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lines and mouse models have shown that the progression
to CRPC could be associated with enhanced AR expres-
sion, as indicated by findings from AR down-regulation
using dominant-negative AR mutants, small interfering
RNA (siRNA), or small molecules, whereas increased AR
expression converts androgen-dependent PCa cells to
CRPC (7-10). The AR gene is overexpressed in most
CRPCs, 10-20% of which show amplification of the AR
gene (11). Also, less than 10% of CRPCs were found to
have somatic mutations in the AR gene, which could con-
fer promiscuous activity to the receptor, allowing its ac-
tivation by nonandrogen steroids and antiandrogens (12).
Furthermore, the AR pathway in CRPC was considered
to rely on changes in expression of growth factors, such as
IGF (13), HER-2 (14), and IL-6 (15), which could modify
AR activity. Also, AR signaling could be modulated by
AR cofactors such as heat-shock protein 27 (Hsp27) (16),
peroxiredoxinl (17), Tip60, histone deacetylase 1
(HDAC1) (18), ARA 54 (19), ARAS55 (20), ARA70 (21),
GRIP1 (22), HMGB1, HMGB2 (23), PIAS1, PIAS3 (24),
and SRC1 (25), some of which have been reported to be
implicated in CRPC. Modification of these growth factors
and cofactors in CRPC may cause androgen-dependent PCa
to gain castration-resistant status.

Peroxisome proliferator-activated receptor y (PPARy)
coactivator-la (PGC-1a) was isolated based on its abili-
ties to interact with PPAR+y in a two-hybrid screening
system and to enhance glucocorticoid responses in a func-
tional genetic screening system (26, 27). It has previously
been shown that PGC-1a has a novel role in adaptive
thermogenesis, where it enhances the ability of PPARYy
and nuclear respiratory factors (NRF1 and NRF2) to in-
duce the synthesis of the enzymes required for oxidative
metabolism (28). PGC-1a has been shown to be ex-
pressed and highly regulated in brown adipose tissue and
skeletal muscle (26). Also, PGC-1a is expressed in the
heart, kidney, and brain, suggesting that it is involved in
processes other than thermogenesis (26). Because AR is
also expressed in these tissues, we hypothesized that
PGC-1a might have a role in various tissues together with
AR. PGC-1a is known to interact with and enhance the
transactivation of other nuclear receptors such as estro-
gen receptor a {ERa) (29, 30). Also, PGC-1« interacts
with and activates FERa and ERB in a ligand-independent
manner with a particularly high-binding affinity to ERB
(31). In contrast, PGC-1p, also known as PERC, selec-
tively binds to ERe in a ligand-dependent manner and
activates its transcriptional ability (29, 32). Similar to a
relationship between androgen and AR in carcinogenesis
and development of PCa, a relationship between estrogen
and ER has also been established, and it was reported that
reduced levels of ovarian steroids and ERe significantly
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decrease the breast cancer risk (33, 34). Furthermore,
antiestrogen therapies that inhibit estrogen synthesis or
block ER activity are used to treat breast cancer similar to
antiandrogen agents to treat PCa. Wirtenberger et al. (35)
recently showed that a polymorphism of PGC-1la was
associated with familial breast cancer, high-risk familial
breast cancer, and bilateral familial breast cancer.
However, the function of PGC-1« in association with
AR and in the progression of CRPC currently remains
unknown. In this study, we intended to resolve the func-
tion of PGC-1a in association with AR and PCa. Our data
showed that PGC-1a interacted with AR and was in-
volved in the proliferation of androgen-dependent and
CRPC cells. Together, PGC-1a appears to be a key factor
involved in the progression to PCa, and is a promising
molecular target for treating PCa, even CRPC.

Results

PGC-1« interacts with AR in vitro and in vivo

We intended to research the mechanisms responsible
for carcinogenesis and progression of PCa in terms of AR
function. Accordingly, we found that PGC-1a might in-
teract with AR. First, the interaction between AR and
PGC-1a was investigated by a glutathion S-transferase
(GST) pull-down assay using GST-fused AR and Myc-
Flag-tagged PGC-1a proteins. As shown in Fig. 1A, Myc-
Flag-tagged PGC-1a was found to interact with GST-AR.
To confirm this finding, a coimmunoprecipitation assay
using the overexpression method was performed. PC-3
cells, which expressed no AR mRNA and protein, were
transfected with GFP-tagged AR and Myc-Flag-tagged
PGC-1a expression plasmids, and a coimmunoprecipita-
tion assay was performed. Myc-Flag-tagged PGC-1a re-
producibly interacted with the GFP-tagged AR protein.
Simultaneously, we assayed whether the interaction be-
tween PGC-1a and AR could be influenced by dihy-
drotestosterone (DHT). PC-3 cells were transfected with
the GFP-tagged AR and Myc-Flag-tagged PGC-1a ex-
pression plasmids, and then cultured under charcoal-
stripped medium with or without DHT. The results of the
coimmunoprecipitation assay showed that DHT did not
influence this interaction (Fig. 1B). Last, we investigated
whether endogenous proteins interacted with each other.
Using cellular extracts of LNCaP cells expressing AR pro-
tein that were cultured under charcoal-stripped medium
with or without DHT, the endogenous AR was immuno-
precipitated using anti-AR antibody, and the immunopre-
cipitated samples were blotted with anti-PGC-1a anti-
body. As expected, endogenous AR interacted with PGC-
1a, and reproducibly, this interaction was not affected by
DHT (Fig. 1C).
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FIG. 1. PGC-1a interacts with AR in vitro and in vivo. A, Equal amounts of GST and
GST-AR fusion proteins were immobilized on glutathione-sepharose 48 and were
incubated with nuclear extracts from PC-3 cells transfected with PGC-1a-Myc-Flag
plasmid. The bound protein and 10% of the input were subjected to SDS-PAGE,
and Western blot analysis was performed using the anti-Flag antibody. Purified GST
and GST-AR fusion proteins stained with Coomassie Brilliant Blue (CBB; Wako,
Osaka, Japan) are also shown. B, PC-3 cells were cotransfected with 1.0 ug of each
of the indicated expression plasmids and incubated in charcoal-stripped medium
with or without 10 nm of DHT. Whole-cell extracts (300 pg) were
immunoprecipitated with agarose-conjugated anti-GFP antibody. The resulting
immunocomplexes and whole-cell extracts (30 ug) were subjected to SDS-PAGE,
and Western blot analysis was performed using anti-Flag and anti-GFP antibodies.
C, Whole-cell extracts (500 ug) were prepared from LNCaP cells incubated in
charcoal-stripped medium with or without 10 nm of DHT and were
immunoprecipitated (IP) with 2.0 pg of rabbit IgG or anti-AR antibody (C-19) and
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could locate in nucleus and have a potential to
transactivate its target genes even without li-
gand (Shiota, M., A. Yokomizo A., D. Masu-
bichi, Y. Tuda, J. Inokuchi, M.Eto, T. Uchi-
umi, N. Fujimoto, S. Naito, manuscript
submitted). Similar findings in terms of the
protein PSA level were obtained when andro-
gen-dependent LNCaP cells and CxR cells
were transfected with PGC-1la-specific siR-
NAs. Also, transfection efficiencies of PGC-
la-specific siRNAs seemed to be equivalent
between LNCaP and CxR cells as indicated by
decrease of PGC-1a protein expression. Fur-
thermore, as previously reported, the expres-
sion of AR was increased in the CxR cells
compared with that in the parental LNCaP
cells (Fig. 2D) (9-11).

PGC-1« activates AR
transcriptional activity

Because PGC-1a was thought to interact
with AR and regulate PSA expression, we de-
termined the effect of PGC-la on AR tran-
scriptional activity using a luciferase assay.
First, the PC-3 cells were transfected with a

20 pl of protein A/G agarose. The resulting immunocomplexes and whole-cell
extracts (50 pg) were subjected to SDS-PAGE, and Western blot analysis was

performed using anti-PGC-1a and anti-AR (C-19) antibodies.

PGC-1a is overexpressed in PCa cells and PGC-1a
knock-down reduces PSA expression

To investigate a role of PGC-1e in PCa, we examined
PGC-1a expressions in human normal prostate epithelial
cells (RWPE-1 cells) and a panel of PCa cells (DU145,
PC-3, VCaP, 22Rv1, LNCaP, and castration-resistant
LNCaP derivatives CxR cells). PGC-la was overex-
pressed in PCa cells compared with that in normal pros-
tate epithelial cells. Also, PGC-1a expression level was
similar between LNCaP and CxR cells (Fig. 2A). Further-
more, PGC-1a expression was not affected by DHT in
LNCaP and CxR cells (Fig. 2B). To confirm the function
of PGC-1a on AR, we next examined the expression of a
well-known AR target gene, PSA, after knock-down of
PGC-1a. After LNCaP and CxR cells were transfected
with PGC-la-specific siRNAs, quantitative real-time
PCR and Western blot analysis for PSA were performed.
The results showed that the expression of PSA mRNA
was decreased by PGC-1a knock-down in the presence of
DHT, although basal PSA expression was decreased by
androgen starvation, but not in the absence of DHT. In
addition, PSA mRNA expression level both in the pres-
ence or absence of DHT was decreased after PGC-la
knock-down also in CxR cells (Fig. 2C), in which AR

PSA reporter plasmid, pGLPSApS5.8, possess-
ing PSA enhancer and promoter regions (~5.8
kb) with three putative androgen-responsive
elements (AREs) and a PGC-la expression
plasmid in addition to pCMV-AR expressing wild-type
AR protein. Without DHT, luciferase activity was hardly
detected even with PGC-1a overexpression. However, lu-
ciferase activity was significantly increased with DHT.
Also, PGC-1a overexpression increased the transcrip-
tional activity of PSA. In PCa, several AR mutations such
as T887A in LNCaP cells have been found. Simulta-
neously, we investigated whether the AR mutation influ-
ences the PGC-1« function as a coactivator of AR in PC-3
cells. PGC-1a overexpression enhanced luciferase activity
of PSA reporter plasmid even when mutated AR (T887A)
was expressed in the PC-3 cells. Next, mouse mammary
tumor virus (MMTV)-Luc possessing an MMTV pro-
moter region with a putative ARE was used, and similar
results were obtained. PGC-1a overexpression increased
the transcriptional activities of MMTV when DHT was
applied in addition to AR expression (Fig. 3A). Last, to
confirm the above results, a knock-down assay using
PGC-1a-specific siRNAs was performed. As expected,
PGC-1a knock-down decreased the luciferase activity of
the PSA and MMTYV reporter plasmids to approximately
10-40% in LNCaP cells with DHT, whereas basal lucif-
erase activity without DHT was not affected by PGC-1a
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FIG. 2. PGC-1a is overexpressed in PCa cells and PGC-1a knock-down reduces
PSA expression. A, Whole-cell extracts from the indicated cells were subjected to
SDS-PAGE, and Western blot analysis was performed using anti-PGC-1a and anti-3-
actin antibodies. B, Whole-cell extracts from LNCaP, CxR cells incubated in charcoal-
stripped medium with or without 10 nM of DHT for 72 h were subjected to SDS-
PAGE, and Western blot analysis was performed using anti-PGC-1« and anti-B-actin
antibodies. C, LNCaP and CxR cells were transfected with 50 nm of control siRNA,
PGC-1a SiRNA no. 1 or PGC-1a siRNA no. 2, and incubated in charcoal-stripped
medium with or without 10 nm of DHT for 72 h. After extraction of total RNA and
synthesis of cDNA, quantitative real-time PCR was performed using the primers and
probes for AR, PSA, and GAPDH. The transcription levels of AR and PSA were
corrected for the corresponding GAPDH transcript level. All values represent at least
three independent experiments. The level of each transcript from cells transfected
with control siRNA and incubated with DHT corresponds to 1. Boxes, Mean; bars, +
sp. D, Whole-cell extracts from cells prepared in C were subjected to SDS-PAGE, and
Western blot analysis was performed using anti-PGC-1e, anti-AR (C-19), anti-PSA,
and anti-B-actin antibodies.
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in Fig. 4B, PGC-1« interacted with the TAD of
AR. Next, GST-PGC-1a and its series of dele-
tion mutants were used for the GST pull-down
assay with nuclear extracts of LNCaP (Fig.
4C). As shown in Fig. 4D, AR interacted with
the NTD of PGC-1a.

TAD of AR is indispensable for
augmentation of AR-transcriptional
activity by PGC-1a

Because PGC-1a was found to interact with
the TAD of AR, we investigated whether the
transcriptional ability of TAD-deleted AR was
affected by PGC-1a manipulation. First, we con-
structed an AR-GFP 508-920 plasmid expressing
GFP-tagged TAD-deleted AR protein. It is
known that the TAD of AR interacts with-a C-
terminal ligand-binding domain (LBD) and can
form a homodimer in a head-to-tail fashion bind-
ing to the ARE drive the expression of its target
genes (36). Therefore, a coimmunoprecipitation
assay was performed using AR-GFP 508-920
and PGC-1a-Myc-Flag expression plasmids in
LNCaP cells. An interaction between AR-GFP
508-920 and endogenous AR protein was found
to be augmented by PGC-1a expression, proba-
bly through an interaction between the LBD of
AR-GFP 508-920 and the TAD of endogenous
AR (Fig. 5A). To confirm augmentation of an
interaction between TAD and LBD of AR, we
constructed pCMV-AR 1-567 plasmid express-
ing LBD— and most part of DBD-deleted AR
protein, and performed coimmunoprecipitation
assay using PC-3 cells transfected with AR-GFP
508-920, pCMV-AR 1-567, and PGC-1a-Myc-
Flag expression plasmids. The result clearly
showed that PGC-1a expression increased an in-
teraction between TAD and LBD of AR (Fig. 5B).
Then, a luciferase reporter assay was performed
to confirm the effects of PGC-1a against AR-
GFP 508-920. Although the transcription of PSA
was increased in PC-3 cells transfected with the

knock-down (Fig. 3B). These results indicate that
PGC-la can affect PSA transcription androgen/AR
signaling-dependently.

N-terminal domain (NTD) of PGC-1« interacts with
the N-terminal transactivation domain (TAD) of AR
The finding that PGC-1a interacted with AR and had
a functional role with AR prompted us to examine which
domains are involved. First, a GST pull-down assay was
performed using GST-AR and its series of deletion mu-
tants with Myc-Flag-tagged PGC-1a (Fig. 4A). As shown

PGC-1a-Myc-Flag expression plasmid, full-length AR-GFP
expression plasmid, and PSA reporter plasmid, the tran-
scriptional ability of AR-GFP 508-920 was not affected by
PGC-1a expression (Fig. SC). Similar results were obtained
when the MMTV-reporter plasmid was used (Fig. SD).

Knock-down of PGC-1a decreases the DNA-binding
ability of AR

Disruption of the interaction between the TAD and
LBD of AR has a potential to inhibit the DNA binding
ability of AR (37, 38). Because PGC-1« interacted with
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£z gradually dissociated with DHT and
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exported to cytoplasm by androgen
withdrawal (40), androgen withdrawal
for 4 and 16 h reduced AR binding to
‘ PSA A/B, C/D, and G/H by approxi-
= mately 30 and 60%, respectively. Fur-
thermore, when PGC-la expression
was down-regulated by transfecting
LNCaP cells with PGC-la-specific
siRNAs, the bindirig of AR to ARE
within the PSA enhancer and promoter
regions was reduced (Fig. 6B). These
results were confirmed using conven-
tional PCR method {see supplemental
Fig. 1A published as supplemental
data on The Endocrine Society’s Jour-
nals Online web site at http:/mend.
endojournals.org). Similar results were
obtained also in CxR cells by both
quantitative real-time PCR and conven-
tional PCR methods, although AR
binding to ARE in CxR cells was less
affected by androgen deprivation (Fig.
6C and supplemental Fig. 1B).
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FIG. 3. PGC-1a activates transcriptional activity of AR. A, PC-3 cells were transiently

transfected with 0.33 ug of the indicated reporter plasmids, 0.33 pg of Myc-Flag or PGC-1a-
Myc-Flag, 0.33 g of the pCMV-AR [wildtype (wt)} or pCMV-ARMut877 [mutant (mt)], and
0.05 ug of pRL-TK, and incubated in charcoal-stripped medium with or without 10 nm of
DHT for 48 h. Firefly luciferase activity was corrected for the corresponding Renilla luciferase
activity. All values represent at least three independent experiments. The luciferase activity of
each reporter plasmid with the pCMV-AR and Myc-Flag expression plasmids transfection
incubated in charcoal-stripped medium with DHT corresponds to 1. Boxes, Mean; bars, * sp.
Whole-cell extracts from PC-3 cells transfected with 0.33 ug of each of the indicated
plasmids were subjected to SDS-PAGE, and Western blot analysis was performed using anti-
Flag, anti-AR (C-19), and anti-B-actin antibodies. B, LNCaP cells were transiently transfected
with 20 nm of control siRNA, PGC-1a siRNA no. 1 or PGC-Ta SiRNA no. 2, followed by
transfection with 0.5 ug of the indicated reporter plasmid and 0.05 ug of pRL-TK at intervals
of 12 h, and incubated in charcoal-stripped medium with or without 10 nm of DHT. The

represses cell proliferation in
androgen-dependent and CRPC cells
The finding that PGC-la was in-
volved in a regulation of transcriptional
activity of AR prompted us to examine
whether PGC-1a might affect the pro-
liferation of PCa cells through modula-
tion of AR function. First, we investi-
gated the proliferation of LNCaP
cells transfected with PGC-1a-specific

luciferase assay was performed as described in A. The luciferase activity of each reporter
plasmid with control siRNA transfection incubated in charcoal-stripped medium with DHT

corresponds to 1. Boxes, mean; bars, + sb.

the TAD of AR and was involved in the interaction be-
tween the TAD and the LBD of AR, we investigated
whether the DNA binding ability of AR was affected by
PGC-1a manipulation. The PSA enhancer and promoter
regions contained three AREs known as ARE I, ARE Ii,
and ARE TII (Fig. 6A). When the samples from LNCaP
cells immunoprecipitated with anti-AR antibody were
amplified using ARE-containing primer pairs, PCR prod-
ucts were abundant when the primer pairs A/B, C/D, and
G/H were used, but not when the primer pairs E/F and I/]
were used. Also, the binding of AR to ARE was decreased
by the withdrawal of androgen (39) according to with-
drawal duration. Similar to a previous report that AR

sikRINAs in medium containing 1 nMor 10
nm of DHT, or not containing. When
PGC-1a was knocked down, cell pro-
liferations in both media were signifi-
cantly reduced in the presence of DHT, but not in the
absence of DHT (Fig. 7A). These results were similar to
those with AR knock-down (data not shown). To clarify
the mechanism of cell growth retardation by PGC-1a
knock-down, we performed flow cytometry analysis for
cell-cycle analysis. As shown in Fig. 7B, androgen depri-
vation induced cell-cycle arrest at G; phase. Also,
PGC-1a knock-down in medium containing 1 nm or 10
nM of DHT induced cell-cycle arrest at the G, phase, but
not in medium not containing DHT similar to that with
AR knock-down (data not shown); thus, decreasing cell
proliferation. However, PGC-1a knock-down in CRPC
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FIG. 4. The NTD of PGC-1« interacts with the TAD of AR. A, Schematic representation of
the GST-AR deletion mutants. B, Equal amounts of GST, GST-AR, and various GST-AR
deletion mutant fusion proteins, as shown in A, were immobilized on glutathione-sepharose
4B and were incubated with nuclear extracts from PC-3 cells transfected with PGC-1a-Myc-
Flag expression plasmid. The bound protein samples and 10% of the input were subjected to
SDS-PAGE, and Western blot analysis was performed using an anti-Flag antibody. Purified
GST, GST-AR, and GST-AR deletion mutant fusion proteins stained with CBB are also shown.
C, Schematic representation of GST-PGC-1« deletion mutants. D, Equal amounts of GST,
GST-PGC-1«, and various GST-PGC-1« deletion mutant fusion proteins shown in C,
immobilized on glutathione-sepharose 4B, were incubated with nuclear extracts from LNCaP
cells. Bound protein samples and 10% of input were subjected to SDS-PAGE, and Western
blot analysis was performed using an anti-AR antibody (C-19). Purified GST, GST-PGC-1e,
and GST-PGC-1« deletion mutant fusion proteins stained with Coomassie Brilliant Biue (CBB)
are also shown. 1B, Immunoblots.

cells with no AR expression, PC-3 cells, affected cell pro-
liferation to a lesser extent than that in LNCaP cells. In
addition, under androgen starvation, the growth of PC-3
cells was similar to that in medium containing androgens.
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When PGC-la was knocked down,
PC-3 cell growth in the androgen-
deficient medium was similar to that
in androgen-containing medium (Fig.
7C). CxR cells are derived from LNCaP
cells and exhibit high expression of AR
proteins compared with their parental
cells, as shown in Fig. 2D. Overexpres-
sion of AR has been thought to promote
CRPC cell growth, even under andro-
gen starvation by augmentation of AR
signaling. Because CxR cells exhibit
enhanced AR expression, blockade of
AR signaling may be effective to inhibit
cell proliferation in CxR cells. As ex-
pected, PGC-1a knock-down in CxR
delayed cell growth slightly more effec-
tively than that in parental LNCaP
cells, most likely by blocking AR signal-
ing both in the absence and presence of
DHT (Fig. 7D).

Discussion

Coactivators can interact with and en-
hance the transcriptional activity of li-
gand-bound or ligand-unbound AR,
and some coactivators are overex-
pressed in PCa, suggesting that coacti-
vators of AR might be involved in pros-
tate carcinogenesis (41, 42). Various
studies have shown that steroid recep-
tors, particularly AR, have pivotal roles
in all stages of prostate carcinogenesis
(3, 43). Because the activity of steroid
receptors is potentiated by a variety of
coactivators, it is reasonable to believe
that these proteins may also be involved
in prostate carcinogenesis (44, 45). In-
deed, recent studies have shown that
the mRNA of some steroid receptor
coactivators is overexpressed in PCa
tissues and cell lines (46). The first
bona fide steroid hormone receptor
coactivator, SRC-1, was identified by
virtue of its ability to interact with the
hormone binding domain of agonist-
activated progesterone receptor (47).

Subsequently, it was shown that SRC-1 was able to in-
teract efficiently with most nuclear receptors. SRC-3 was
first isolated as a steroid receptor coactivator. Recently, it
was reported that SRC-3 was overexpressed in PCa spec-
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imens, and its overexpression was cor-
related with PCa proliferation and is in-
versely correlated with apoptosis (48).
AR coactivators are also involved in cas-
tration-resistant progression of PCa,
which is critical for advanced PCa pa-
tients (49, 50). In this study, PGC-1a was
revealed to be overexpressed in PCa cells.

PGC-1a was originally identified as
a transcriptional coactivator of PPARY,
and it was determined that PGC-1a
also interacts with other nuclear recep-
tors (26, 29). These findings suggest
that PGC-1a might also interact with
AR and may be involved in carcinogen-
esis and the progression to CRPC.
Therefore, we investigated the interac-
tion between PGC-1a and AR using a
GST pull-down assay in vitro and co-
immunoprecipitation assay in vivo. As
expected, PGC-1a interacted with AR,
and enhanced the transcriptional activ-
ity of AR target genes, PSA, and
MMTYV. Also, we determined the re-
gions of PGC-1a and AR that interact
with each other. The results indicate
that the NTD of PGC-1a interacts with
the TAD of AR. The NTD of PGC-1a
contains three LXXLL-like motifs re-
sembling an LXXLL motif, which is
known to mediate the recruitment of
the p160-type of coactivators to nu-
clear receptors (51). Mutations of
LXXLL motif have been shown to dis-
rupt its interactions with nuclear recep-
tors and abolish its coactivator fu-
nction ($S1-53). However, our result
showed that deletion mutant of PGC-1«a
(GST-PGC-1ax 1-89) not containing
complete LXXLL motif could also in-
teracted with AR. This result indicates
that LXXLL motif may be unnecessary
for PGC-1a to interact with AR. Oth-
erwise, LL portion (amino acids 88-89)
of LXXLL motif may be sufficient to
interact with AR.

After determining the region of
PGC-1a that interacts with AR, we in-
vestigated the region of AR that inter-
acts with PGC-1a. It was shown that
PGC-1a interacts with the hinge region
or the NTD of nuclear receptors, but
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FIG. 6. Knock-down of PGC-1a decreases the DNA-binding ability of AR. A, Black boxes and black arrows indicate the AREs and PCR primer
regions, respectively. B and C, LNCaP (B) and CxR (C) cells were transfected with 50 nm of control SiRNA, PGC-Ta siRNA no. 1 or PGC-Ta SIRNA
no. 2, and incubated for 72 h. The medium was exchanged from charcoal-stripped medium with 10 nm of DHT into medium without DHT at the
indicated time before harvest. The nuclear extracts were then immunoprecipitated (IP) with 2.0 ug of rabbit IgG or anti-AR antibody (C-19) and 20
wl of protein A/G agarose. The quantitative real-time PCR was performed using soluble chromatin, immunoprecipitated DNAs, and the indicted
primer pairs. The results of immunoprecipitated samples were corrected for the results of the corresponding soluble chromatin samples. All values

represent at least three independent experiments. Boxes, Mean; bars, = sb.

the domains of the nuclear receptors that interact with
PGC-1a differed between nuclear receptors and between
investigators (31, 54, §5). In our experiment, the TAD of
AR interacted with PGC-1a. This result is supported by
our finding that the interaction between AR and PGC-1a
was not affected with or without androgen, suggesting

that the LBD of AR was not involved in this interaction.
Furthermore, our finding that deletion of the TAD of AR
abolished the coactivator function of PGC-1a supported
our finding that the TAD of AR is a region that interacts
with the PGC-1o. This interaction up-regulated the trans-
activating ability of AR through the following mecha-
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FIG. 7. Knock-down of PGC-1a suppresses cell proliferation in androgen-dependent and CRPC cells. A, LNCaP cells were transiently transfected
with 50 nm of control siRNA, PGC-1a siRNA no. 1 or PGC-1a siRNA no. 2, and incubated in charcoal-stripped medium with 0, 1, or 10 nm of DHT.
The cell numbers were counted at the indicated times. The results were normalized to cell numbers at hour 0. All values represent at least three
independent experiments. Boxes, mean; bars, = sb. B, LNCaP cells were transiently transfected with 50 nm of control sSiRNA, PGC-Ta siRNA no. 1 or PGC-
Ta SIRNA no. 2, and incubated in charcoal-stripped medium with 0, 1, or 10 nm of DHT. Seventy-two hours after transfection, the cells were stained with
propidium iodide and analyzed by flow cytometry. The cell cycle fraction is shown in the right upper position of each graph. C and D, PC-3 (C) and CxR
(D) cells were transiently transfected with 50 nv of control SiRNA, PGC-1a siRNA no. 1 or PGC-1a siRNA no. 2, and incubated in charcoal-stripped

medium with or without 10 nm of DHT. The cell proliferation assay was performed as described in A. Boxes, Mean; bars, = sp.

nism. As indicated in Figs. § and 6, the interaction be-
tween PGC-1a and AR augmented the formation of a AR
homodimer, leading to enhanced AR binding to the ARE

and the expression of AR target genes.

Wirtenberger et al. (35) previously reported that the
PGC-1a Thr612Met polymorphism was associated with

familial breast cancer, high-risk familial breast cancer,
and bilateral familial breast cancer risk in patients not
carrying the BRCA 1/2 mutation (35). This finding sug-

gests that PGC-1a function is involved in breast cancer

carcinogenesis and progression by acting as a coactivator
of ER. Therefore, we hypothesized that PGC-1a might
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also be involved in carcinogenesis and the progression of
PCa, and investigated the effect of PGC-1a expression
manipulation on androgen-dependent and CRPC cell
growth. Our results showed that PGC-1a knock-down
suppressed the growth of PCa cells. In particular, PGC-1a
knock-down suppressed growth and cell-cycle arrest at
the G, phase in AR-expressing PCa cells more effectively
compared with PCa cells with no AR expression. This
finding suggests that PGC-1a predominantly acts on PCa
cells, at least in part, by interacting with and acting as a
coactivator for AR. Although PC-3 cells expressing no
AR mRNA and protein were also little affected by
PGC-1a knock-down in the presence and absence of an-
drogen, these effects may result from other functions of
PGC-1a as other nuclear receptor coactivators, which
was confirmed by the finding that cell growth suppression
by PGC-1a knock-down was not affected by androgen
depletion.

Also, PGC-1a and AR signaling are known to modu-
late metabolic activity. AR-null mice exhibit metabolic
disease-like phenotype (56, 57). Similarly, PGC-la
knock-down reduced lipid metabolism, leading to storage
of fat in adipocyte (58). Moreover, SRC-3, an AR coac-
tivator was recently shown to induce PGC-1a acetylation
and consequently inhibit its activity. Ablation of SRC-3
was subsequently found to improve insulin sensitivity
{59). These findings support our results that PGC-1a in-
teracts with AR and influences AR signaling. In addition,
PGC-1« and AR signaling might be a useful therapeutic
target for metabolic disease.

In conclusion, PGC-1a interacted with AR and acti-
vated the transcriptional function of AR. Also, PGC-la
knock-down delayed cell growth in AR expressing PCa
cells. Furthermore, in castration-resistant LNCaP deriva-
tives, CxR cells, PGC-1a knock-down suppressed cellular
proliferation. Although PGC-1a expression needs to be
investigated in PCa tissues compared with normal pros-
tate glands, these findings indicate that the modulation of
PGC-1a expression or function might be a useful strategy
for developing novel therapeutics in PCa, which usually
depends on androgens. Also, this strategy might be more
useful for CRPC cells, which depends on AR signaling.

Materials and Methods

Cell culture

Human normal prostate epithelium RWPE-1 (keratinocyte
serum-free medium), Human PCa DU14S5 (DMEM), PC-3 (Ea-
gle’s MEM), VCaP (DMEM), 22Rv1 (RPMI1640), and LNCaP
cells (RPMI1640) were cultured in the indicated media. These
media were purchased from Invitrogen (San Diego, CA) and
contained 10% fetal bovine serum. LNCaP cells propagated
between 10 and 30 times were used. Castration-resistant deriv-
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atives of LNCaP cells, LNCaP-CxR cells (referred to as CxR
cells), were established and maintained as previously described
(60). The cell lines were maintained in a §% CO, atmosphere at
37°C.

Antibodies

Antibodies against AR (C-19, sc-815), AR (N-20, sc-7305),
PSA (sc-7316), GFP (sc-8334), PGC-1a (sc-13067), and agarose-
conjugated anti-GFP antibody (sc-8334 AC) were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Anti-Flag (M2)
and anti-B-actin antibodies were purchased from Sigma (St.
Louis, MO).

Plasmid construction

The AR-GFP plasmid expressing C-terminally GFP-tagged
AR protein was kindly provided by T. Yanase (Fukuoka Uni-
versity, Fukuoka, Japan) {(61). The pCMV-AR plasmid express-
ing wild-type AR, pCMV-ARmut877 plasmid expressing mu-
tated AR (T877A), and MMTV-Luc were kindly provided by C.
Chang (University of Rochester, Rochester, NY). The pGLP-
SApS5.8 was kindly provided by A. Mizokami (Kanazawa Uni-
versity, Kanazawa, Japan) (62). To construct the AR-GFP 508-
920 plasmid expressing GFP-tagged N-terminal deleted AR
protein {from 508 to 920 aa), PCR was carried out with AR-
GFP as a template using the following primer pairs: §'-
GCTAGCGGTACCCTGGCGGCATGGTGA-3' and
5'-GGATCCACTGGGTGTGGAAATAGATGG-3'. The
PCR product was cloned into the pEGFP vector (Clontech,
Mountain View, CA). pPCMV-AR 1-567 expressing C-terminal
deleted AR protein {1-567 aa) was constructed by deletion of
HindIll fragment from pCMV-AR plasmid. To obtain the full-
length cDNA for AR, PCR was carried out with pCMV-AR asa
template using the following primer pairs: 5'-ATGGAAGTG-
CAGTTAGGGCTGG-3' and 5'-TCACTGGGTGTG-
GAAATAGATG-3'. The PCR product was cloned into the
pGEM-T easy vector (Promega, Madison, WI). To construct
pGEX-AR expressing GST-AR, a fragment of AR cDNA was
ligated into the pGEX plasmid (GE Healthcare Bio-Science, Pis-
cataway, NJ). The GST-AR deletion mutants (GST-AR 1-504,
GST-AR 504-920, GST-AR 567-920, GST-AR 723-920, and
GST-AR A715-844) were constructed from pGEX-AR full-
length plasmid by deletion of the SphI-Acc651, Acc651-Hindlll,
BamHI-HindIlL, Sall-EcoRI, and BsrGl fragments, respectively.
GST-AR 504-721 was created from GST-AR 504-920 by dele-
tion of the Stul-Notl fragment.

The PGC-1a-Myc-Flag plasmid expressing the C-terminally
Myc-Flag-tagged PGC-1« protein was purchased from OriGene
(Rockville, MD). To obtain the full-length cDNA for PGC-1a,
PCR was carried out with the PGC-1a-Myc-Flag plasmid as a
template using the following primer pairs: 5'-GATGGCGTGG-
GACATGTGCAACCA-3’ and §'-TTACCTGCGCAAGCT-
TCTCTGAGC-3'. The PCR product was cloned into the
pGEM-T easy vector. To construct pGEX-PGC-1la expressing
GST-PGC-1aq, a fragment of PGC-1a ¢DNA was ligated into the
pGEX plasmid. GST-PGC-1a deletion mutants (GST-PGC-1a
1-409, GST-PGC-1a 1-144, GST-PGC-la 1-89, and GST-
PGC-1a 294-798) were constructed from pGEX-PGC-1« full-
length plasmid by deletion of the Xbal-Notl, Aflll-Notl, Nbel-
Notl, and BamHI-Stul fragments, respectively. To construct
GST-PGC-1a 1-186, N-terminal EcoRI fragment of cDNA for
PGC-1a was ligated into the pGEX plasmid.
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Western blot analysis

Whole-cell lysates and nuclear extracts were prepared as pre-
viously described (60, 63—66). The protein concentration of the
extracts was quantified using a Protein Assay kit based on the
Bradford method (Bio-Rad, Hercules, CA). The indicated
amounts of whole-cell lysates and nuclear extracts were separated
by 4-20% SDS-PAGE and transferred to polyvinylidene difluoride
microporous membranes (GE Healthcare Bio-Science) using a
semnidry blotter. The blotted membranes were incubated for 1 h
at room temperature with the primary antibodies described
above. The membranes were then incubated for 40 min at room
temperature with a peroxidase-conjugated secondary antibody.
The bound antibody was visualized using an ECL kit (GE
Healthcare Bio-Science), and the membranes were exposed to
Kodak X-OMAT film.

Expression of GST-fusion proteins in

Escherichia coli

GST-fusion proteins in E. coli were prepared as previously
described (64-66). To express GST-fusion proteins, bacteria
transformed with expression plasmids were incubated with
1 mM isopropyl-B-D-thiogalactopyranoside (Nacalai tesque,
Kyoto, Japan) for 2 h at room temperature and collected by
centrifugation. The cells were sonicated (TAITEC sonicator,
Tokyo, Japan) in buffer X containing 50 mm Tris-HCl (pH 8.0),
1 mM EDTA, 120 mM NaCl, 0.5% (vol/vol) Nonidet P-40 (NP-
40), 10% (volivol) glycerol, 1 mM phenylmethylsulfonyl fluo-
ride, and 1 mu dithiothreitol, and the cell lysates were collected
after centrifugation at 21,000 g for 10 min at 4°C.

GST pull-down assay

The GST pull-down assay was performed as previously de-
scribed (64-66). GST-AR, GST-PGC-1a, or their deletion mu-
tants immobilized on glutathione-sepharose 4B (GE Healthcare
Bio-Science) were incubated with soluble cell extracts for 2 h at
4 C in buffer X. The bound samples were washed three times
with buffer X and subjected to Western blot analysis with the
indicated antibodies.

Coimmunoprecipitation assay

The transient transfection and immunoprecipitation assays
were performed as previously described (64-66). Briefly, 1 X
10° LNCaP and PC-3 cells were transfected with the indicated
amounts of each of the indicated expression plasmids using
Lipofectamine 2000 {Invitrogen) according to the manufactur-
er’s instructions and seeded into six-well plates. After incuba-
tion at 37°C for 48 h with the indicated fresh medium, the cells
were lysed in buffer X. The lysates were centrifuged at 21,000 X
g for 10 min at 4°C, and the supernatants (300 pg) were incu-
bated for 2 h at 4°C with agarose-conjugated anti-GFP anti-
body. The immunoprecipitated samples were washed three
times with buffer X, and the preimmunoprecipitated samples
(30 ug) were subjected to Western blot analysis with the indi-
cated antibodies. Signal intensities of preimmunoprecipitated and
coimmunoprecipitated AR protein were quantified using the NIH
Imaging program (NIH, Bethesda, MD). The intensities of coim-
munoprecipitated AR protein were corrected for the correspond-
ing intensities of preimmunoprecipitated AR protein. The results
are representative of at least three independent experiments.

For immunoprecipitation assays without transient transfec-
tion, 70-80% confluent LNCaP cells were cultured in 100-mm
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tissue-culture plates with the indicated medium for 48 h and
lysed with buffer X. The lysates were centrifuged at 21,000 X g
for 10 min at 4 C, and the supernatants (500 ug) were incubated
overnight at 4 C with 2.0 g of rabbit IgG or anti-AR antibody.
The immunoprecipitated samples were washed three times with
buffer X, and the preimmunoprecipitated samples (50 ug) were
subjected to Western blot analysis with the indicated antibodies.

Knock-down analysis using siRNAs

Knock-down analysis using siRNA was performed as previ-
ously described (60, 63-66). The following double-stranded
RINA 25-base-pair oligonucleotides were commercially gener-
ated (Invitrogen): 5'-AAUCUGUGGAAGAACAAAU-
CUGCCC-3' (sense) and 5'-GGGCAGAUUUGUUCUUCCA-
CAGAUU-3' (antisense) for PGC-1a siRNA no. 1;
5'-UAUUCUUCCCUCUUCAGCCUCUCGU-3' (sense) and
5'-ACGAGAGGCUGAAGAGGGAAGAAUA-3' (antisense)
for PGC-1a siRNA no. 2. LNCaP, CxR and PC-3 cells were
transfected with siRNA using Lipofectamine 2000 according to
the manufacturer’s instructions.

RNA isolation and RT-PCR

Total RNA was prepared from cultured cells using RNeasy
mini kits (QIAGEN, Valencia, CA). First-strand cDNA was syn-
thesized from 1.0 pg of total RNA using a Transcriptor First-
Strand cDNA Synthesis Kit (Roche Applied Science, Indianap-
olis, IN) according to the manufacturer’s instructions.

Quantitative real-time PCR

The synthesized cDNA was diluted 1:2, and 2.0 ul of the
diluted mixture was used. Quantitative real-time PCR with Taqg-
Man Gene Expression Assay (Applied Biosystems, Foster City,
CA) and TagMan Gene Expression Master Mix (Applied Bio-
systems) was performed using ABI 7900HT (Applied Biosys-
tems). The expression level of AR and PSA mRNA was
corrected for the corresponding glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH) mRNA expression level. The results are
representative of at least three independent experiments.

Luciferase reporter assay

The luciferase reporter assay was performed as previously
described (60). Briefly, LNCaP and PC-3 cells (1.5 X 10%) were
cotransfected with the indicated amounts of reporter plasmids,
0.05 ug of pRL-TK as an internal control and the indicated
amounts of expression plasmids or siRNA using Lipofectamine
2000 according to the manufacturer’s instructions and seeded
into 12-well plates. After incubation for 48 h, luciferase activity
was detected using a Dual-Luciferase Reporter Assay System
(Promega). Light intensity was measured using a plate reader
(ARVO*™ MX; Perkin Elmer Inc., Waltham, MA). Firefly lu-
ciferase activity was corrected for the corresponding Renilla
luciferase activity. The results are representative of at least three
independent experiments.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation assay was performed as
previously described (60, 63, 65). Briefly, LNCaP and CxR cells
were transfected with control siRNA, PGC-1a siRNA no. 1 or
PGC-1asiRNA no. 2, seeded into six-well plates, and incubated
for 72 h. Soluble chromatin from 1 X 10° cells was incubated
overnight at 4°C with 2.0 pg of antirabbit IgG or anti-AR an-
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tibody and 20 pl of protein A/G agarose. Purified DNA was
dissolved in 20 pl of dH,O, and 1 pl of the diluted mixture was
used for PCR analysis with the following primer pairs: §'-TCT-
GCCTTTGTCCCCTAGAT-3’ (forward) and 5'-AACCT-
TCATTCCCCAGGACT-3’ (reverse) for PSA A/B (—250 bp to
-39 bp); 5-AGGGATCAGGGAGTCTCACA-3' (forward)
and 5-GCTAGCACTTGCTGTTCTGC-3’ (reverse) for PSA
C/D (—406 bp to —164 bp); 5-CTGTGCTTGGAGTITAC-
CTGA-3' {forward) and §'-GCAGAGGTTGCAGTGAGCC-3’
(reverse) for PSA E/F (—1997 bp to —1846 bp); 5'-CCTC-
CCAGGTTCAAGTGATT-3' (forward) and 5'-GCCTGTA-
ATCCCAGCACTTT-3' (reverse) for PSA G/H (—4170 bp to
~3978 bp); 5'-GATGGTGTTTCACCGTGTTG-3' (forward)
and 5-AGAGTGCAGTGAGCCGAGAT-3' (reverse) for PSA
1/] (—7694 bp to —7484 bp). These primer pairs were described
previously (39). The PCR products were separated by electro-
phoresis on 2% agarose gels and stained with ethidium bro-
mide. The quantitative real-time PCR assay with 1 pl of the
diluted DNA, the above primer pairs and SYBR Premix Ex Taq
il (Takara Bio, Shiga, Japan) was performed using ABI 7900HT.
The results are representative of at least three independent
experiments.

Cell proliferation assay

The cell proliferation assay was performed as previously de-
scribed (60, 63, 64, 66). Briefly, 2.0 X 10% LNCaP, CxR and
PC-3 cells were transfected with control siRNA, PGC-1a siRNA
no. 1 or PGC-1a siRNA no. 2, as described above and seeded in
12-well plates, and incubated in the indicated medium. Twelve
hours after transfection was set as hour 0. The cells were har-
vested with trypsin and counted daily using a cell counter (Beck-
man Coulter, Fullerton, CA). The results were normalized to cell
counts at h 0, and are representative of at least three indepen-
dent experiments.

Flow cytometry analysis 4

The flow cytometry analysis was performed as previously
described (60, 63). Briefly, 2.5 X 10° LNCaP cells were trans-
fected with control siRNA, PGC-1a siRNA no. 1 or PGC-1a
siRNA no. 2, seeded in six-well plates, and incubated in the
indicated medium for 72 h. The cells were harvested, washed
twice with ice-cold PBS with 0.1% BSA, and resuspended in
70% ethanol. After washing twice with ice-cold PBS, the cells
were resuspended in PBS with 0.1% BSA, incubated with RNase
(Roche Molecular Biochemicals, Basel, Switzerland), and
stained with propidium iodide (Sigma). Cells were analyzed us-
ing a FACS Calibur (BD Biosciences, San Jose, CA).
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polymorphism, expression and clinical significance
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Mel-18 is a member of the polycomb group (PeG) proteins,
which are chromatin regulatory factors and play important
roles in development and oncogenesis. This study was designed
to investigate the clinical and prognostic significance of Mel-18
in patients with prostate cancer. A total of 539 native Japanese
subjects consisting of 393 prostate cancer patients and 146
controls were enrolled in this study, Mel-18 genotyping was
analyzed using a PCR-RFLP method and an automated
sequencer using the GENESCAN software. Immunohistochemis-
try revealed that Mel-18 expression was diminished in high
grade and high stage prostate cancers. Moreover, patients with
positive Mel-18 expression had significantly longer PSA recur-
rence-free survival than patients negative for Mel-18 expression
(p = 0.038). A Mel-18 1805A/G SNP was located in the 3’
untranslated region and was predicted to alter the secondary
structure of the mRNA. Mel-18 mRNA expression of the 18054
allele was clearly higher than expression of the 1805G allele by
allele specific quantitative RT-PCR. In multivariate analysis, a
homozygous G allele genotype and negative Mel-18 expression
were independent risk factors predicting high PSA recurrence
after radical prostatectomy, with HRs of 2,757 (p = 0.022) and
2.271 (p = 0.045), respeclively. Moreover, the G allele was also
an independent predictor of poor cancer-specific survival with
an HR of 4.658 (p = 0.019) for patients with stage D2 prostate
cancer. This is the first study to provide important evidence
demonstrating that Mel-18 is a tumor suppressor and possible
therapeutic targef, as well as a diagnostic marker for poor
prognosis in prostate cancer patients.

© 2009 UICC

Key words: Mel-18; SNP; polycomb group protein; prostate cancer;
PCGF2

Polycomb group (PcG) proteins are chromatin regulatory factors
that play important roles in development and oncogenesis.’
Among the PcG family, Bmi-1 is the best characterized protein,
and is defined as an oncogene product expressed not only in hema-
tological malignancies but also in various solid wmars.” ™ Over-
expression of Bmi-1-drives an oncogenic pathway demonstrated to
lead to a marked propensity for metastatic dissemination as well as
a high probability of a poor prognosis in a wide range of cancers
including prostate cancer.™® Mel-18, which is officially called as
PcG RING finger protein 2 (PCGF2), is a member of the PcG gene
family whose protein product is structurally highly similar to Bmi-
1.7 Although Bmi-1 is known to play a role in oncogenesis as a c-
myc cooperating oncogene, some investigators have reported that
Mel-18 acts as a tumor Suppressor via transcriptional repression of
Bmi-1 and ¢-Mye.* ' Mel-18 is located at chromosome 17q12, a
region associated with prostate cancer risk by previous studies. 213

We hypothesized that Mel-18 may function as tumor suppressor
and its expression may alter the clinical behavior of prostate
cancer patients. To date, there has been no report investigating the
association between Mel-18 and clinicopathological variables of
prostate cancer. This study was designed to test our hypothesis
and determine the clinical significance of Mel-18 in patients with
prostate cancer.

Publication of the internationat Union Against Cancer

Material and methods
Subjects

A total of 539 native Japanese subjects consisting of 393 pros-
tate cancer patients and 146 controls were enrolled in our study.
Control subjects were selected randomly from native Japanese
men undergoing a regular medical check-up at the community
hospitals in the Akita prefecture. This study was approved by the
ethics committee of the Akita University School of Medicine. All
of the patients with prostate cancer were treated at these hospitals
from April 1997 to December 2003. Written informed consent
was obtained from all patients for the use of their DNA and
clinical information. The pathological grade and clinical stage of
the prostate cancers were determined according to the Tumor-
Node-Metastatic system, the Gleason histological grading system
and the modified Whitmore-Jewett system, as described
previously. -

Seven renal cancers and surrounding non-cancerous tissues, 8
bladder cancers and surrounding non-cancerous tissues, and 12
non-cancerous prostatic tissues were obtained immediately after
resection.

Cell lines were obtained from the American Tissue Type Cul-
ture collection (ATCC, Manassas, VA). Two prostate cancer lines,
DU145 and PC3, 6 kidney cancer lines, RPMI/SE, CAKI-1,
NC65, OSRC2, CCFRC1 and ACHN and 5 bladder cancer lines,
253J, UM-UC-3, TCCSUP, 5637 and KU7, were used for a Mel-
18 reverse transcription-polymerase chain reaction (RT-PCR)
study.

Immunohistochemical staining

Mel-18 goat polyclonal antibody (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA) at a dilution of 1:400 was used as primary
antibody. Immunohistochemical staining was performed using a
standard avidin-biotin-peroxidase complex method (Histofine,
Nichirei, Tokyo, Japan), as described previously.

Additional Supporting Information may be found in the online version
of this article.
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MEL-18 IN PROSTATE CANCER
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Ficure 1 — Mel-18 expression and clinical significance. Representative Mel-18 expression in normal (a,b) and prostate cancer (¢—h) tissues.
Strong nuclear staining is observed in the non-malignant prostate («,b) whereas various expression patterns including strong (c,d), moderate
(e, /), and weak (g, expressions, were exhibited by prostate cancer tissues. PSA recurrence-free survival of patients who underwent radical

prostatectomy stratified by Mel-18 expression status (7).

Immunohistochemical evaluation

Staining results were assessed independently by two investiga-
tors (W.W. and M.Z.) in a semi-quantitative fashion at a magnifi-
cation of 200X (Fig. 1). The staining intensity scores were: 1 (no
staining at all), 2 (weak), 3 (medium), and 4 (strong). The staining
extent was scored according to the percentage of positive cells: 1
(0% to 5%), 2 (6% to 35%), 3 (36% to 70%), and 4 (71% to
100%). A final score was then calculated by multiplying the above
two scores. When the final score was >4, the tumor was consid-
ered positive for Mel-18 expression; otherwise, the tumor was
considered negative. This categorization is fundamentally similar
to that used in a previous immunohistochemical study."”

Mel-18 genotyping analysis

Mel-18 genotyping was analyzed by a PCR- RFLP method. A
110 bp DNA fragment spanning the 1805A/G single nucleotide
polymorphism (SNP, rs708692) in the Mel-18 3' untranslated
region was amplified from genomic DNA. The PCR primer
sequences were 5'-TGCTGTCCTGCCTCTGACCAGT-3" and 5'-
CTCAGAACCAGGGATAAACTGCAT-3. The PCR reactions
were performed as described previousiy.'” Digestion of the frag-
ment with HpyCH4IV resulted in two fragments of 70 and 40 bp
for the A allele, and a 110 bp fragment for the G allele (Supporting
Information Fig. 1). These genotypes were confirmed using GEN-
ESCAN software (Applied Biosystems, Foster City, CA).

Measurement of 180SAIG expression of Mel-18

The ¢cDNA from seven cell lines heterozygous for the 1803A/G
polymorphism, including DUI145, NC65, CCFRCI, 253],
TCCSUP, 5637 and KU7, was subjected to PCR using primers
trom the TagMan™ SNP Genotyping Assay kit (ABI Applied Bio-
systems). The real-time intensity of fluorescence (VIC for 1805G

and FAM for 18054) was measured using the TagMan™ Gene

Expression Master Mix (ABI Applied Biosystems).

Real-time quantitative RT-PCR

The transcriptional levels of Mel-18, Bmi-1, c-Myc, and an
endogenous control gene (GAPDH) were analyzed using the
Thermal Cycler Dice™ Real Time System (Takara) with their
respective gene specific quantitative real-time RT-PCR primers
(Supporting Information Table I), as described previously.

Statistical analysis

Hardy-Weinberg equilibrium analyses were performed to com-
pare the observed genotype frequencies of each category with the
expected frequencies using a Chi-square test (degrees of freedom
= 1). The age-adjusted odds ratio (aOR) and 95% confidence
interval (CI) for the relative risk of prostate cancer and the
relationship between the Mel-18 expression or the genotype and
histological or clinical variables were determined by multivariate
logistic regression analysis with the inclusion of age as a factor.
Correlation between gene expression levels was examined using
the Spearman coefficient. The survival time was calculated from
the date of prostate cancer diagnosis to the date of prostate specific
antigen (PSA) recumence, death from prostate cancer, or death
from any cause, for PSA recurrence-free, cancer-specific, and
overall survival, respectively. PSA recurrence was defined as the
persistence of a post-operative serum PSA level >0.4 ng/ml. PSA
recurrence free, cancer-specific, and overall survival were esti-
mated using the Kaplan-Meier method and significant differences
in survival were tested using the log rank test. Hazard ratios (HRs)
and 95% Cls for cancer death were assessed by the Cox propor-
tional hazard regression model. All of the data were entered into
an access database and analyzed using the Excel 2000 or SPSS

73



WANG ET AL,

TABLE I - CORRELATION BETWEEN MEL-18 EXPRESSION AND CLINICOPATHOLOGICAL FEATURES

Mel-1R expression

Variubles Overall
Negative (%) Positive {%) p Value Staining score p Value
Overall 131 56 (42.7)  75(57.3) 55 % 42
Clinical factor
Age (year)
—60 14 6 (42.9) 8§(57.1) 0632 62 * 49 0.728
61-70 50 224400 28(56.0) 57 = 45
71-80 61 24(39.3)  37(60.7) 52 = 38
81— 6 4(66.7) 2(33.3) 43 * 36
PSA (ng/mL)
0.0-10.0 61 20(32.8) 41(67.2) 0.004 64 = 44 0.007
10.1-20.0 39 16(41.0)  23(59.0) 57 = 42
20.1-100.0 20 106(50.0)  10(50.0) 39 + 28
100.1- 11 10 (90.9) 1(9.n 25 =23
Pathological factor
Pathological stage
T2NOMO 70 20(414)  41(58.6) 0.017 61 * 46 0.027
T3NOMO 39 12(30.8) 27(69.2) 55 *+ 39
T4< or N1 or M1 22 15 (68.2) 7(31.8) 34 = 23
Primary Gleason grade
2, 65 21(32.3) 44(677) 0.044 63 * 46 0.139
4 53 27(50.9) 26(49.1) 49 = 37
5 13 8(61.5) 5(38.5) 45 * 34
Gleason score (primary grade + secondary grade)
5 22 4(18.2) 18(81.8) 0.023 72 = 50 0.026
7 62 27(43.5)  35(56.5) 58 = 45
8-10 47 25(53.2)y 22(46.8) 44 = 30
5-6,7(3 +4) 56 20(328) 41(67.2) 0031 66 = 50 1.631e-005
74+ 3),8-10 75 36(514) 34(48.6) 4.6 * 3.2
5-8 99 37(374) 62(62.6) 0.029 60 = 44 0.034
9,10 32 19(594) 13 (40.6) 42 *+ 3.1

(version 10.0J; SPSS, Inc.) software. A probability value of P <
0.05 was considered to be statistically significant.

Results
Mel-18 expression and clinical and pathological variables
in prostate cancer tissues

First, we examined Mel-18 expression in prostate cancer tissues
by immunohistochemistry. In the normal prostatic gland epithe-
lium, strong expression was seen in the nucleus, whereas staining
in the cytoplasm was minimal (Figs. 1a,b). In contrast, nuclear
staining varied among the prostate cancer tissue samples. Typi-
cally diminished nuclear expression was frequent in high grade
prostate cancer tissnes, whereas relatively strong nuclear expres-
sion was observed in low grade prostate cancers (Fig. lc-h). In
order to clarify the relationship between the clinical and pathologi-
cal variables and Mel-18 expression, we quantified Mel-18 expres-
sion in prostate cancer tissues.

Using immunohistochemistry, we found that histologically low
grade and clinically low stage prostate cancers demonstrated sig-
nificantly higher Mel-18 expression than high grade and high stage
cancers (Table I). Significant differences in the Mel-18 staining
score relative to serum levels of PSA, pathological stages, and
Gleason scores of the patients were detected (Table I). Moreover,
patients with positive Mel-18 expression (n = 75) had signifi-
cantly longer PSA recurrence-free survival after radical prostatec-
tomy than patients negative for Mel-18 expression (n = 56, p =
0.038, Fig. 1i).

The mRNA expression of different Mel-18 alleles

We found a I805A/G SNP, located in the 3’ untranslated
region of Mel-18 using the NCBI SNP database. The 1805A/G
SNP is predicted to be located at a putative miR-181a binding
site by the microRNA binding site prediction software, miRNA
Targets (Fig. 2¢). In addition, according to MFOLD, the
mRNA secondary structure prediction tool, the putative second-

ary structures of the G and A alleles of I805A/G Mel-18 differ
considerably (Fig. 2b).

The A/G substitution canses an obvious change in the mRNA,
suggesting that this alteration could cause differences in the
mRNA stability or protein-translation efficiency (Fig. 2b). There-
fore, we investigated the expression of each of these Mel-18
alleles. We used seven urological cancer cell lines, which have a
heterozygous GA genotype at the IS0SA/G SNP, as described in
Material and methods. We found that expression of the 18054 al-
lele was significantly higher than the /805G allele in the seven
urological cancer cell lines (Fig. 2c) although the expression ratio
of 1805A to I1805G in the genomic DNA from these heterozygous
cell lines was similar (Fig. 2d).

Association between the 1805A/G Mel-18 genotype and the
risk of prostate cancer

Because the A and G alleles of Me/-18 exhibited ditferent levels
of expression, we examined the association between the AMe/-18
polymorphism and the risk of prostate cancer. The observed geno-
type frequency of the polymorphism did not differ from the
expected frequency according to the Hardy-Weinberg equilibriumn
in the control group (data not shown).

The genotype distribution of the Mel-18 1805A/G polymor-
phism is summarized in Table ITIA and 1IB. There was no signifi-
cant difference in the genotype distribution between the control
and prostate cancer groups (Table 1IA). Age-adjusted logistic
regression analysis showed no association between the SNP geno-
type and the risk of prostate cancer (Table IIA). In this genotype
analysis, however, we found that the distribution of the AA geno-
type was significantly higher in histologically low or intermediate
grade and clinically localized prostate cancers than in the high
grade and metastatic cancers (Table 1IB).

The association between the Mel-18 polymorphism and cancer
progression after radical prostatectony

Next, we examined the association between the Mel-18 poly-
morphism and cancer progression after radical prostatectomy. The
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mean age = SD of the 124 patients who underwent radical prosta-
tectomy was 70.2 = 5.1 years. The mean follow-up period was
36.3 * 22.8 months. The mean preoperative serum PSA was 17.0
* 14.9 ng/ml.

The distribution of clinical stages of these patients, T1, T2,
and T3 was 45 (36.3%), 58 (46.8%) and 21 (16.9%), respec-
tively. The distribution of pathological stages, pT2, pT3, and
pT4 was 73 (58.9%), 43 (34.7%), and 8 (6.5%), respectively,
and a positive surgical margin was observed in 76 (61.3%)
cases. A Gleason sum score of <7, 7, and >7 was present in
25 (20.2%), 52 (41.9%) and 47 (37.9%), respectively. The 3-
and 5-year PSA recurrence-free survival rates were 66.8% and
37.9%, respectively, with a median survival time of 58.1
months. Kaplan-Meier survival curves stratified by Mel-18 ge-
notype demonstrated that patients with the GG genotype had a
significantly higher rate of PSA recurrence compared w the AA
or GA genotype (p = 0.002, Fig. 3a).

Univariate analysis of the PSA recurrence-free survival strati-
fied by dichotomized groups for each factor showed that PSA =
9.6 (»p = 0.003), pathological T status =T3 (p < 0.001), positive
surgical margin (p < 0.001), the GG genotype (p = 0.004), and

negative Mel-18 expression (p = 0.042) were each significantly
associated with poor survival (Table HIA). In a multivariate analy-
sis, higher PSA level, positive surgical margin, the presence of the
GG genotype, and negative Mel-18 expression were independent
risk factors predicting PSA recurrence after radical prostatectomy,
with HRs of 3.095 (95% CI, 1.352—~7.083; p = 0.007), 4.759
(95% CI, 1.857-12.191; p = 0.001), 2.757 (95% CI, 1.154-6.588;
p = 0.022) and 2.271 (95% CI, 1.018-5.066; p = 0.045), respec-
tively (Table IHA).

Association between the Mel-18 polymorphism and survival
in patients with metastatic prostate cancer

Next, we examined the association between the Mel-18 poly-
morphism and survival of metastatic prostate cancer patients. The
mean age = SD of the 66 patients with bone metastases at diagno-
sis was 72.6 = 8.5 years. The mean follow-up period was 53.3 =
38.9 months. The 5-year overall survival rates were 52.2 months,
with a median survival time of 64.8 months.

Survival was compared between the two groups divided
according to the Mei-18 genotype, ie., patients with the AA
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TABLE 01 - GENOTYPE FREQUENCIES OF THE MEL-{8 SNPS AND AGE-ADJUSTED ODDS RATIO

Mel-18 1805AIG Genotype Mule controls Prodate cancer AOR' (95% CT) »
n{%) n (%)
(A) Comparison of prostate cancer patients with male controls
Mel-18 1805 AIG 146 393
AA 71 (48.6%) 170 (43.3%) ref
GA 60 (41.1%) 179 (45.5%) 1.254 (0.837-1.879) 0.273
GG 15 (10.3%) 44 (11.2%) 1.238 (0.642-2.362) 0.532
GA + GG (against AA) 75 (51.4%) 223 (56.7%) 1.248 (0.851-1.830) 0.256
GA + AA (against GG) 131(89.7%) 349 (88.8%) 0.907 (0.487-1.690) 0.758
Mei-18 1805A/G Genotype Stage® aOR' (93% CI%) p
Localized Metastatic
(B) Comparison of patients with high stage or high grade prostate cancers to patients with low stage or low grade prostate cancers
139 (47.4%) 31 (31.0%) ref
GA 126 (43.0%) 53 (53.0%) 1.792 (1.071-2.999) 0.026
GG 28 (9.6%) 16 (16.0%) 2.409 (1.148-5.058) 0.020
GA + GG (against AA) 154 (52.6%) 69 (69.0%) 1.906 (1.166-3.115) 0.010
GA + AA (against GG) 265 (90.4%) 84 (84.0%) 0.573 (0.292-1.126) 0.106
Mel-18 1805A/G Genotype Grade® aOR! (95% CI*) p
Low + Intermediate High
AA 108 (47.0%) 57 (36.3%) ref
GA 101 (43.9%) 77 (49.0%) 1.517 (0.971-2.371) 0.067
GG 21 (9.1%) 23 (14.6%) 2.272 (1.146-4.508) 0.019
GA + GG (against AA) 122 (53.0%) 100 (63.7%) 1.646 (1.076-2.517) 0.022
GA + AA (against GG) 209 (90.9%) 134 (85.4%) 0.549 (0.289-1.041) 0.066

'Age—adjusted odds.—*95% confidence interval. —3Loca!ized, stage A-C; metastatic, stage D.fLow, well-differentiated or Gleason score 2—4;
intermediate, moderately differentiated or Gleason score 5-7; High, poorly differentiated or Gleason score 8-10.
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rence-free survival in patients with prostate cancer who underwent radical prostatectomy (a). Kaplan-Meier curves of cancer-specific survival
(b) and overall survival (c) in patients with prostate cancer and bone metastasis at initial diagnosis. [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com.]

genotype (n = 20) and with the GA or GG genotype (n = 46).
The AA genotype was associated with significantly better cancer-
specific and overall survival compared with the GA or GG geno-
type (p = 0.007 and p = 0.002, respectively; Fig. 3h and 3¢).
The S-year overall survival rates were 48.3% for patients with
the GA or GG genotype and 69.2% for patients with the AA ge-
notype. The median cancer-specific survival time of patients with
the GA or GG genotype was 46.9 months and with the AA geno-
type 81.6 months. The median overall survival time of patients
with the GA aor GG genotype was 48.9 months and with the AA
genotype was 76.9 months.

In a univariate analysis, age (p = 0.044), pretreatment PSA
level (p = 0.002), levels of hemoglobin (p < 0.001), alkaline

phosphatase (p < 0.001), and lactate dehydrogenase (p = 0.030),
as well as Mel-18 polymorphism (p = 0.011), were significantly
assaciated with cancer-specific survival. A multivariate analysis
revealed that the Mel-18 A allele (p = 0.019), elevated serum PSA
(p = 0.037), and elevated serum alkaline phosphatase (p < 0.001)
were independent predictors of poor cancer-specific survival
(Table IHB).

Mel-18 expression and the Mel-18 1805A/G genotypes

We examined the association between Mel-18 expression and
Mel-18 1805A/G genotype in patients with prostate cancer. The
patients with the Mel-18 1805 AA genotype tended to have higher
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TABLE I - COX PROPORTIONAL HAZARD REGRESSION ANALYSIS OF PREDICTING FACTORS FOR PSA RECURRENCE-FREE SURVIVAL IN PROSTATE

CANCER PATIENTS WHO UNDERWENT RADICAL PROSTATECTOMY (A) AND IN PATIENTS WITH BONE METASTASIS (D2) AT DIAGNOSIS (B)

PSA recurrence-free survival

Variable Category for statistical analysis
HR' 95% CI? »
(A)
Univariate analysis
Preoperative PSA >9.6 v5.<9.6 (ng/ml) 2.643 1.377-5.074 0.003
Pathological T status T3-4 vs. T2 3.934 2.065-7.493 <0.001
Surgical margin status Positive vs. Negative 3.637 1.876-7.050 <0.001
Gleason Score >8vs.<8 1.348 0.731-2.485 0.399
Mel-18 polymorphism GG vs. AA/IGA 3222 1.458-7.120 0.004
Immuohistochemical staining of Mel-18 <4 vs.>4 2.013 1.025-3.955 0.042
Multivariate analysis
Preoperative PSA >9.6 v5.<9.6 (ng/ml) 3.095 1.352-7.083 0.007
Pathological T status T3-4 vs. T2 1311 0.5528-3.188 0.540
Surgical margin status Positive vs. Negative 4.759 1.857-12.191 0.001
Mel-18 polymorphism GG vs. AA/IGA 2757 1.154-6.588 0.022
Immuohistochemical staining of Mel-18 <4 vs. >4 2271 1.018-5.066 0.045
Variable Category for statistical analysis Cancer-specific survial
HR' 95% CI* P
(B)
Univariate analysis
Age >71 vs. <71 (yrs) 1.899 1.018-3.542 0.044
Tumor grade High vs. Low/Intermediate 1.097 0.598-2.012 0.764
PSA >176 vs.<176 (ng/ml) 2.823 1.484-5.370 0.002
Hemoglobin <11.5vs. 211.5(g/dl) 15.790 5.304-47.006 <0.001
Alkaline phosphatase Increased vs. Normal 3.623 1.832-7.163 <0.001
Lactate dehydrogenase Increased vs. Normal 2319 1.086-4.956 0.030
Mel-18 polymorphism GGIGA vs. AA 3.165 1.304-7.685 0.011
Multivariate analysis
Age >71 vs. <71 (yrs) 1.212 0.442-3.321 0.709
PSA >176 vs. <176 (ng/ml) 2.825 1.122-7.110 0.027
Hemoglobin <11.5 vs. Z11.5 (g/dD) 1.973 0.317-12.268 0.466
Alkaline phosphatase >ULN vs. Normal 27.093 4.676-156.970 <0.001
Lactate dehydrogenase >ULN vs. Normal 1427 0.391-5.199 0.590
Mel-18 polymorphism GGIGA vs. AA 4.658 1.287-16.858 0.019
'HR: hazard ratio.—>CI: confidence interval.—> ULN, upper limits of the normal range.
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Finaily, we examined the expression levels of Mel-18, Bmi-1,
and c-Myc mRNA in 2 prostate cancer cell lines, PC-3 and
DU145, 12 non-cancerous prostate tissues, 7 renal cancers and the
surrounding non-cancerous tissues, and 8 bladder cancers and the
surrounding non-cancerous tissues. Using quantitative real time-

Mel-18 expression than those with GA or GG genotypes although
the difference was not statistically significant (p = 0.188). Other
confounding factors such as promoter activity or modulation by
microRNAs may modify Mel-18 expression in prostate cancer
tissues.
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RT-PCR, Mel-18 mRNA levels in prostate cancer cell lines were
significantly lower than those in non-cancerous prostate tissues
(Fig. 4a). We also found that levels of Me/-18 mRNA in renal and
bladder cancer tissues were significantly lower than those in sur-
rounding non-cancerous tissues (Fig. 4a). In addition, statistically
significant direct comrelations were observed between fevels of
expression of Mel-18 and Bmi-1 and c-Myc, in all samples. A
strong negative correlation was observed between Mei-18
and Bmi-1 (r = —0.678, p < 0.001) and between Mel-18 and c-
Myc (r = —0.670, p < 0.001) (Figs. 4b.0).

Discussion

Our immunohistochemical and clinicopathological data are con-
sistent with the hypothesis that Mel-18 functions as a tumor sup-
pressor protein in prostate cancer and possibly represses expres-
sion of the oncoproteins, c-Myc and Bmi-1. These observations
are also consistent with previous examinations of prostate and
breast cancer cells.” Because of the difficulty in comparing inter-
institutional evalnations, immunohistochemical evaluation is often
not clinically useful. Therefore, we sought an alternative method
of investigating the association between Mel-18 and prostate can-
cer. Our study demonstrated a Me/-18 allele with low expression,
the 1805 G allele, was coirelated with risk not only for poorer sur-
vival rates of patients with localized prostate cancer, but also with
a poor prognosis in patients with metastatic prostate cancer. In this
study, we examined Mel-18 gene expression corresponding to
each allele of the J805A/G polymorphism in the prostate and in
other cancer cell lines and found that the expression of the 18054
allele was consistently higher than the /805G allele in seven can-
cer cell lines (Figs. 2c,d). Since we examined differences in the
allelic mRINA expression in individual cancer cell lines from het-
erozygous subjects, the effects of environmental and/or other non-
genetic [actors would be exclude. In this study, the patients with
the patients with the GG genotype had a significantly higher rate
of PSA recurrence after prostatectomy compared to the AA or GA
genotype (p = 0.002, Fig. 3a), whereas the GG/GA genotypes
were associated with significantly worse cancer-specific and over-
all survival of the patients with metastasis compared with the AA
genotype (p = 0.007 and p = 0.002, respectively; Fig. 3b and 3¢).
The sensitivity to hormonal and/or chemotherapeutic treatments
might modify the survival of the metastatic prostate cancer
patients.

Recent studies have provided evidence that SNPs in micro-
RNA-binding sites in the 3’ untranslated region of mmor associ-
ated genes may be important factors for cancer risk.'"=' The
microRNA-RNA silencing complexes can inhibit translation
when the microRNA binds to the 3’ untransiated-region (UTR)-
mRNA target with an imperfect complementarity. This binding
results in a reduced level of protein without reductions in the
mRNA level.?** In our study, the miRNA181a and 3’ UTR of the
Mel-18 showed an imperfect complementarity. However, the
mRNA levels of the respective alleles demonstrated significant
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differences, suggesting that this altered expression may result
from some as yet unidentified mechanism. Alterations in the 3’
UTR can also affect the stability of an mRNA due to increased
sensitivity to RNase. Partial folding structures of the 1805G and
1805A mRNAs, predicted by MFOLD, are shown in Figure 25.
These clearly different secondary structures may suggest that the
different mRNAs differ in their protein-translational efficiencies.

Mel-18 is suucturally highly similar to Bmi-I, another PcG
member whose over-expression has been linked to the highly
malignant behavior of various cancer cells including prostate
cancer.>® The N-terminal region of Mel-I8, which contains a
RING finger domain, is 93% homologous to ‘the corresponding
region of Bmi-1.” Bmi-1 is negatively regulated by Mel-18 via
repression of the c-Myc oncogene, which is amplified and/or
overexpressed in a variety of malignancies.””'! Recent genome-
wide analysis has identified variants in five chromosomal
regions, including three independent regions, 8q24, 17q12, and
179243, that are significantly associated with prostate can-
cer.'>  Although we failed to demonstrate an association
between the Mel-18 1805A/G polymorphism and a risk of pros-
tate cancer, prostate cancer is a slow growing cancer with a
tong period between initiation and formation of a clinically sig-
nificant cancer, snggesting that progression rather than initiation
may be the rate-limiting factor in the diagnosis of clinical can-
cer. In addition, c-Myc, whose chromosomal location is at
8q24, regulates androgen-receptor mediated transcriptional sig-
nals and may also function in oncogenesis of prostate cancer.”
In a breast cancer study, Bmi-I and c-Myc were transcription-
ally repressed by Mel-18.'™"' This observation is consistent
with our study, where we found a significant negative correla-
tion between the expression of Mel-18 and c-Myc in prostate
cancer. Further investigation will be necessary to understand
the association between these Mei-18 mediated tumor-suppres-
sive and c-Myc mediated oncogenic signals in prostate cancer.

In conclusion, our study, together with recent research on Mel-
18 in various cancers, suggests that Mel-18 functions as a tumor
suppressor in prostate cancer. To our knowledge, this is the first
study to evaluate the association among Mel-18 expression and
genotype, and the clinical significance thereof, for patients with
prostate cancer. We recognized, however, that no correction was
made for multiple testing in the p values reported for genotype
association and that this observation requires independent replica-
tion. Although further studies using other validation methods will
be necessary to confirm the involvement of Mel-18 in the progres-
sion of prostate cancer, the present study provides important evi-
dence indicating that Mel-18 is a possible therapeutic target, as
well as a diagnostic marker for poor outcome in prostate cancer
patients.
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