pSG5-LCoR-mut. In addition, various AR mutant
expression plasmids were also transfected, and cells were treated with R1881.
The graph represents the fold hormone induction. LCoR mutant-mediated AR
repression was significant (Student’s t test, p � 0.05).
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minus results in transcriptionally incompetent AR, and, there-
fore, repressive effects of LCoR could not be tested in these
experiments.
To analyze the involvement of the DBD-LBD of the AR in

LCoR-mediated repression, the NTD was exchanged with the
potent transactivation domain of VP16 to generate VP-DBD-
LBD. This AR mutant was activated ligand-dependently,
demonstrating that specificity and cotransfection of either
LCoR-WT or LCoR-mut repressed the activation of this AR
mutant (Fig. 3,A andB), ruling out the possibility of the involve-
ment of the NTD of the AR in LCoR-mediated repression. All
these experiments deleting or replacing one or both activation
functions suggest that to repress AR function, LCoR does not
require the NTD or LBD of the AR.
Therefore, the involvement of the DBD of the AR in repres-

sion by LCoR was tested. The AR chimera (VP-DBD), deleting
both the NTD and the LBD, was generated, possessing only the
intact DBD of AR. This fusion protein was strongly activated
ligand-independently compared with the empty vector VP16
control andVP16-Gal-DBD (VP16-Gal) (Fig. 3C). Interestingly,
cotransfection of either LCoR or LCoR-mut led to the repres-
sion of this AR mutant, strongly implicating that LCoR specif-
ically targets the DBD of the AR and not of Gal to mediate
repression. A strong repressive action of LCoR was not
observed with this AR fusion as compared with full-length AR,
which may be due to the exchange of the NTD with VP16.

On the other hand, to map down the region of LCoR that
interactswith theAR, various chimeras of LCoRdeletions fused
to the VP16 transactivator were generated (Fig. 4A) and
employed in the mammalian one-hybrid assay. This assay is
based on the interaction of VP16-LCoR fusion to the full-length
AR. The activation of the reporter by the empty vector VP16
control was therefore set as 1. Further activation of the reporter
is possible if VP16 is brought into close proximity of the pro-
moter. The full-length LCoR (LCoR f.l.), because of the intact
C-terminal binding protein and histone deacetylase interaction
domain (12) fused to VP16, led to a weak induction (Fig. 4B),
indicating a possible interaction of LCoR with the AR that was
further strengthened using LCoR deletions that lack the N-ter-
minal domain. The LCoR 1–90 fusion did not reveal an activa-
tion of the reporter, presumably because of the presence of two
repressive CtBP interaction domains that may counterbalance
the transactivation function of VP16. Notably, however, both
LCoR 101–218 and the non-overlapping LCoR 219–433 frag-
ments exhibited a ligand-dependent interaction with the AR,
suggesting that LCoR potentially uses two independent inter-
action domains to bind to the AR. This was confirmed by using
bacterially expressed and affinity-purified LCoR fragments and
the AR-DBD (Fig. 4D). The data suggest that each of the two
LCoR fragments interact independently and directly with
the AR-DBD in vitro. Interestingly, the C termini of LCoR
101–360 and LCoR 101–433 (VP-cLCoR), both of which

FIGURE 3. Interaction analysis in mammalian cells: NTD and DBD are required. A and B, CV1 cells were transfected with pMMTV-Luc, VP16, or VP-DBD-LBD
(0.1 �g) and 1 �g each of either pSG5, pSG5-LCoR, or pSG5-LCoR-mut and were incubated with R1881. The graph represents fold hormone activity. C, cells were
transfected with MMTV-Luc, VP16 empty, and VP16-Gal-DBD (called VP-Gal) as controls or VP-DBD (1 �g), pSG5 alone, LCoR, or LCoR-mut and treated with
R1881. LCoR-mediated repression of the VP-AR deletion mutants was significant (Student’s t test, p � 0.005). The graph represents the fold hormone induction.
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harbor the helix-loop-helix interaction motif, were found to
functionally interact with WT hAR in a ligand-dependent
manner. VP-cLCoR was able to interact with both CPA- and
R1881-bound WT hAR and exhibited a 4- and 7-fold higher
activity over the empty vector VP16, respectively (Fig. 4C).
Taken together, these results indicate that to repress AR
function, LCoR uses two independent domains to interact
with the AR-DBD and that this interaction is independent of
the NR-box of LCoR.
Src Activity Opposes Repressive Action of LCoR on the AR—

To test the functional relevance of LCoR expression in human
PCa cells, the ability of LCoR to repress endogenous T877A
mutant AR in PCa C4–2 cells was tested. LCoR was ectopically
overexpressed, leading to only a slight (2-fold) repression of

AR-mediated transactivation (Fig. 5A) in a ligand-dependent
manner. The degree of repression was lower compared with
robust repression observed in CV1 cells (Fig. 1, A and B), sug-
gesting that even with forced overexpression, LCoR-mediated
repression is weaker compared with that observed in CV1 cells.
Our hypothesis was that this marginal decrease could be due to
the activation of signal transduction pathways in PCa cells that
weaken the repressive effect of LCoR on AR. To test this
hypothesis, we employed a battery of signaling cascade
inhibitors to block specific signal transduction pathways
that are overexpressed in PCa, such as Src kinase (13).
Interestingly, blocking Src function by a specific inhibitor
(PP2, 4-amino-5-(4-chlorophenyl)-7-(t-butyl) pyrazolo(3,4-d)
pyrimidine) enhanced LCoR-mediated AR repression in the

FIGURE 4. LCoR deletion analysis: Requirement of two interaction domains. A, LCoR is a 433-amino acid protein with a single NR-box for interaction with
selected members of the nuclear hormone receptor superfamily. The C-terminal part of LCoR harbors an HLH interaction motif. VP16-cLCoR was constructed
by cloning the last 332 C terminus amino acids into the pCMX-VP16 empty vector. B, CV1 cells were transfected with MMTV-Luc, VP16, or various VP16-LCoR
fusions (1 �g) and treated with CPA. Data were plotted setting each empty vector control VP16 in the absence of hormone arbitrarily as 1 and represent fold
reporter activation. C, CV1 cells were transfected with pMMTV-Luc, pCMX-VP16-cLCoR (2 �g), and hAR (50 ng) treated with R1881 or CPA. The graph depicts the
fold hormone induction. LCoR binding to AR was significant for B and C (Student’s t test, p � 0.05). D, bacterially expressed GST or GST-AR-DBD were
affinity-purified and incubated with either 0.5 mg LNCaP whole cell extract, as positive control for full-length LCoR (f.l.) binding to the AR-DBD, or with 10 �g
of His-tagged bacterially expressed and purified LCoR 219 – 433 or 101–218 fragments that were detected by Western blotting. Ponceau staining served as a
loading control. Both LCoR minimal domains show significant binding to the AR-DBD.
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presence of the agonist (Fig. 5A, right panel). This suggests that
the Src inhibitor reduced agonist-induced AR transactiva-
tion in the presence of LCoR. It is noteworthy that agonist-
induced empty vector-transfected cells (in the absence of
LCoR expression) treated with PP2 also yielded a decreased
ligand-induced induction. This effect is presumably due to
the activation of endogenous LCoR (Fig. 5A). Thus, the
potency to inhibit the AR is enhanced by treatment with the
Src kinase inhibitor PP2.

To explain the restoration of the strong repressive effect of
LCoR on AR in the presence of PP2, we analyzed the influence
of blocking Src kinase function on the interaction of LCoRwith
endogenous AR employing the VP16-cLCoR chimera. Treat-
ment of C4-2 PCa cells with PP2 in the presence of the AR-spe-
cific agonist suggests that the interaction of endogenous LCoR
with endogenous AR is enhanced (Fig. 5B). In line with this,
ChIP assays revealed that endogenous LCoR is corecruited to
the enhancer of the PSA gene in presence of agonist R1881 in
C4-2 cells and that the recruitment was enhanced by PP2 (Fig.
5C, compare lane 1with lane 3 and lane 2with lane 4). Further,
to test for the expression of the endogenous AR target gene
PSA, real-time RT-PCR (quantitative RT-PCR) experiments
were performedwith andwithout PP2 treatment. The data sug-
gest that the androgen-induced PSA mRNA levels are
decreased by PP2 treatment (Fig. 5E). Taken together, the SRC
kinase pathway inhibits LCoR-mediated repression of AR, pre-
sumably by inhibiting the LCoR-AR interaction.
However, we have also further addressed the possibility that

the LCoR-mediated silencing may be inhibited by the activated
Src kinase pathway. For that purpose, Gal4-LCoR chimeras
were generated. The Gal4-LCoR chimera repressed a cognate
reporter much more strongly in CV1 cells (approximately
20-fold) as compared with repression observed in C4-2 cells
(approximately 4-fold), indicating that the LCoR-mediated
silencing is much weaker in the PCa C4-2 cells (supplemental
Fig. 2). Similarly, the corepressor NCoR chimera exhibited a
potent-silencing function in CV1 cells compared with C4-2
cells. Conversely, the AR corepressor Alien repressed the
induction of the reporter to the samedegree in both of these cell
lines. This suggests that the repression function of different
corepressors is regulated in a cell type-dependent context.
Therefore, our hypothesis was that LCoR could be function-

ally attenuated by activating signaling pathways, which may
play a role in PCa progression (16, 17, 18). A battery of specific
signaling inhibitorswas therefore employed to test whether sig-
naling kinases influence the autonomous repression function of
LCoR. Inhibitors of MAPK (U0126), PI3K (LY294002), and Src
kinase (PP2) signaling, all of which have been reported to be
overexpressed in PCa, were therefore included. Interestingly,
blocking of Src activity restored the strong repression function
of LCoR in C4-2 cells (Fig. 5D). Also, blocking of PI3K activity
led to a partial enhancement of LCoR repression function, sug-
gesting that LCoR could potentially be targeted by signaling
kinases or a circuit of signaling cascades. Notably, the blocking
of the MAPK function did not significantly modulate the
repressor function of LCoR.
The data suggest that the LCoR-mediated gene silencing is

inhibited by the Src kinase pathway. Thus, taken together,
inhibiting the Src kinase pathway using PP2 strongly enhances
both the interaction of LCoRwithAR andLCoR-mediated gene
silencing.
Src Regulates LCoR-mediated Growth Repression in PCa in

Vivo and in Vitro—The influence of the Src kinase pathway on
LCoR was further investigated by cellular growth analyses. For
that purpose, stable clones of C4-2 cells overexpressing LCoR
and/or Src, WT or mutant, were generated. Cells stably trans-
fected with the LCoR expression vector showed a marked

FIGURE 5. Involvement of Src kinase pathway in LCoR-mediated repres-
sion of AR. A, C4-2 cells were transfected with MMTV-Luc, pSG5, or pSG5-
LCoR and treated with R1881 and Src kinase inhibitor PP2. The graph repre-
sents the fold hormone induction. B, C4-2 cells transfected with MMTV-Luc,
VP16, or VP16-cLCoR (1 �g) were treated with R1881 and PP2. The graph
represents the fold hormone induction. The influence of PP2 on LCoR-medi-
ated AR repression (A) and on LCoR binding to AR (B) was significant (Stu-
dent’s t test, p � 0.001). C, a ChIP analysis was performed with C4-2 cells.
Before lysis, samples were treated with PP2 for 48 h and with 10�8

M R1881 for
1 h. The harvested lysate was diluted and immunoprecipitated with antibod-
ies against AR, anti-LCoR, or nonspecific anti IgG antibody. The DNA was
eluted from the immunoprecipitates and amplified by primers spanning the
PSA enhancer. As equal starting material prior to immunoprecipitation, the
input is shown. D, C4-2 cells were transfected with the p(UAS)4TATA-Luc
reporter along with 1 �g of the Gal-LCoR plasmid and treated with U0126,
rapamycin, LY294002, and PP2, and data were plotted with respect to values
obtained for each empty vector and represent fold reporter repression over
galactosidase empty vector control. E, in total, 200,000 C4-2 cells/well were
seeded out in hormone-depleted FBS containing T media in six-well tissue
culture dishes. After 24 h, cells were treated with R1881 (10�10

M) for 48 h.
Then, total cellular RNA was isolated, reverse-transcribed to cDNA, and ampli-
fied by light cycler using specific primers and control primers for actin. The
graph represents the actin-normalized values of the PSA transcript.
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decrease (3.5-fold) in their colony-forming potential as com-
pared with control cells transfected with the empty vector (Fig.
6A). Moreover, interference with endogenous Src function
using a Srcmutant (Src-mut) further potentiated the repressive
effect of LCoR on cellular growth. In contrast, coexpression of
Src along with LCoR resulted in an increase in colony number
as compared with LCoR alone. These results further indicate
that LCoR represses PCa cell growth and that its function is
largely governed by Src kinase activity in PCa cells.
Moreover, the tumorigenic potential of C4-2 cells overex-

pressing LCoR and/or Src in vivo xenograft experiment was
analyzed. Both C4-2 WT and C4-2/Src cells developed large
tumors in athymic male nude mice (Figs. 6, B and C). Nota-
bly, mice bearing C4-2 cells stably overexpressing either
LCoR alone or in combination with Src-mut did not develop
any tumors. An interesting finding of the experiment was
that cells coexpressing LCoR did not develop any tumors
through the entire course of the 6-week-study, and in
combination with Src, only moderate-sized tumors were
developed.
This indicates on one hand the importance of functionally

active corepressors to reduce tumor growth and on the other
hand the negative influence of Src activity on corepressor
LCoR-mediated repression of prostate tumorigenesis. In agree-

ment with cell culture data, expression of Src-mut alone also
resulted in moderate-sized tumors.
To summarize, the results indicate that LCoR acts as a core-

pressor for ligand-activated AR in vivo, represses the transacti-
vation of AR and, subsequently, the growth of PCa, and that the
overexpression of Src negatively regulates its corepression
function and, therefore, also has a positive influence on tumor
development.
Differential Expression of LCoR in Prostate Tumorigenesis—

A further link between LCoR and PCa progression arose while
analyzing the expression of LCoR in TRAMPmice that exhibit
age-dependent progression stages of PCa similar to human dis-
ease (19). The data suggest that the expression of LCoR
decreased as the tumor progressed fromwell differentiated car-
cinoma at 16 weeks to a poorly differentiated carcinoma at 32
weeks (Fig. 7A). The level of LCoR expression was also deter-
mined in situ in TRAMP mouse PCa tissue, where LCoR
expression was highest in PCa tissue in 12-week-old mice,
which represents well differentiated carcinoma. The LCoR lev-
els were reduced further in moderately differentiated carci-
noma derived from 20-week-old mice, and the lowest expres-
sion of LCoR was observed in the poorly differentiated
carcinoma of mice at 34 weeks of age (Fig. 7B). These data
strongly suggest a link between LCoR expression and PCa
progression.

DISCUSSION

In this study, we have characterized LCoR as a novel andro-
gen-dependent AR corepressor that regulates the growth of
PCa cells in vitro and in vivo. Our data demonstrate that the
LCoR-mediated repression of AR transactivation is associated
with the inhibition of PCa growth in vivo and further links Src
kinase activity to LCoR function.
The corepressors SMRT and Alien act preferentially in the

presence of AR antagonists and inhibit AR-mediated transacti-
vation (6, 11). Interestingly, SMRT was shown to interact with
AR in the presence of the AR agonist but did not exhibit repres-
sion, whereas in the presence of the partial antagonist CPA,

FIGURE 6. LCoR represses PCa growth in vitro and in vivo and is attenu-
ated by Src kinase signaling. A, number of stable clones obtained from C4-2
cells overexpressing either empty vector control, LCoR, or dominant negative
with a mutation in the kinase cassette Src-mut, Src, LCoR�Src mut, or
LCoR�Src. LCoR-mediated repression of colony formation and potentiation
by the Src mutant was significant (Student’s t test, p � 0.01). B, representative
photograph of the athymic nude mice bearing the xenograft of the C4-2 cell
clones overexpressing LCoR and/or Src. C, tumor size of xenografts of the
above-mentioned stable clones of C4-2 cells in athymic nude mice represent-
ing the growth of tumor over 6 weeks (n � 5).

FIGURE 7. Progressive decrease in LCoR expression in vivo. A, LCoR tran-
script expression is progressively decreased in TRAMP mice as a function of
increase in age. Prostate tissue from 16-week-old mice expresses higher LCoR
mRNA than 24-week- old mice and is further decreased at 24 and 32 weeks.
B, immunohistochemical analysis for LCoR expression in prostate tissue of
TRAMP mice of different ages (12, 20, and 34 weeks). Experiments were con-
ducted on five randomly selected tumor tissues from TRAMP mice in each
group with similar results, and only one representative result is shown.
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SMRT binds to AR and inhibits AR-mediated transactivation.
Alien, on the other hand, seems to interact with AR only in the
presence of AR antagonists and not in the presence of an ago-
nist (6). This suggests that these corepressors repress AR only
in the presence of antagonists. Here, we focused onwhether AR
transactivation and PCa growth can be repressed in the pres-
ence of agonists.
A major activator of AR seems to be activating signaling

pathways. Several underlying possibilities can be envisaged
about how these signaling pathways activate the AR. One of
themwould be the inactivation of corepressor function. There-
fore, this work focuses on one of severalmolecularmechanisms
of how corepressor function is modulated by signal transduc-
tion pathways. Repression of AR function by LCoR highlights
its physiological relevance, which may play a protective role in
the onset and progression of the disease by repressing AR-me-
diated gene activation and, thereby, the growth of PCa.
We demonstrate that the NR-box of LCoR, although

required to interact with various other NHR members, is not
required to interact with AR, and our data suggest that at least
theAR-DBD is targeted byLCoR. In vitroprotein-protein inter-
action assays with purified LCoR fragments and the AR-DBD
confirm that two independent sites in LCoR exist that interact
with the AR-DBD. All the N-terminal AR truncations are sig-
nificantly repressed by LCoR (Fig. 2B), which does not confirm
but suggests that LCoRmay not target the AR NTD, which it is
the case in the interaction of the ligand-sensitive CoRs such as
SMRT, NCoR, or Alien with the AR (6, 11). Some coactivators,
like Ubc9, have been shown to target the DBD of the AR to
activate its function (16). Therefore, it is possible that corepres-
sors can also target the same domain to modulate AR transac-
tivation and so can compete with the coactivators, such as
Ubc9, to interact with AR. This kind of mechanism could help
to counterbalance the activated AR to fine-tune its activation.
Rendering LCoR functionally attenuated could be beneficial

for PCa growth to attain a desirable constitutive activation of
AR. Posttranslational regulation by Src kinase activity indicates
that, in addition to directly activating AR function (13, 20), Src
kinase can repress interaction of corepressors such as LCoR
and thereby indirectly activate AR function in PCa cells. This
work also provides a mechanistic explanation for Src kinase
family-mediated involvement in the AR pathway, where Src
inhibits corepressors such as LCoR. In fact, many other signal
transduction pathways are overexpressed in androgen-inde-
pendently growing PCa cells, which may potentially decrease
the interaction of corepressorswithAR to activateAR function.
In C4-2 cells, introduction of dominant-negative Ras restores
sensitivity to Casodex (21). Similarly, treatment of C4-2 cells
with the Her2 tyrosine kinase inhibitor AG825 leads to apopto-
sis in C4-2 cells, indicating that overexpression of Her2 may
confer androgen independence to C4-2 cells (22). Similar to
that, we have found that Src kinase is overexpressed in PCa
cells, where it promotes the transactivation function of AR (13).
The rationale for using C4-2 cells in this study is that

although they represent androgen-insensitive or hormone-re-
fractory tumor cells, their growth is dependent on functional
androgen receptor-mediated signaling (23). Moreover, in these
cells as well, LCoR marginally interacts with AR, and this is

enhanced in the presence of an Src kinase inhibitor. Therefore,
these cells have been used as amodel system to find out the role
of LCoR on AR.
One way to promote AR transactivation by Src kinase could

involve attenuation of the corepressor LCoR to repress AR
function. In this study, we found that a pivotal mode of Src
kinase action against LCoR is by interfering with the binding of
LCoR to AR in vivo and by decreasing the autonomous repres-
sion potential of LCoR in C4-2 PCa cells. This indicates a novel
mechanism that PCa canutilize toweaken specific corepressors
at multiple levels to constitutively activate AR function. Both of
these LCoR inactivating mechanisms may work in synergy to
functionally attenuate LCoR from acting as a potent corepres-
sor for AR in PCa cells.
In contrast to the CoR Alien (6), cells overexpressing LCoR

produce fewer colonies in the presence of the AR agonist, indi-
cating the potential growth-inhibitory effect of LCoR on cellu-
lar growth.
It is possible that the ratio of coactivators to corepressors,

which has been shown to modulate NHR function (24), gives a
competitive advantage to coactivators to bind to AR in PCa
cells. This increase in ratio of coactivators to corepression may
arise from the overexpression of coactivators or decreased
expression of corepressors or from the functional attenuation
of corepressors by signal transduction pathways, which are
known to be activated in PCa cells.
These results are suggestive of the existence of multi-

modal ways where, in addition to directly activating AR
function, as has been reported previously (13, 20), corepres-
sor function can be repressed by activating signaling cas-
cades, decreasing both its autonomous repression potential
and interaction with AR, which together allow AR to become
more active in PCa.
Taken together, our data characterize a novel transcriptional

corepressor for AR that plays an important role in regulating
PCa cell growth in vitro and tumor progression in vivo. The data
suggest that the role of LCoR is to fine-tune the androgen
receptor transcriptional activity in the presence of androgen
agonists. Further, the data indicate that activated or overex-
pressed Src kinase in PCa cells inhibits LCoR binding and
LCoR-mediated gene silencing. Thus, we suggest the existence
of signal transduction pathways that may indirectly regulate
corepressor function. Employment of chemotherapeutics on
the basis of the inhibition of specific kinases that regulate core-
pressor action on AR could therefore prove to be beneficial in
the treatment of therapy-resistant PCa.
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