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Table 1 ARBSs identified in the encyclopedia of DNA element (ENCODE) regions by ChIP-chip experiments
ARBS no. ENCODE region Chromosome Start Stop Closest gene Distance from TSS (bp)* Position
1 ENr131 2 234433433 234433623 UGTIAI —17390 5’ upstream
2 ENr334 6 41823411 41823433 PGC -323 5' upstream
3 ENmO010 7 26807 344 26807566  SCAP2 —129874 5" upstream
- ENmO013 7 89501 530 89501614 STEAP2 ~15922 intron 3
5 ENmO13 7 89980335 89980369  PFTKI -3010 5" upstream
6 ENmO001 7 115551316 115551473 TES + 106 864 3" downstream
7 ENmO001 7 116022 567 116022922 MET + 116336 intron 17
8 ENr233 15 41640443 41640980 KIAA0377 +23671 intron 27
9 ENr233 15 41739974 41740495 CATSPER2 —11904 5" upstream
10 ENr213 18 23990311 23990793 CDH2 +~20637 intronl
Abbreviations: ARBs, androgen receptor-binding sites; TSS, transcriptional start site. *Distance from the TSS of the closet RefSeq gene to the
corresponding ARBS based on the genomic position published in NCBI Build 35.
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Figure 1 Identification of in vivo ARBSs in LNCaP cells on the encyclopedia of DNA elements (ENCODE) array by ChIP-chip
analysis. (a) An expanded view of the UGTIA locus on the ENCODE region ENr131 from chromosome 2q37 is shown in its genuine
5'—3 orientation. ARBS no. 1 is located on the 5 upstream region of UGTI1AL, or on intron 1 of other UGTIA isoforms. (b) An
expanded view of the CDH2 on the ENCODE region ENr213 from chromosome 18q11.2 is shown in its genuine 3'-5' orientation.
ARBS no. 10 is located on intron 1 of CDH2.
confirmed that > 10-fold enrichment of R1881-depen-  [dentification of androgen target genes adjacent to
dent AR binding was shown in the all regions involved  AR-binding sites
in the defined 10 ARBSs, targeting the identified ARE  To identify novel androgen target genes by using ChIP-
sequences (Figure 2). Thus, with the cutoff value le-5, chip data, we examined the alteration of gene expression
we validated that our ChIP-chip results did not include  closest to the ARBSs in LNCaP cells in response to
false positives. R1881 (Figure 3). Eight of 10 genes adjacent to the
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Table 2 ARE sequences identified in the ARBSs detected by ENCODE chip
ARBS no.  Gene Distance from TSS (bp)  Position Chromosome  Genomic location ~ Strand  ARE sequence
1 UGTIAI -17422 5 2 234433576 +1 TGAACAtcTGTCCT
2 PGC —399 5 6 41823498 +1 GGAACAaatAGTTCT
3 SCAP2 —130006 5 7 26807587 -1 AGAACCccaGGACCC
4 STEAP2 15941 INTRON 3 7 89501592 +1 GGAAAGaatTGTTCT
5 PFTK1 —-2978 s 7 89980382 -1 AGTAAGaagAGTTGC*
: -2947 5 7 89980415 -1 ACAGCACctcAGTACT*
6 TES +106870 3 7 115551402 +1 AAAACACtcAGTTGC*
7 MET +116298 INTRON 17 7 116022708 +1 TGCACAgtgTTTTAC*
8 KIAA0377 +27774 INTRON 27 15 41640739 -1 TAACCAtccTGTACC
9 CATSPER2 —11955 5 15 41740290 -1 TAACCAtccTGTACC
10 CDH2 +20827 INTRONI1 18 23990362 -1 GGTACAgaaTGTCAC
+20805 INTRONI1 18 23990384 -1 GGTACAgaaTGTCAC
+20761 INTRONI1 18 23990428 -1 GGTACAgcaTGTCAC
+20739 INTRONI1 18 23990450 -1 GGTACAgaaTGTCAC
+20695 INTRONI 18 23990494 -1 GGTACAgcaTGTCAC
+20673 INTRONI1 18 23990516 -1 GGTACAgcaTGTCAC
+20651 INTRONI 18 23990538 -1 GGTACAgaaTGTCAC
+20629 INTRONI1 18 23990560 -1 GGTACAgcaTGTCAC
+20607 INTRONI1 18 23990582 -1 GGTACAgcaTGTCAC
+20541 INTRONI 18 23990648 -1 GGTACAgcaTGTCAC
+20519 INTRONI1 18 23990670 -1 GGTACAgcaTGTCAC
+20651 INTRONI1 18 23990538 -1 GGTACAgaaTGTCAC
+20453 INTRONI1 18 23990736 -1 GGTACAgaaTGTCAC
ARE sequences were primarily determined by a position-weighted matrix method TRANSFAC with the matrix conservation >75% (Matys et al.,
2003). If no ARE was predicted by the first criteria, alternative ARE sequences (indicated as *) were determined by a sequence analysis utility of
JASPER with the relative profile score threshold >70% (Sandelin ez al., 2004). Genomic location of ARE sequence indicates the position of the
center base.
350 ) and >1000-fold, respectively, with 48-h R1881 treat-
250 ] Vehicle ment (Figure 3a and b). Residual two of 10 genes
150 N R1881 adjacent to the ARBSs, SCAP2 and MET, exhibited
100 = a ligand-dependent decrease in expression levels
5 | (Figure 3c). ' o .
E 80- UGTI1IA gene locus encodes nine distinct isoforms
2 . with unique exon 1 based on the difference of TSSs
& 604 Gong et al., 2001). Individual first exons are determi-
g . .
2 1 nants for the structure of N-terminal UGTI1A isoforms,
w404 which are important for substrate specificity. We
T examined whether androgen regulated the transcription
20+ of distinct UGTIA isoforms in LNCaP cells. Interest-
0 ingly, only the mRNA levels of UGT1A1 (Figure 3a)
ARBS: #1 #2 #3 #4 #5 #6 #7 #8/9#10 PSAPSA and UGT1A3 isoforms, which have TSSs most adjacent
Pro Enh to ARBS no. 1, were significantly increased up to 48h
&t ty p
Figure 2 Validation of androgen-dependent AR enrichment by after RI881 (I0nM) stimulation (UGTIA3 mRNA
quantitative ChIP analysis on the identified ChIP-chip ARBSs in levels: 1.240.1 fold at 12h, 5.840.2 fold at 24 h and
LNCaP cells. Hormone-deprivated cells were stimulated with 11.2+0.2 fold at 48 h after treatment). On the contrary,
R1881 (10nM) or vehicle (0.1% ethanol) for 24 h. Cross-linked the mRNA levels of other UGTI1A isoforms were not
samples were immunoprecipitated with anti-AR antibody. The : . : :
precipitated DNA fragments were subjected to QPCR. PCR primer baswallyd altered (})lr rather decreased during the time
sets were designed to include ARE sequences on individual ARBSs course (data not shown).
no. 1-no. 10. PCR products including ARBSs no. 8 and no. 9 were Taken together, our data suggest that AR could
not distinguishable, as ARBSs no. 8 and no. 9 are located in regulate transcription of genes adjacent to ARBSs.
genome duplication regions from the same origin. PSA promoter
(PSA Pro) and enhancer (PSA Enh) regions including ARE
sequences were used as positive controls. Data are fold enrichment . . R .
compared with individual input non-enriched DNA (mean+s.d., AR‘B'SS are associated with histone acetylation and
n=2). facilitate recruitment of RNA Polll
We next examined whether these ARBS regions
A recruited components indicative of transcriptional acti-
ARBSs exhibited a ligand-dependent increase in expres-  vation. ChIP analyses for acetylated histone H3/H4
sion levels by >2-fold compared with a vehicle-treated ~ (AcH3/H4) and RNA Polll were performed on the 10
control by 48 h after treatment. Among them, UGT1A1 ARBS regions in LNCaP cells (Figure 4). The AREs in
and Pepsinogen C (PGC) levels elevated by >30- PSA promoter and enhancer were used as positive
Oncogene
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Figure 3 Androgen-dependent changes in expression of genes
adjacent to the ChIP-chip ARBSs in LNCaP cells. Hormone-
deprivated cells were stimulated with R1881 (10 nM) or vehicle for
12, 24 and 48h. Quantitative RT-PCR analysis regarding the
expression of 10 proximal genes close to ARBSs no. 1-no. 10 was
performed using the reverse-transcribed cDNAs from the cells.
Data are fold change compared with vehicle-treated cells at
individual time point (mean+s.d., n=2). (a) UGTIA]l mRNA
levels, (b) PGC mRNA levels and (¢) mRNA levels of gene adjacent
to ARBSs no. 3-no. 10.

controls. Histone acetylation was remarkable by R1881
treatment in ARBSs no. 1 and no. 10, in the vicinity of
UGTI1Al and CDH2, respectively. Ligand-dependent
RNA Polll recruitment was also significant in ARBS
no. 1. In ARBS no. 10, Polll binding was enriched at
basal levels and further enhancement of Polll binding
was not observed by ligand stimulation (Figure 4c).
Moderate histone acetylation and Polll recruitment in
response to R1881 were also observed in ARBS no. 4,
which was located in intron 3 of STEAP2. In the rest of
seven ARBSs, all associated with ligand-dependent
AcH3/H4 binding by >2-fold and three of seven re-
cruited Polll ligand dependently by > 2-fold. Although
most of the identifiecd ARBSs were located rather distal
from known genes, our data suggest that a significant
number of the ARBSs in the genome physically function
as distal transcriptional regulatory domains during
transcription of the adjacent genes.

Functional recruitment of pl60 co-activators at ARBSs
The p160 SRC family co-activators play scaffold roles in
forming co-activator complex involved in nuclear
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Figure 4 Some of the ChIP-chip ARBSs associate with histone
acetylation and RNA Polll recruitment. Hormone-deprivated
LNCaP cells were stimulated with R1881 (10nM) or vehicle for
24h. Cross-linked samples were immunoprecipitated with anti-
acetylated H3/H4 (AcH3/AcH4) or anti-RNA Polll antibodies.
The precipitated DNA fragments were subjected to gqPCR.
Identical primer sets were used as described in Figure 2. Data are
fold enrichment compared to individual input non-enriched DNA
(mean+s.d., n=2).

receptor-mediated transcription (Shang and Brown,
2002). In AR-mediated transcription, the pl60 co-
activators are shown to be recruited to AR complex
and to facilitate AR transactivation by their histone
acetylase activity (Shang er al., 2002). To delineate the
functional roles of endogenous pl60 co-activators in
AR-mediated transcription from the identified ARBSs
no. l-no. 10, we performed ChIP analysis using
antibodies against SRC1, GRIPI and AIBI (Figure 5).
It is notable that all of the pl60 co-activators were
recruited by > 10-fold in the ARE from PSA promoter.
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Figure 5 ChIP-chip ARBSs and pl60 coactivator recruitment.
Hormone-deprivated LNCaP cells were stimulated with R1881
(10nM) or vehicle for 24 h. Cross-linked samples were immuno-
precipitated with anti-SRC1, anti-GRIPI or anti-AIB1 antibodies.
The precipitated DNA fragments were subjected to qPCR.
Identical primer sets were used as described in Figure 2. Data are
fold enrichment compared to individual input non-enriched DNA
(meanzts.d., n=2).

ARBS:

Consistent with the result of histone acetylation and
RNA Polll recruitment, all of the pl60 co-activators
were recruited by >10-fold upon R1881 stimulation
compared with vehicle in ARBS no. 1, adjacent to
UGTI1AL. The second potent binding site for AcH3/H4
and RNA Polll, ARBS no. 10 adjacent to CDH2,
recruited SRC1 by >2-fold and GRIP1 and AIB1 by
>20-fold upon ligand stimulation. Among other
ARBSs, ARBS no. 5 close to PFTK1 recruited SRCI
by >2-fold in response to ligand stimulation. The data
show that some of the authentic ARBSs may play roles
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as enhancers that recruit various transcriptional regula-
tors and co-activators.

Distal and intronic ARBSs function as transcriptional
regulators in_androgen-dependent transcription

To further assess the possibility that the distal or
intronic ARBSs function as bona fide transcriptional
regulators in androgen-dependent transcription, we
performed promoter activity assay using luciferase
reporter constructs including ARE sequences derived
from the ARBSs. Using the genomic DNA of LNCaP
cells as a template, we amplified fragments included
ARE sequences in ARBSs no. 1 and no. 10, correspond-
ing to the 5’ upstream region of UGTI1Al (~—17kb)
and intron 1 of CDH2 (Figure 6a and b). Note that
ARBS no. 1 is also located in intron I of other UGTIA
isoforms. The amplified fragments were ligated to a
luciferase reporter plasmid pGL3-vector containing
SV40 promoter. Regarding the 5 upstream region of
UGTI1Al, we also generated a mutated construct
including two substitutions at the positions —2C and
+2G from the 3-bp spacer (UGT1A1 5 Mut-Luc).
Using LNCaP cells transfected with reporter constructs,
the luciferase activities of UGT1Al 5-Luc and CDH2
Int 1-Luc were increased ~5- and ~8-fold by R1881
treatment, respectively, whereas MMTV luciferase con-
struct exhibited > 100-fold activation in response to
ligand stimulation (Figure 6¢). UGT1A1 5 Mut-Luc did
not exhibit androgen-dependent transcriptional activa-
tion. These results suggest that a significant number of
non-promoter ARBSs also play essential roles in AR-
mediated gene transcription.

Moreover, UGTIA protein expression could be
regulated by androgen (Figure 6d). LNCaP cells after
72-h hormone deprivation were stimulated with R1881
or vehicle and cell lysates were prepared after 24 or 48 h.
Although the isoform specificity of UGTIA was not
shown by the antibody that we used, overall amounts of
UGTIA protein were increased in response to androgen.

Discussion

This study aimed to identify novel androgen target genes
in prostate cancer LNCaP cells by performing ChIP-
chip analysis, identifying in vivo ARBSs in the selected
ENCODE genomic regions. This scanning successfully
identified 10 bona fide in vivo ARBSs with a P<le-5.
Notably, all of the 10 ARBSs included ARE sequences
as determined by the sequence analysis utilities based on
TRANSFAC or JASPER transcription factor-binding
profiles (Matys et al., 2003; Sandelin et al., 2004), and
ChIP-PCR validation confirmed that those ARBSs had
abilities to recruit AR ligand dependently. Our ChIP-
chip approach is a powerful high-throughput method
that can be applied to the whole genome-wide screen of
ARBSs.

Efforts have been paid to identify transcription
factor-binding motifs for years by searching a consen-
sus-like sequence through in silico or in vitro studies in
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Figure 6 Transcriptional activity of UGTIAL 5’ upstream and
CDH2 intronic ARBSs. (a) Construction of luciferase reporter
plasmids containing UGTIAl 5 upstream regions. A 519-bp
fragment of the 5" upstream of UGT1Al (—17753/—17235bp)
amplified from LNCaP cells, and the 5’ fragment of UGTIAI with
mutation at the positions —2C and + 2G from the 3-bp spacer in
ARE sequences (ARBS no. 1) were cloned into pGL3 vector
containing SV40 promoter (SV40 Pro), designated as UGTI1AI
5'-Luc and UGTI1A1 5 Mut-Luc, respectively. (b) Construction of
luciferase reporter plasmid containing CDH2 intron 1. A genomic
fragment of CDH2 intron 1 (ARBS no. 10) derived from LNCaP
cells (+20 197/ + 21260 bp), containing 15 repeats of palindromic
ARE sequences with the half-site GGTACA, was cloned into
pGL3 vector (CDH2 Int 1-Luc). Note that the number of ARE
sequences in LNCaP cells was larger than that in the genome
database. (¢) Androgen-stimulated luciferase activities of ARE
sequences involved in UGT1Al 5" upstream and CDH2 intron .
LNCaP cells were stimulated with R1881 (10nM) or vehicle 12h
after transfection with indicated plasmids together with a Renilla
luciferase reporter gene, and incubated for another 24 h. Firefly
luciferase activity was normalized to Renilla luciferase activity for
each data set. MMTV luciferase reporter gene containing ARE
sequences was used as a positive control. Data represent the
mean+s.d., n=3. (d) Androgen-stimulated expression of UGTIA
protein in LNCaP cells. Cells were stimulated with R1881 (10 nM)
or vehicle for indicated times and whole cell lysates were separated
by 8% SDS-PAGE. The PVDF membrane blotted with proteins
were probed with anti-UGTIA or anti-f-actin antibodies.
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the vicinity of transcription factor targets. In the days
after the completion of the Human Genome Project,
genomic DNA microarray has been developed and
identification of in vive binding targets of nuclear
proteins is enabled by ChIP-chip analysis. For instance,
in the ChIP-chip study for ERx on chromosomes 21 and
22, most of the binding sites were found at significant
distances including several > 100 kb removed from TSSs
(Carroll er al., 2005). It has been suggested that these
distal ERa-binding sites play an important role in
estrogen-mediated regulation, as they could be phy-
sically associated with promoter-proximal regions.
Similarly, in the present study, nine of 10 ARBSs
that we identified by ChIP-chip were situated in the
distal 5 regions or intronic regions of known genes.
Among those distal ARBSs, there were several sites
that significantly recruited AcH3/H4 and RNA Polll
(Figure 4). ARBSs no. | and no. 10, which are located at
> 17kb upstream of UGT1A1 and in intron 1 of CDH2,
respectively, could also associate with the pl60 co-
activators in a ligand-dependent manner (Figure 5).
Based on our findings and previous evidence, a number
of ARBSs may be located in non-promoter regions of
the genome, and often associated with histone acethyla-
tion and co-activator recruitment.

In the vicinity of ChIP-chip identified ARBSs, we
found several genes upregulated or downregulated by
androgen stimulation. PGC, whose location is close to
ARBS no. 2, is an androgen-upregulated gene that has
been reported previously as a prognostic factor in
prostate cancer (Diaz et al., 2002). It is an aspartyl
protease and known as a protein involved in the
digestion of proteins in the stomach. We identified a
novel ARE sequence in ARBS no. 2, at —323bp
upstream of the TSS of PGC, indicating that ChIP-chip
is particularly a powerful method to find out a novel
transcription factor target regardless of the expression
level of the target gene. As the ligand-dependent RNA
Polll recruitment was not significant at ARBS no. 2
at the time we investigated (Figure 4c), other PGC
regulatory region might be more important in the Polll
activation; yet, ARBS no. 2 might play a role in the
transcriptional regulation of PGC as the histone
acetylation was at least promoted by ligand stimulation
(Figure 4b). STEAP2, which includes ARBS no. 4 in
intron 3, has been originally cloned as a STEAP
homolog gene that encodes a transmembrane protein
expressed in prostate cancer (Porkka er al., 2002).
Although androgen responsiveness of STEAP2 was
not reported previously, our data showed that it was a
novel androgen target gene with a genuine ARBS in
intron 3, which was also associated with histone
acetylation.

ENCODE region ENm001 corresponds to chromo-
some 7q31, which is known as a fragile site with frequent
loss of heterozygosity in advanced prostate cancer
(Kawana et al., 2002). Among several genes at 7q31,
TES (testis-derived transcript) has been shown as a
candidate tumor suppressor gene in prostate cancer
(Chene er al., 2004). In the present studies, we showed
that TES was an androgen-upregulated gene with a
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genuine ARBS (ARBS no. 6) in its 3’ downstream region
(—58kb from the 3’-end). TES protein contains three
conserved cysteine-rich zinc-binding motifs called LIM
domains, suggesting that TES may play a role in
protein-protein interaction and focal adhesion (Coutts
et al., 2003). Methylation of the CpG island at the 5’ end
of TES is frequently occurred in ovarian cancer cells,
and overexpression of TES in culture cells was shown to
be growth-inhibitory (Tobias et al., 2001). In contrast,
we showed that MET was an androgen-downregulated
gene with a novel ARBS (ARBS no. 7) in intron 17.
MET encodes a receptor-like tyrosine kinase, c-met
proto-oncogene product, which can be activated by
hepatocyte growth factor as a receptor (Cooper et al.,
1984). It has been reported that MET expression is
upregulated by androgen deprivation and MET appears
to be preferentially expressed in androgen-insensitive,
high-grade prostate cancer cells (Pisters et al., 1995;
Humphrey et al., 1995). It has been also shown that
overexpression of AR in prostate cancer PC3 cells leads
to MET downregulation (Maeda et al., 2006). Based on
our bindings, we could propose that both TES and MET
at 7q31 are regulated by AR in a way to exhibit negative
feedback for prostate cancer progression, while the
former is a tumor suppressor gene and the latter is a
proto-oncogene.

CDH2 encodes one of the calcium-dependent cell
adhesion molecules, N-cadherin. Whereas another
calcium-dependent cell adhesion molecules, E-cadherin,
is expressed in epithelial cells, N-cadherin is expressed in
nerve system, skeletal muscle and mesenchymal cells
(Jaggi et al, 2006). Recent evidence suggests that
changes in cadherin expression or cadherin switching
play a critical role during progression of various tumors
including breast cancer (Hazan et al., 1997) and prostate
cancer (Tomita et al, 2000). Loss of E-cadherin
expression was seen in high-grade breast and prostate
cancers, whereas high levels of N-cadherin expression
was shown in invasive tumors. Androgen responsiveness
of N-cadherin has been shown in neurons, in spinal
motoneurons (Monks and Watson, 2001). Our finding
demonstrates that CDH2 is an androgen target gene
with a novel cluster of ARE repeats in intron 1.

Interestingly, we found a polymorphism in terms of
the number of ARE sequences in intron 1 of CDH2. In
regard to the 15-bp complete palindromes consisting of
the half-site GGTACA motif, LNCaP cells had 15 ARE
sequences as shown in Figure 6b, whereas the genomic
data published in NCBI Genome Browser contained 13
ARE sequences. We also found that 15 and 14 ARE
repeats were contained in the CDH2 intron 1 derived
from prostate cancer DU145 cells and benign prostate
hyperplasia BPH1 cells, respectively (data not shown).
By generating luciferase constructs including the ARE
repeats of the CDH2 intron 1 derived from DU145 and
BPHI1, we showed that the luciferase activities of those
constructs were also induced by R1881 stimulation,
although the response of BPH1 was smaller than that of
LNCaP or DU14S. Thus, the polymorphism of ARE
repeats in intron 1 may be related to the intensity of
androgen responsiveness.

Oncogene

In this study, we demonstrated that UGTIA was a
novel androgen-regulated gene with a functional ARE
sequence in the 5 upstream region of UGTI1AIl or
intron 1 in other UGTIA isoforms. Among several
UGTI1A isoforms, only UGTI1A1 and UGTI1A3 have
been shown as androgen-upregulated genes in LNCaP
cells. Considering out results, it is possible that the
isoform-specific androgen responsiveness is linked with
the closeness of the functional ARE in ARBS no. 1 to
each isoform TSS. Thus, ChIP-chip would be also useful
to dissect the isoform specificity of transcription factor
target genes that encode a number of isoforms. :

The human UGTIA locus spans ~200kb on
chromosome 2q37 and encodes nine UGT1A enzymes
that play a crucial role in glucuronidation of xenobiotics
and endobiotic substrates such as bilirubin (Chen e? al.,
2005). UGTIA proteins are expressed in liver, whereas
also expressed in extrahaptic tissues like urinary bladder
and large intestine (Giuliani et al., 2005). UGTI1A gene
products are generated by a strategy of exon sharing,
resulting in divergent isoforms with a unique N-terminal
domain and commonly shared C-terminal 245 amino
acids. As UGT proteins are detoxifying enzymes, it is
natural that this gene expression is regulated by
xenobiotic receptor including pregnenolone X receptor
and constitutive androstane receptor (Sugatani et al.,
2001; Xie et al., 2003). Reduction of UGTIA expression
is involved in the early phase of neoplastic transforma-
tion, such as in liver and biliary cancer, bladder cancer
and colon cancer (Strassburg ez al., 1997; Giuliani et al.,
2005). In contrast, decrease in UGTI1Al expression
seems to be associated with the reduced risk of
endometrial cancer (Duguay et al., 2004). UGTI1AIl
promoter polymorphism with an A(TA),TAA element
instead of a normal A(TA)¢TAA element is known to
decrease the level of gene expression, and it has been
shown that there was a significant inverse association
with the seven dinucleotide repeat allele and endome-
trial cancer risk (Duguay et al., 2004). UGT proteins
also glucuronidate steroid hormones, as the UGTIA
enzymes showing specificity for estrogens, whereas
androgens are substrates for another type of UGT
family, UGT2B proteins (Lepine et al., 2004). It has
been recently shown that UGT2B15 isoform is an
estrogen-regulated gene that is involved in the glucur-
onidation of androgens as well as estrogens (Harrington
et al, 2006). Similarly, there is a possibility that
UGTI1A1 and UGT1A3 play a role in glucuronidation
of androgens as well as estrogens.

In summary, we performed ChIP-chip analysis for
in vivo ARBSs in prostate cancer LNCaP cells, on the
ENCODE regions in the human genome. A number of
novel androgen target genes were identified adjacent to
the ChIP-chip-based ARBSs. The present results show
that ChIP-chip has an advantage over transcript-based
microarray analysis, identifying a number of bona fide
AR target genes regardless of their expression levels
based on the data of functional ARBSs. The androgen
target genes identified by the present study would play
various important roles in the maintenance of prostate
cancer, including detoxification, protein degradation,



cell motility/migration and tumor suppression/progres-
sion. Our study could be extended to the whole genome
search of ARBSs in different cell systems using various
ligands for the receptor. Identification of novel andro-
gen target genes by ChIP-chip will reveal the whole
entity of androgen signaling network, and will be
applied to develop new clinical methods of prevention,
diagnosis and treatment for prostate cancer.

Materials and methods

Reagents

Methyltrienolone 178-hydroxy-17x-methyl-estra-4,9,11-trien-
3-one (R1881) was purchased from NEN Life Science
Products (Boston, MA, USA). Anti-AR (H-280), anti-SRC1
(M341), anti-GRIP1 (M343), anti-UGTI1A (H-300) antibodies
were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Anti-AcH3 and anti-AcH4 were from Upstate
Biotechnology (Lake Placid, NY, USA). Anti-RNA Polll
(8WG16) was from Covance (Berkeley, CA, USA). Anti-
B-actin monoclonal antibody was from Sigma (St Louis,
MO, USA). Anti-AIB1 antibody was generated from rabbit
serum using a glutathione S-transferase fusion protein
with amino acids 1320-1420 of human AIB1 protein as an
epitope.

Cell culture

Human prostate cancer LNCaP cells were purchased from
American Type Culture Collection (Rockville, MD, USA).
Cells were maintained in RPMI 1640 supplemented with 4.5 g/
dl glucose, 1 mM sodium pyruvate, 10mM HEPES and 10%
fetal bovine serum (FBS). Before hormone addition, cells were
cultured for 2 days in phenol red-free RPMI 1640 with 5%
dextran-charcoal stripped FBS .(dcc-FBS) and 1 day in phenol
red-free medium supplemented with 2.5% dcc-FBS.

Chromatin immunoprecipitation

ChIP assay and qQPCR were performed as previously described
(Horie-Inoue et al., 2004, 2006). LNCaP cells after 72-h
hormone depletion were treated with 10nM R1881 or vehicle
(0.1% ethanol) for the indicated times. Cells were fixed in 1%
formaldehyde for 5min at room temperature. Chromatin was
sheared to an average size of 500bp by sonication using a
Bioruptor ultrasonicator (Cosmo-Bio, Tokyo, Japan). Lysates
were rotated at 4°C for overnight with specific antibodies.
Salmon sperm DNA/protein A—agarose (Upstate Biotechno
logy, Lake Placid, NY, USA) was added and incubated for 2 h.
Precipitated DNA was used as templates for qPCR using
Applied Biosystems 7000 sequence detector (Foster City, CA,
USA) based on SYBR Green [ fluorescence. Genomic
fragments containing ARE in the promoter and enhancer
regions of PSA (—250/—39bp and —4170/—3978 bp from the
TSS, respectively) were used as positive controls for AR
binding (Horie-Inoue et al., 2004). Sequences of PCR primers
are described in Supplementary Table 1.

DNA amplification and microarray preparation

ChIP-enriched DNA was amplified by two-step IVT as
described previously (Katou er al., 2006). Briefly, alkali
phosphatase-treated ChIP DNA was incubated with terminal
transferase for poly-dT tailing, annealed with T7-poly
A primer (5-GCATTAGCGGCCGCGAAATTAATACGAC
TCACTATAGGGAGAAAAAAAAAAAAAAAAAAIC/T/GI-
3"), and used as a template for second-strand cDNA synthesis.
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Using this template DNA, first IVT amplification was
performed by T7 RNA polymerase (Ambion Inc., Austin,
TX, USA). The first-strand cDNA was synthesized using the
amplified cRNA as a template. Second-strand cDNA synthesis
and IVT amplification were carried out again. Second
amplified RNA was converted into double-strand cDNA with
random primers, fragmented with DNase I and end labeled
with biotin. Hybridization was performed on the Affymetrix
GeneChIP ENCODEO1 1.0 Arrays (Santa Clara, CA, USA)
using 2 ug of ChIP-enriched and non-enriched input control
DNA.

Analysis of microarray data

Array intensity data were analysed by the Affymetrix Tiling
Analysis Software based on the algorithm by Cawley et al.
(2004), and the results were mapped to genomic positions in
human genome assembly hg 17 (NCBI Build 35) or in
Affymetrix Integrated Genome Browser. In ENCODEO] 1.0
Arrays, sets of one probe pair, a perfect matched (PM) probe
and a mismatch probe (MM) both 25 bases long are tiled at an
average resolution of 22bp as measured from the central
position of adjacent 25-mer oligos, creating an overlap of
approximately 3bp. The (PM-MM) intensity value was
recorded for each probe pair as a new probe value, and the
distribution of probe value was adjusted to equal across all
samples by conducting quantile normalization on each
duplicate arrays for two groups, including non-enriched
genomic input DNA or ChIP-enriched DNAs by AR anti-
body. To determine whether a probe x is ChIP-enriched,
Wilcoxon rank sum test was applied to rank all the probe pairs
within a 550-bp sliding window from x by their log,(max(PM-
MM),1) values for checking whether the sum of ranks of all
probe pairs in the ChIP samples were significantly higher than
that in the controls (a P-value cutoff of le-5). For each
window, a signal ratio was also estimated by the Hedges—
Lehmann method computing the median of folds enrichment
among the probe sets within the window.

Reverse transcription-qPCR

Total RNA was extracted from hormone-treated or 0.1%
ethanol-treated cells for indicated times using ISOGEN
reagent (Nippon Gene, Tokyo, Japan). First strand cDNA
was generated from RNase-free DNase I-treated total RNA by
using SuperScript II Reverse Transcriptase (Invitrogen,
Carlsbad, CA, USA) and oligo-dT primer. Androgen
responsiveness was analysed by quantitative reverse trans-
cription-PCR (RT-qPCR) using Applied Biosystems 7000
sequence detector based on SYBR Green I fluorescence.
Primer design and PCR protocol were as previously described
(Horie-Inoue et al., 2004, 2006). Sequences of PCR primers are
described in Supplementary Table 2.

Sequence analysis

The sequences of human RefSeq transcripts (hg 17, NCBI
build 35) were retrieved from UCSC genome browser (http://
www.genome.ucsc.edu/) (Kent et al., 2002). The presence of
ARE sequences in the genomic DNA of every ChIP-enriched
region were determined by a position weighted matrix method
TRANSFAC (Matys et al., 2003) with the matrix conservation
>75%. If no ARE sequence was predicted by this criteria,
the search was performed by a sequence analysis utility of
JASPER, an open-access database for eukaryotic transcription
factor binding profiles, with the relative profile score threshold
>70% (Sandelin et al., 2004).
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Luciferase assay

Luciferase reporter genes containing ARE sequences in ARBSs
no. 1 and no. 10 identified by ChIP-chip were constructed by
ligating the fragments derived from UDP-glucuronosyltrans-
ferase (UGT) 1A1 5 upstream region (—17753/—17 235 bp from
the TSS) and cadherin-2 (CDH2) intron 1 region (4 20197/
+21260bp from the TSS) into pGL3 vector (Promega,
Madison, WI, USA) at the sites between Mlul and Xhol,
designated as UGT1Al §-Luc and CDH2 Int 1-Luc, respec-
tively. A mutated UGTIAl ¥ region construct (UGT1Al &
Mut-Luc) was also generated, including the identical region of
UGTI1A1 5-Luc except two substitutions of conserved C and G
for A and T, respectively, at the 2-bp apart positions from the
3-bp spacer of ARE sequence. Mouse mammary tumor virus
luciferase construct (MMTV-Luc) was used as a positive control
for AR transcription activity (Ogawa et al., 1995). LNCaP cells
were plated at a density of 10000 cells/well in a 24-well culture
plate and cultured for 3 days in phenol red-free RPMI 1640 with
5% dcc-FBS. Cells were transfected with plasmids using the
transfection reagent FuGENE6 (Roche Applied Science, In-
dianapolis, IN, USA), then 12h later treated with R1881 (10 nMm)
or vehicle (0.1% ethanol) for 24h. Luciferase activity of cell
lysate was determined by the Dual Luciferase Assay Kit
(Promega, Madison, WI, USA). A renilla luciferase reporter
Tk-PRL was co-transfected as a control for evaluating transfec-
tion efficiency. Data represent means +s.d. from triplicate sets.
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Increased expression of estrogen-related receptor a (ERRa) is a negative
prognostic predictor in human prostate cancer
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The nuclear receptor ERRa (estrogen-related receptor o) is
known to modulate the estrogen-signaling pathway, but the bio-
logical significance of ERRa in the prostate remains unclear. We
investigated the expression of ERRa in human prostate tissues
and cancer cell lines to evaluate the potential roles of the receptor
in prostate cancer (PC). Western blot analysis of ERRa was per-
formed in three cell lines of human PC (LNCaP, DU145 and PC-
3). The expressions of ERRa in cancerous lesions (n = 106) and
benign foci (n = 99) of 106 surgically obtained prostate specimens
were evaluated by immunohistochemistry. The relationships
between the ERRa expression and clinicopathological features
were evaluated. Western blot analysis using the polyclonal anti-
ERRa antibody detected a 52 kD band in all three PC cell lines.
Positive immuneostaining of ERR« in the nuclei was found in 73
(69%) cancerous and 47 (47.5%) benign epithelium, whereas the
stromal tissues were negative for ERRa. The mean immunoreac-
tivity score (IR score) of the cancerous lesions (3.5 + 2.6) was sig-
nificantly higher than that of the benign foci (1.8 = 2.1) (p <
0.0001). The IR score of the cancerous lesions significantly corre-
lated with the Gleason score (p = 0.0135). Univariate and multi-
variate hazard analyses revealed significant correlations between
elevated ERRa expression and poor cancer-specific survival (p =
0.0141 and 0.0367, respectively). The enhanced expression of
ERRa might play a role in the development of human PC and
serve as a significant prognostic factor for the disease.

©' 2007 Wiley-Liss, Inc.

Key words: estrogen related receptor « (ERRa); prognostic predictor;
prostate cancer .

Estrogens have been widely used for the treatment of advanced
prostate cancer (PC) The direct effect of estrogens on normal
prostate and PC is assumed to be mediated through estrogen
receptors (ERs) o and p** ERa is predominantly localized in the
stromal cells of the prostate.>® In light of this, the ERa-mediated
effects of estrogens on the prostate epithelium are thought to be
conferred via paracrine pathways. ER, on the other hand, is
localized predominantly in the epithelial cell compartment of the
normal human prostate, and the expressmn of ERB is decreased in
PC compared with benign epithelium.>? Thus, ERB may exert a
protectlve effect against aberrant cell proliferation and carcino-
genesis.”

Recent studies have focused on an additional estrogen signaling
pathway mediated by estro en-related receptors (ERRs) in the
estrogen-targeted organs. ERRs belong to the nuclear receptor
super famllgl and consist of three closely related members (o, B
and v).! The cDNA for ERRa was isolated by screening
c¢DNA libraries using probes corresponding to the DNA-binding
domain of human ERa.'" Evidence suggests that there may be an
overlap between ERRa and ER biology. While ERRa shows no
direct response to 17B-estradiol, it has been found to bind to func-
tional estrogen response elements (EREs) in ER target genes such
as lactoferrin and aromatase.'>'* ERRo may participate in proc-
esses such as bone development skeleton formation and fat me-
tabolism.'>~"® Further, ERRa is now established to be assoc1ated
with unfavorable biomarkers in human breast cancer.'®! Much
less is known, however, about the extent or pattern of ERRa
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expression in the prostate.”” The present study evaluated ERRa
expression in human prostate tissues and PC cell lines by immuno-
histochemistry and Western blot analysis to assess its clinical sig-
nificance.

Material and methods
Tissue selections and patient characteristics

Formalin-fixed, paraffin-embedded sections were obtained from
106 patients who underwent radical prostatectomy for prostatic
adenocarcinoma between 1987 and 2001. We obtained informed
consent from all the patients. The age of the patients ranged from
52 to 78 years (mean 66.8 *= 6.0), and pretreatment serum PSA
level ranged from 2.2 to 136 ng/ml (mean 16.9 * 19.5). The path-
ological stages included B (n = 33), C (n = 59) and D, (n = 14).
Prostate tissue sections submitted for this study contained 99 be-
nign and 106 cancerous foci. The cancerous lesions consisted of
tumors with Gleason score (GS) 6 (n = 22), 7 (n = 41),8 (n =
20), 9 (n = 22) and 10 (n = 1), which was evaluated by 2 trained
pathologists. Thirty-five patients (33%) were treated with surgery
alone, whereas the remaining patients received adjuvant anti-
androgen therapy. Patients were followed postoperatively by their
surgeons at 3-month intervals to 5 years and yearly thereafter.
Mean patient follow-up period was 82 * 39 months (range 10~
192). During the follow-up period, 77 patients (73%) are alive
with no evidence of the disease, and 12 (11%) are alive with bio-
chemical or clinical recurrence. Eleven patients (10%) died of PC,
and 6 (6%) died of other diseases during the follow-up period.

Cell culture

The human prostatic cancer cell lines (PC-3, DU145 and
LNCaP) and COS7 cells were obtained from American Type Cul-
ture Collection (Rockville, MD) and maintained in the RPMI
1640 with 10% FBS. All cell lines were maintained at 37°C in 5%
CO,. Transfections of hERRa were performed using 3.5 X IO6
COS7 cells, 5 pg of pcDNA3-hERRa vector and FuGENE" 6
transfection kit (Roche Applied Science, Indianapolis, IN) accord-
ing to the manufacture’s protocol. After 48 hr cell extracts were
analyzed.

Antibodies

Rabbit polyclonal antibody for ERR1 (PA1-314) was purchased
from Affinity Bio Reagents (Golden, CO). The characterization of
this antibody was confirmed by Western blot analysis in hERRa-
transfected COS7 cells.
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Western blot analyses

Western blot analysis was performed using total cell extracts
obtained from 3 strains of LNCaP. DUI145, PC-3 and hERRa-
transfected COS7 cells as previously described.® Cells were rinsed
twice with ice-cold phosphate-buffered saline (PBS) and lysed in
Nonidet P40 lysis buffer (50 mM Tris-HCI [pH 7.4], 150 mM
NaCl, 10 mM NaF, 5 mM EDTA. 5 mM EGTA, 2 mM sodium
vanadate, 0.5% sodium deoxycholate, 1 mM diethiothreitol [DTT].
1 mM phenylmethylsulfonyl fluoride [PMSF], 2 mg/ml aprotinin
and 0.1% no diet P-40), and the lysates were cleared by centrifuga-
tion at 15,000 for 15 min at 4°C. Total protein lysate (20 pg) of
each cell line was fractionated on sodium dodecyl sulfate (SDS)-
12.5% polyacryl-amide gels and electrophoretically transferred
onto polyvinylidene difluoride (PVDF) membranes (Immobilin,
Millipore, Bedford, MA). The membranes were blocked in Tris-
buffered saline (TBS) with 5% skim milk before incubating with
the anti-ERRa antibodies diluted (1:500), followed by a horserad-
ish peroxidase-conjugated donkey anti-rabbit immunoglobulin [gG
(Amersham-Pharmacia Biotech, Arlington Heights, IL). Bands
were visualized with the chemiluminescence’s -based ECL plus
detection system (Amersham-Pharmacia Biotech).

Immunohistochemistry

We performed immunohistochemical analysis of ERRa em-
ploying the streptavidin-biotin amplification method using a per-
oxidase catalyzed signal amplification system: CSA system
(DAKO, Carpentaria, CA) following the manufacturer-supplied
protocol. Tissue-sections (6 pm) were deparaffinized, dehydrated
through a graded ethanol series and rinsed in phosphate-buffered
saline (PBS). For antigen retrieval, the sections were autoclaved at

COS7-pcDNA3-ERRa
COS7-pcDNA3

LNCaP
DU145

IB: ERRO e
(52 kD)

IB: f-actin ==

FiGtre 1 — Western blot analysis of the ERRa proteins in
pcDNA3-ERR« and PC cell lines (LNCaP, DU145 and PC-3). Total
cell extracts were subjected to immunoblotting with both the anti-
ERRa and B-actin antibody. Anti-ERRa antibody detected a 52 kD
band in COS7-pcDNA3-ERR« and human PC cell lines (LNCaP.
DU 145 and PC-3).
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120°C for 15 min in citric acid buffer (2 mM citric acid and 9 mM
trisodium citrate dehydrate, pH 6.0). After blocking endogenous
peroxidase with 0.3% H-0-, the sections were incubated in 10%
bovine serum for 10 min. Application of the polyclonal antibody
for ERRa (1:100 dilution) followed by sequential 15-min incuba-
tions with biotinylated link antibody, streptavidin-biotin-peroxi-
dase complex, amplification reagent and streptavidin-peroxidase.
The antigen-antibody complex was visualized with 3.3'-diamino-
benzidine (DAB) solution (I mM DAB, 50 mM Tris-HCI buffer
pH 7.6 and 0.006% H,0,).

As positive controls, sections of human heart tissues (BioChain
Institute, Inc. Hayward, CA) were immunoassayed with the pri-
mary antibodies in the same manner as described above.

In addition to the standard negative controls with rabbit 1gG. we
performed peptide blocking of anti-ERRa antibody using its neu-
tralizing peptide purchased from Affinity Bio Reagents (Golden.
CO) in order to confirm the specificity of the antibody.

Immunohistochemical assessment

Immunostained slides were evaluated for the proportion (0,
none; 1, <1/100; 2. 1/100 to 1/10; 3, 1/10 to 1/3: 4, 1/3 to 2/3: and
5, >2/3) and the intensity (0, none; 1, weak: 2, moderate: and 3,
strong) of positively stained cells.”® The total scores of immunor-
eactivity (0-8) were obtained as the sum of the proportion and the
intensity. For immunohistochemical assessment, two investigators
(T. F. and J. K.) evaluated the tissue sections independently. If IR
score was different between two investigators, third investigator
(S.T.) counted and we adopted the average IR score. To determine
potential correlation between expression of ERRa in the malig-
nant epithelium and clinicopathological characteristics. we consid-
ered the sections with 2 of IR score as positive for ERRa immu-
noreactivity. Since almost all benign foci showed <5 of IR scores
for ERRa. we defined IR score 5 as a cutoff for strong immunor-
eactivity of ERRa.

Statistical analysis

Correlations between the immunoreactivity score (IR score) and
clinicopathological characteristics (age, pretreatment serum PSA
level. pathological stage and the Gleason score) were evaluated
using the r-test or chi-square test. Cancer-specific survival curves
were obtained by the Kaplan-Meier method and verified by the
Log rank (Mantel-Cox) test. We analyzed statistical assessment by
Stat View-] 5.0 software (SAS Institute. Cary, NC), and regarded
p-values < 0.05 as statistically significant.

Results
Western blot analysis

Using the polyclonal anti-ERRa antibody, a 52 kD band, which
corresponded to the molecular weight of ERRa, was detected in
COS7-pcDNA3-ERRa. Positive signals were also observed in all
three PC cell lines (LNCaP, DU145 and PC-3) (Fig. 1).

Immunoreactivity of ERRx in benign and malignant
prostate tissues

Table 1 shows a summary of ERRa immunoreactivities in surgi-
cally obtained human prostate tissues. Strong immunoreactivity of

TABLE 1 - EXPRESSION OF ESTROGEN RELATED RECEPTOR « (ERRa) PROTEIN IN HUMAN PROSTATE (N = 106)

Immunoreactive (IR) score' (%)

0 2 3 4 5 6 7 8 Mean * 5.D.  p-value
Benign (n = 99) 52(52.5) 3(3) 10(10.1) 23(23.2) B(8.1) 343) 0 0 1.8 * 2.1 <0.0001
Malignant (n = 106) _
Low Grade” (n = 63) 23(36.5) 0 8(12.7) 12(19.0) 6(9.5) 10¢15.9) 3(48) 1(1.6) 3.0=2.6 ]().(1194
High Grade? (n = 43) 10(232) 0 24.7) 8(18.6) 5(11.6) B8(18.6) 8(I18.6) 2(4.7) 43 =271

'Tmmunoreactivity (IR) score (0 to 8) was obtained as the sum of the proportion and the intensity of immunoreactivity. Proportion (0, none: 1,
<1/100; 2. 1/100 to 1/10; 3, 1/10to 113: 4, 1/3 to 2/3: and 5. >213), Intensity (0, none: I, weak; 2. moderate; and 3, strong).—"Low Grade: Glea-

son score: 2—7. High Grade: Gleason score; 8—10.
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FiGure 2 — Immunohistochemical stain- g
ing (a. ¢, ¢ and g) for ERRa and neutraliz- 3

ing peptide blocking (b, d, f and h) in
human prostate and myocardium. Strong
staining (IR score: 8) of ERRa was iden-
tified in the nuclei of human myocardium
(a) Immunoreactivity was not detected in
benign  epithelium  (¢). Moderately
increased immunoreactivity of ERRa (IR
score: 6) was observed in low-grade PC
(GS 6) (e). Extensive expression (IR
score: 8) of ERRa was identified in high-
grade cancer (GS 9) (g). Immunostaining
with the ERRa antibody pre-absorbed
with immunizing peptide did not identify
any significant signals in all the samples
examined (b, d, fand h). Original magnifi-
cation; X400, Scale bar = 50 pm.

High-grade PC

ERRa was identified in the nuclei of human myocardium (Fig. 2a).
Although ERRa immunoreactivity was focally detected in benign
epithelium in some cases. the strong immunoreactivity (IR score: 5
or more) was rarely observed (Table I and Fig. 2¢). No significant
immunoreactivity was identified in stromal cells. In contrast, in-
creased ERRa immunoreactivity was observed in low-grade PC
(Fig. 2e). Extensive ERRa expression was often identified in high-
grade cancer (Table I and Fig. 2g). Immunostaining with the ERRa
antibody pre-absorbed with immunizing peptide did not identify
any significant signals in all the samples examined (Figs. 2b,2d.2f
and 2h). ERRa immunoreactivities were positive in 47 of 99 cases
(47.5%) in benign epithelium and in 73 of 106 cancer cases (69%).
The cancerous lesions showed significantly higher ERRe IR scores
(3.5 = 2.6) than 1.8 = 2.1 of the benign foci (p < 0.0001). Higher-

Anti-ERRa antibody
+neutralizing peptide

R

GS (8-10) cancers showed significantly higher IR score (4.3 =+
2.7), compared with the lower-GS (2-7) tumors (3.0 = 2.6) (p =
0.0194)(Table I).

Clinical significance of ERRx expression in human PC

Since most of benign foci showed <5 of IR scores for ERRa.
we defined IR score 5 as a cutoff for strong immunoreactivity of
ERRa. Table II shows correlation of ERRa expression and clini-
copathological characteristics. Cases with high serum PSA level
showed a trend of strong expression of ERRa, although it did not
reach statistical significance (p = 0.07). GS correlated with the
status of ERRa expression. ERRa expression in higher-GS cancer
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(8-10) was significantly higher than that in lower GS (2-7) cancer
(p = 0.0135).

Figure 3 demonstrates a cancer-specific survival curve prepared
by the Kaplan-Meier method. Eleven (10%) cases died of PC dur-
ing the follow-up period. Cancer-specific survival of patients with
higher ERRa expression (IR score >5) was significantly worse
than cases with lower expression (IR score < 5) (p = 0.0055). Ta-
ble I indicates the results of univariate and multivariate propor-
tional analyses of cancer-specific survival with status of ERRa
expression and clinicopathological parameters. ERRa expression,
GS and pathological stages were significant prognostic predictors
in univariable analysis (p = 0.0141, 0.0123 and 0.0352, respec-
tively). Multivariate analysis showed that ERRa expression and
GS are independent predictors (p = 0.0367 and 0.0264, respec-
tively) among 4 parameters.

TABLE II - RELATIONSHIP OF ERRa EXPRESSION WITH
CLINICOPATHOLOGICAL FINDINGS IN HUMAN
PROSTATIC CANCER (N = 106)

ERRa immunoreactivity'

p-value
Weak (n = 62) Strong (n = 44)

Age 66.1 + 5.8 674 £6.0 0.28
Semm PSA (ng/d) 13.6 £13.0 20.5 £25.0 0.07
Gleason score

2-7 43 (69.4) 20 (30.6) 0.0135

8-10 19 (44.2) 24 (55.8)
Pathological Stage

B,C 56 (60.9) 36 (39.1) 0.2

Dl 6(42.9) 8 (57.1)

lImmunoreactivity (IR) score (0-8) was obtained as the sum of the
proportion and the intensity of immunoreactivity. Proportion (0, none;
1, <1/100; 2, 1/100 to 1/10; 3, 1/10 to 1/3; 4, 1/3 to 2/3; and 5, >2/3),
Intensity (0, none; 1, weak; 2, moderate; and 3, strong).IR score 0—4
and 5-8 were defined as weak and strong immunoreactivity, respec-
tively.

Lower expression of ERRa (n=62)

100
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©
g 80
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= 60
8 Higher expression of ERRa (n=44)
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FiGure 3 — Cancer-specific survival in 106 patients with PC
according to the immunoreactivity of ERRa. Cancer-specific survival
of patients with higher ERRa expression (IR score > 5) was signifi-

cantly worse than that of lower expression (IR score < 5) cases (p =
0.0055).
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Discussion

Androgen deprivation and estrogen therapy have been the
standard treatment for PC.>*>?% The growth-inhibitory effects of
endocrine therapies are associated with the status of steroid recep-
tors, such as the androgen receptor (AR) and estrogen receptor
(ER).>>?% The emergence of techniques to clone the orphan nu-
clear receptors in the 1980s prompted to 1nvest|gate physiological
funcuons of the orphan nuclear receptors in the targeted
organs.'>'* Among the orphan nuclear receptors, ERRa, B and v,
the three closely related members of the ERR family, all have
functional links with the activities of the ERs. Two findings sug-
gest that ERRa modulates the actions of the ERs. Firstly, ERRa
shares a significant homology to ERa at the DNA- bmdm%domam
(DBD). Secondly, ERRa recognizes the ERE. 1421.22.27.28 Tpe
ERRa gene is located on the long arm of chromosome 11. »
Human ERRa was isolated from kidney and heart cDNA libraries
by screening with an ERa-DBD cDNA probe ERRa mRNA
was highly expressed in the heart and skeletal muscle and to a
lesser degree in the kidney, pancreas, small intestine and colon.?®
Several investigations have implicated ERRa in the developmcnt
in human breast cancer and colorectal cancer.' ° Further,
ERRa mRNA has recently been detected in PC cell lines and
human prostate tissues.”* The present study is the first to reveal
that ERRa expression is significantly higher in higher-GS cancer
than in lower-GS cancer. These findings suggest that ERRa is
involved in the normal and neoplastic growth of human prostate
tissue.

Elevated ERRa expression has been identified as a poor prog-
nostic factor in human breast cancer,'*° and has been reported to
be correlated wnh higher histological grade and TNM stage of col-
orectal cancer.’® However, there are conflicting data as to the
ERRa expression in human prostate tissues. We found increased
ERRa expression in PC, compared with that in benign epithelium.
The previous study summarized the data and concluded that ERR
proteins were detected as nuclear proteins in epithelial cells,
whereas their expression became reduced in neoplastic prostate
cells.?? However, close interpretation of the results may suggest
that these findings are more prominent in ERRB expression,
whereas ERR« rather expressed variably in PC on both the cell
lines and human tissues. A figure of immunohistochemical analy-
sis in the previous study demonstrated heterogeneous stain of
ERRa in a low Gleason grade cancer, as the legend indicated. 2
Although the previous study did not identify number of cases
examined with immunohistochemistry, we believed that our
results obtained from 106 surgically resected prostate samples
clearly demonstrate ERRa expression status in human prostate tis-
sues and its potential significance in the cancer development. Of
course, further investigations are warranted, and may let us gain
better understanding on this interesting matter.

The present study suggests that ERRa participates in the regu-
lation of PC besides ERs (a, 8 and Bcx). How do these receptors
correlate with the development of PC? We make two possible
hypotheses. One is a functional cross-talk between ERRa and
ERs in endocrine cancers in which ER exists. The binding of
ERRa to several functional EREs has prompted speculation that
ERRa can modify the ER function by either forming ER-ERRa
heterodimer, by competing with ER for binding to ERE, or ste-

TABLE IIT - UNIVARIATE AND INULTIVARIATE PROPORTIONAL HAZARD ANALYSES OF CANCER-SPECIFIC
SURVIVAL (N = 106)

. Univariate Multivariate
Variable
Hazard ratio 95% index p-value  Hazard ratio  95% index p-value
PSA (>10 vs. <10) 0.79 0.23-2.8 0.73 047 0.13-1.76 0.26
Gleason score (High vs. Low)" 2.63 1.77-108.4 0.0123 113 1.33-95.7 0.0264
Pathological stage (D1 vs. B, C) 3.77 1.01-129 0.0352 137  0.36-5.26 0.64
ERRa (Strong vs Weak) 6.84 1.47-31.8 0.0141 5.24 1.11-25.7 0.0367

'High Gleason score: 810, low: 2-7.-IR score 0—4 and 5-8 were defined as weak and strong immu-

noreactivity, respectively.
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roid receptor co-activators (SRCs).'>™'* Far-Western analysis'®
and glutathione S-transferase pull-down assays have demon-
strated direct interactions between ERa and ERRa.®! Another hy-
pothesis is that these ERs and ERRa receptors act mdependent}y
ERa and ERRa separately modulate pS2 expression in human
breast cancer.”’® As we previously assessed the expression of ERs
(a/ B/ Bex) in fifty patients with PC and showed their clinical sig-
nificance,” we estimated the correlation of ERRa with ERs (af B/
Bcx) in overlapping fifty cases. Subsequenlly, no significant cor-
relations among them were identified (R% 0.004 for ERa vs.
ERRa, R% 0.006 for ERB vs. ERRa and R?.0.241 for ERch vs.
ERRa). Interestingly, similar findings were reported in breast
cancer,%and it was suggested that ERRa might modulate the ac-
tivity of estrogen responsive genes, independently of ERs. There-
fore, estrogen-signaling pathway via ERs (a, B and Bcx), and
ERRa is so complicated that we can not reach a conclusion on
the basis of current findings.

Although several investigations proved that ERRa activate a va-
riety of estrogen target genes such as pSZ aromatase and osteo on-
tin (OPN) and play 1mportant roles in some target organs the
mechanism of ERRa in PC development remains unclear at this
time. For example, ERR«a regulates the expression of pS2, which
increase breast cancer growth.'” ERRa also activates aromatase
in breast, HepG2 and bone cells." Aromatase, which converts
androgens to estrogens, stimulates the growth of breast cancer. 2
Recent studies focus on_ the surveillance about anti-aromatase
effects on breast cancer.”> Aromatase is also well known to have
an important role in endocrine metabolism at the prostate. Interest-
ingly aromatase was expressed and active in LNCaP, PC-3 and
DU145 cells, whereas bemgn prostate epithelial cells showed no
expression or activity 3* It is not demystified how over expression
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of aromatase in PC correlate with PC development similar to that
in breast cancer’> because estrogens are generally considered to
have protective effects on PC progressions. The local synthesis of
estrogens via aromatase enzyme might contribute to the estrogen-
signaling pathway through ERs in PC. In addition, OPN partici-
pates in prostate biology. For instance, elevated OPN expression is
found in PC both the cell lines and human tissues.”™ Increased
expression of OPN i is assoc1ated with Gleason score and poor can-
cer-specific survival,* These findings suggest that further investi-
gations are needed to verify whether the ERRa-mediated effects
on PC correlate with the activation of estrogen responsive genes.

Selective estrogen receptor modulators (SERMs) are synthetic
estrogen ligands that can exhibit elther estlogemc or anti-estro-
genic effects depending on tissue types > SERM s such as tamoxi-
fene (TAM), 4- Hydroxytam0x1fen (4-OHT) and raloxifene can
induce a 9 tosis in PC cell lines such as PC-3, DU145 and
LNCaP? Toremifene treatment significantly reduces the inci-
dence of PC in the transgenic adenocarcinoma of mouse prostate
(TRAMP) mice.*® Toremifene also reduces the incidence of PC in
high-grade intraepithelial neoplasia (PIN) patlems.‘“ It may be
that the anti-proliferate effects of SERMs on PC are mediated via
ERs due to their positive expression in the prostate. Diethylstilbes-
trol (DES), an agent widely used for the treatment of advanced
PC, represses the molecular activities of ERRa such as reporter
gene trans activation and interaction with co-activator frag-
ments.*> Thus, the SERMs mlght inhibit PC by modulating the
estrogen-signaling pathway via ERRs besides the ERs. The prog-
nostic value of enhanced ERRa expression as an independent pre-
dictor of PC suggests that an ERRa antagonist capable of specifi-
cally blocking ERRa activity may prove useful as a therapeutic
agent against PC.
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Abstract

Estrogen-related receptor o (ERRa) is an orphan nuclear receptor that regulates cellular energy metabolism by modulating gene
expression involved in fatty acid oxidation and mitochondrial biogenesis in brown adipose tissue. However, the physiological role of
ERRa in adipogenesis and white adipose tissue development has not been well studied. Here, we show that ERRa and ERRa-related
transcriptional coactivators, peroxisome proliferator-activated receptor y (PPARY) coactivator-la (PGC-1a) and PGC-1B, can be up-
regulated in 3T3-L1 preadipocytes at mRNA levels under the adipogenic differentiation condition including the inducer of cAMP, glu-
cocorticoid, and insulin. Gene knockdown by ER Ra-specific siRNA results in mRNA down-regulation of fatty acid binding protein 4,
PPARY, and PGC-1a in 3T3-L1 cells in the adipogenesis medium. ERRa and PGC-1§ mRNA expression can be also up-regulated in
another preadipocyte lineage DFAT-DI cells and a pluripotent mesenchymal cell line C3H10T1/2 under the differentiation condition.
Furthermore, stable expression of ERRa in 3T3-L1 cells up-regulates adipogenic marker genes and promotes triglyceride accumulation
during 3T3-L1 differentiation. These results suggest that ERRa may play a critical role in adipocyte differentiation by modulating the

expression of various adipogenesis-related genes.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Estrogen-related receptor o (ERRa); Preadipocytes; 3T3-L1; Pluripotent mesenchymal cells; Adipocyte differentiation

Obesity is a significant risk factor for various metabolic
diseases [1], as it has been recently shown that the hyperpla-
sic adipose tissue itself alters systemic homeostasis [2]. The
study for the mechanism of adipogenesis is important to
understand the pathophysiology of obesity.

Estrogen-related receptors (ERRs) are orphan nuclear
receptors that may regulate transcription of metabolic
genes [3.4]. Among them, ERRa and ERRY are particu-
larly expressed in mitochondria-rich tissues [5,6], and
ERRa stimulates gene expression associated with mito-
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chondrial biogenesis and energy production [6]. ERRa-
deficient mice show the reduction of fat mass and the resis-
tance to high-fat diet-induced obesity [7], indicating that
ERRua can participate in the development of white adipose
tissue. The ERR coactivator peroxisome proliferator-acti-
vated receptor y (PPARY) coactivator-1a and B (PGC-1a
and PGC-1p) are also considered as key regulators in the
energy production pathways and may play a role in the reg-
ulation of mitochondrial status and functions [8-10].
Besides these previous findings, the contribution of ERRs
to adipogenesis remains to be investigated.

To understand the functional roles of ERRs on adipo-
genesis, we investigated the expression of ERRs and adipo-
genic factors in 3T3-L1 and DFAT-DI preadipocytes and
C3HI10T1/2 pluripotent mesenchymal cells [11,12] under
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the adipogenic condition. We showed that ERRa mRNA
was up-regulated in these cells during adipogenesis. Gene
knockdown of ERRa repressed the induction of adipogen-
esis-related genes in 3T3-L1 cells during differentiation.
Moreover, stable expression of ERRx in 3T3-L1 cells ele-
vates the expression levels of adipogenic marker genes
and promotes triglyceride accumulation during differentia-
tion. The present study suggests that ERR« is one of the
critical regulators in the signal transduction of
adipogenesis.

Materials and methods

Cell culture and adipocyte differentiation. 3T3-L1 and C3H10T1/2 cells
were obtained from American Type Culture Collection (Manassas, VA).
DFAT-DI cells were established from mature adipocytes of adult ddY
mouse [12]. For adipogenic induction, cells (2 days after confluence) were
cultured in the differentiation medium, DMEM containing 10% FBS
together with the mixture of 0.5 mM isobutylmethylxanthine (IBMX,
Sigma), 1 uM dexamethasone (Dex, Sigma) and 10 pg/ml bovine insulin
(Sigma) (MDI mixture). On day 2 after the induction, cells were cultured
in the post-differentiation medium, DMEM containing 10% FBS and
10 pg/ml insulin, and the medium was changed every 2 days (DFAT-DI)
or 3 days (3T3-L1 and C3H10T1/2).

Qil-Red-0 staining. Lipid accumulation was evaluated by staining with
Oil-Red-O for 1 h as described previously [12].

Quantitative RT-PCR (gPCR). qPCR was performed as described
previously [13]. The sequences of PCR primers are described in Table 1.
The experiments were independently repeated at least three times, each
performed in triplicate.

siIRNA transfection. Synthetic small interfering RNA (siRNA)
duplexes against mouse ERRa (ESRRA-NM_007953) and the luciferase
reporter plasmid pGL2 (Luciferase GL2 Duplex) were purchased from
Dharmacon (Lafayette, CO). During adipogenic induction, 3T3-L1 cells
were transfected with 50 nM siRNA using Lipofectamine 2000 (Invitro-
gen) three times at days 0, 2, and 5.

Plasmid consiruction. Human ERRa cDNA (hERRa amino acids 2-
475) was cloned from human brain cDNA (Clontech) by RT-PCR using
the following primers: forward, 5'-CCTGAATTCTCCAGCCAGGTG
GTGGGCATT-3'; reverse, 5-ACTGAATTCTCAGTCCATCATGGC
CTCGA-3'. The PCR product was N-terminally tagged with FLAG and
cloned into blunted EcoRI sites of pCXN2 [14] (pCXN2-FLAG-hERRu).
The construction of the plasmid was confirmed by sequencing.

Generation of stable cell lines and Western blotting. 3T3-L1 cells were
transfected with pCXN2-FLAG-hERRa or empty pCXN2 plasmid and
neo-resistant clones were isolated by G418 (0.8 mg/ml). hERRa mRNA
expression was verified by qPCR using following primers: forward, 5'-
GACTACAAGGACGATGATGACAAG-3; reverse, 5-CTCTGT
CTCCGAGGAACCCTTT-3".

For Western blotting, whole cell lysates were resolved by 10%
denaturing SDS-PAGE and the blotted membrane (Immobilon-P
Transfer Membrane, Millipore) was incubated with anti-FLAG M2
(Sigma).

Results

Up-regulation of ERRx mRNA by adipogenic induction in
3T3-L1 preadipocytes

Mouse 3T3-L1 preadipocytes have been used as a
model for the adipogenesis study. 3T3-L1 cells exhibit
the phenotype of adipocyte differentiation after 4-6 days
of confluent culture treated with the standard adipogenic
cocktail comprised of IBMX, Dex and insulin (MDI
mixture) [15,16]. Using this experimental model, we
investigated the expression of adipogenesis-related genes
by gPCR. Oil-Red-O staining showed that triglyceride
accumulation was initiated at day 2 after adipogenic
induction in 3T3 cells (Fig. 1A). Consistent with the
result of Oil-Red-O staining, mRNA expression of
adipocyte differentiation markers aP2 and PPARYy was
time-dependently elevated in 3T3-L1 cells following adi-
pogenic induction (Fig. 1B and C). In contrast, mRNA
level of uncoupling protein 1 (UCP1), which is abun-
dantly expressed in brown adipose tissue (BAT) and
known to function in adaptive thermogenesis, was tran-
siently up-regulated by ~12-fold at day 2 after the induc-
tion (Fig. 1D). We also investigated the mRNA
expression of nuclear receptor coactivators PGC-1a and
PGC-1pB following adipogenic stimulation. Both genes
were eventually up-regulated at day 8, but the mRNA
elevation of PGC-1PB was observed earlier following the
differentiation condition in comparison to the late induc-
tion of PGC-la (Fig. 1E and F).

Next, we examined the mRNA expression of ERRs in
3T3-L1 preadipocytes in the adipogenesis condition. ERRa
mRNA level was time-dependently up-regulated following
the induction (Fig. 2A). On the contrary, ERR and ERRY
mRNA levels were decreased in first 5 days after the stim-
ulation and returned to their initial levels at day 8 (Fig. 2B
and C). Notably, among the three ERR subtypes, the abso-
lute mRNA amount of ERRa was largest in 3T3-L1 pre-
adipocytes (Table 2).

Table 1
Oligonucleotides used in gPCR
Gene Accession No. Description gqPCR primers (5'-3')

Forward Reverse
aP2 NM_024406 Fatty acid binding protein 4 gegtggaattcgatgaaatea cccgecatctagggttatga
PPARY NM_ 011146 Peroxisome proliferator activated receptor y cccgeecatctagggttatga ttccgaagaaccatccgatt
UCPI NM_009463 Uncoupling protein | cgtaccaagetgtgegatgt aagccacaaaccctttgaaaaag
ERRa NM_007953 Estrogen-related receptor o ggagtacgtectgetgaaaget cacagcctcagecatcttcaatg
ERRB NM_011934 Estrogen-related receptor B cgatatccccgagggagatate ccagttgatgaggaacacaaget
ERRY NM_011935 Estrogen-related receptor y gaccctactgtcecegacagt aactctecggtcagecaagtea
PGC-1a NM_008904 PPARY coactivator-la gegcacgecagecctatteat cacggagagttaaaggaagagceaa
PGC-18 NM_133249 PPARY coactivator-1B catctgggaaaagcaagtacga cctcgaaggttaaggetgatatea
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Fig. 1. Up-regulation of adipogenesis-related genes in 3T3-L1 preadipo-
cytes under the adipogenic condition. (A) Oil-Red-O staining of 3T3-L1
cells. Two days after confluence (day 0), 3T3-L1 cells were treated with or
without a MDI mixture (0.5 mM IBMX, 1 pM dexamethasone and 10 pg/
ml insulin). At day 2 and 5, the medium was exchanged to DMEM/10%
FBS containing 10 pg/ml insulin or vehicle. Oil-Red-O staining was
performed at indicated times. (B-F) Gene expression profiles of fatty acid
binding protein 4 (aP2) (B), PPARy (C), UCPI (D), PGC-1x (E) and
PGC-1p (F) genes in 3T3-L1 cells in response to MDI treatment. mRNA
expression levels of each gene were examined by qPCR and the results
were shown as fold change over the expression level at day 0.

ERRu siRNA represses induction of adipocyte differentiation
markers in adipogenic condition

To assess the role of ERRa on adipocyte differentiation,
we investigated the effect of ERRa knockdown on the
expression of adipogenesis-related genes. 3T3-L1 preadipo-
cytes were transfected with siRNA targeted for ERRa
mRNA (siERRa) in the adipogenic condition and the
expression of several adipogenesis-related genes were eval-
uated by qPCR (Fig. 3). SIERRa reduced ERRa mRNA
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Fig. 2. Gene expression profiles of estrogen-related receptors (ERRs) in
the 3T3-L1 cells under the adipocyte differentiation condition. 3T3-L1
cells were induced to differentiate as described in Fig. |. mRNA expression
levels of ERRa (A), ERRB (B), and ERRy (C) at indicated time points
were examined by qPCR and the results were shown as fold change over
the expression level at day 0.

levels by ~50% in 3T3-L1 cells compared to control siLuc,
the siRNA targeted for the luciferase gene (Fig. 3A). In the
adipogenic condition, siERRa attenuated the time-depen-
dent induction of aP2 by ~50% in days 2-8 of culture com-
pared to siLuc (Fig. 3B). Regarding PPARYy and PGC-la
mRNA, up-regulation itself was not remarkable in days
2-5 after the stimulation with siRNAs, yet siERRa
repressed these mRNA induction by 35-45% at day 8
(Fig. 3C and D). These results showed that ERRa could
be a modulator of the expression of adipogenesis-related
genes.

Alteration of expression profile in DFAT-DI preadipocytes
and C3HI0TI/2 pluripotent cells following adipogenesis

Since we found the alteration of gene expression in 3T3-
L1 preadipocytes following the adipogenic induction, we
next investigated whether the MDI mixture condition
might also modulate gene expression in other preadipo-
cytes or in other differentiation stages. We used mouse
DFAT-D1 preadipocytes and C3HI10T1/2 pluripotent
cells, the former were established from ddY mouse fat
and have the potential to differentiate mature adipocytes
[12] whereas, the latter are pluripotent mouse embryonic
fibroblasts that can differentiate into adipose, muscle, bone,
or cartilage under specific conditions [17,18]. It was shown
that these cell lines could differentiate into adipocytes in
response to the MDI mixture [11,19]. Although not
remarkable compared to 3T3-L1 cells, both DFAT-DI1
and C3H10T1/2 cells exhibited intracellular lipid accumu-
lation to some extent in the culture with the MDI mixture
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Table 2
Gene expression profiles in 3T3-L1, DFAT-DI, and C3H10T1/2 cells under the adipogenic differentiation condition
Cells: 3T3-L1 DFAT-DI C3H10T1/2

Fold induction® Fold induction” Fold induction”
Gene Day 0* Day 2 Day § Day 8 Day 0* Day 2 Day 4 Day 6 Day 8 Day 0¢ Day 2 Day § Day 8
aP2 9.9E-3 50.6 430.0 574.7 2.0E-3 1.5 29 35 1.8 1.3E-3 319 180.2 961.4
PPARy 4.1E-3 1.7 2.7 43 8 8E—4 28 22 1.9 1:5 1.3E-2 22 3.0 3.1
UCPI 34E-2 117 1.2 1.6 44E-6 23 1.6 2.9 1.3 1.0E-5 1.0 0.9 0.1
ERRx 29E-3 1.2 1.8 3.5 4.3E-5 2.6 2.2 3.1 1.6 S.0E-3 1.6 1.8 2.7
ERRB 1.1IE-4 0.5 0.3 1.1 1.1IE-6 22 2.0 2.4 1.5 5.7E-4 1.5 0.9 0.9
ERRY 7.9E-5 0.5 0.3 1.1 2.6E-6 22 2.0 38 1.8 6.2E-5 3.1 1.2 1.6
PGC-1a 8.6E—4 0.6 0.3 32 1.6E-5 0.8 1.4 1.6 0.9 8.2E-5 1.6 0.4 0.7
PGC-1p 1.1E-3 6.1 6.9 11:7 1.3E-5 2.0 5.8 8.5 33 2.1E-4 55 7.1 13.1

 Data represent the mean of mRNA amounts at day 0 normalized to GAPDH level.

® Data represent the relative mRNA level at the indicated times over day 0.
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Fig. 3. Knockdown of ERRa mRNA expression leads to down-regulation
of adipogenic marker genes in 3T3-L1 cells under the adipogenesis
condition. (A) Reduction of ERRa expression by siRNA targeted for
ERRa (siERRa). 3T3-L1 cells were transfected with 50 nM siERRa or
firefly luciferase (siLuc). respectively. After 48 h, total RNA was isolated
and subjected to qPCR, and the results were shown as fold change over
ERRa mRNA level at day 0. (B-D) Repression of adipogenic marker
genes in siERRa-treated 3T3-L1 cells under the adipogenesis condition.
3T3-L1 cells were induced to differentiate as described in Fig. 1. except for
transfection of 50 nM siERRa or siLuc at day 0, 2, and 5. mRNA
expression levels of the aP2 (B), PPARY (C) and PGC-1a (D) at indicated
time points were examined by gPCR and the results were shown as fold
change over the expression level of each gene at day 0.

as assessed by Oil-Red-O staining (data not shown).
Regarding adipogenesis-related genes, both aP2 and
PPARy mRNAs were up-regulated in DFAT-D1 and
C3HI10T1/2 cells under the adipogenic condition (Table
2). Especially, the fold induction of aP2 mRNA in
C3H10T1/2 cells was higher than that in 3T3-L1 cells. Sim-
ilar to 3T3-L1 cells, ERRa and PGC-1p mRNAs were also
up-regulated in both cells following the adipogenic induc-

tion. The induction of PGC-1a was not remarkable in these
cells compared to 3T3-L1 cells following the MDI stimula-
tion, yet a slight elevation of PGC-1a mRNA was observed
during the experimental period in both cells. Interestingly,
ERRp and ERRy mRNA levels were moderately elevated
in DFAT-D1 and C3H10T1/2 cells but not in 3T3-L1 cells.
Cumulatively, the expression of the ERR family and its
related coactivators PGC-1a and PGC-1 may be closely
associated with the adipogenic signals in the process of adi-
pocyte differentiation.

Stable expression of ERRa up-regulates adipogenic marker
genes and increases triglyceride accumulation during 3T3-L1
differentiation

To further characterize the function of ERR« in adipo-
cyte differentiation, we generated 3T3-L1 clones stably
expressing FLAG-hERRa (3T3-L1-hERRua) or empty vec-
tor (3T3-L1-vector). Exogenous expression of hERRa pro-
tein was confirmed by Western blotting using anti-FLAG
in 3T3-L1-hERRa clones El and E10, but not in 3T3-
L1-vector clones C2 and C3 (Fig. 4A). mRNA expression
of hERRo was also validated by qPCR using specific prim-
ers for FLAG-hERRua (Fig. 4B).

Using these 3T3-L1 clones, the alteration of adipogen-
esis-related gene expression was investigated by qPCR
during MDI-induced differentiation as performed in
Fig. 1. In general, aP2, PPARy, and PGC-la mRNA
expression was time-dependently increased in 3T3-Ll1-
hERRa cells during differentiation (Fig. 4B-D). In par-
ticular, El clones exhibited a ~8-fold and ~6-fold
increase in both aP2 and PPARy mRNA levels at day
8, respectively, compared with 3T3-Ll-vector C3 cells
(Fig. 4B). In regard to PGC-la, the mRNA levels in
E10 cells were also markedly increased compared with
3T3-L1-vector cells (~7-fold or ~15-fold elevation versus
3T3-Ll-vector C2 or C3 cells at day 8, respectively)
(Fig. 4C). Furthermore, Oil-O-Red staining revealed that
the levels of triglyceride accumulation in 3T3-L1-hERRa
cells were increased compared with 3T3-L1-vector cells
during differentiation (Fig. 4D).
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Fig. 4. Stable expression of ERRa up-regulates adipogenic marker genes
and increases triglyceride accumulation during 3T3-L1 differentiation. (A)
Generation of 3T3-L1 cells stably expressing FLAG-hERRa (3T3-L1-
hERRua). Top panel, Expression of exogenous human ERRa protein in
3T3-L1 clones analyzed by immunoblotting using anti-FLAG (M2). C2,
C3, clones expressing empty vector (3T3-Ll-vector); El, E10, 3T3-L1-
hERRa. Bottom panel, Expression of exogenous human ERRa mRNA
validated by gPCR. (B-D) Stable expression of ERRax up-regulates
adipogenic marker genes during 3T3-L1 differentiation. 3T3-L1 clones
were maintained in the differentiation medium as described in Fig. 1.
mRNA levels of the aP2 (B), PPARY (C), and PGC-12(D) in each clone at
indicated times were examined by qPCR and the results were shown as
fold change over the expression level in each clone at day 0. (E) Oil-Red-O
staining of 3T3-L1 clones.

Taken together, gain- and loss-of-function study for
ERRa reveals that this nuclear receptor positively regulates
the expression of adipogenesis-related genes as well as its
coactivator PGC-1la, and functions as a promoting factor
for 3T3-L1 differentiation.

Discussion

In the present study, we showed that ERRa mRNA
expression was up-regulated in response to the adipo-
genic induction including IBMX, Dex, and insulin in
3T3-L1 and DFAT-D1 as well as C3HIOT1/2 cells.
Under this differentiation condition, PGC-la and PGC-
1P expression was also increased in parallel with ERRa
in those cells. ERRa knockdown by the specific siRNA
repressed the adipogenesis-related induction of aP2,
PPARy, and PGC-la in 3T3-L1 cells. Furthermore,
stable expression of ERRa in 3T3-L1 cells significantly
up-regulated adipogenesis-related genes and increased
triglyceride accumulation during differentiation. These
results provide the first evidence that ERRa positively
regulates the expression of adipogenesis-related genes
during adipocyte differentiation.

ERRa is predominantly expressed in mitochondria-rich
tissues such as brown adipose tissue and cardiac myocytes
and to play a critical role in the regulation of gene expres-
sion involved in mitochondria biogenesis, oxidative phos-
phorylation, and p-oxidation of fatty acids [20-22]
ERRu itself is not a constitutively active receptor and no
small lipophilic ligand has been identified for the receptor.
Instead, PGC-1a and PGC-1B have been identified as
potential protein ligands for ERR family [8.9]. PGC-la
has been originally identified as an interacting factor for
PPARy (23] and can potentially activate many nuclear
receptors. Mice lacking either PGC-la or ERRa exhibit
phenotypes with being lean and resistant to high fat diet-
induced obesity [7,24], suggesting that PGC-1a and ERRa
function in the same signal pathway. It is also confirmed
that PGC-1a0 mRNA expression in brown fat of ERR«
knockout mice is almost half of the expression in wild-type
mice [25].

PGC-1f is considered as a more ERR-specific coactiva-
tor and protein ligand that may regulate the ERR-medi-
ated transcription [9,26.27]. PGC-1B plays a critical role
particularly in energy production in brown fat. PGC-1p
transgenic mice are lean, of elevated energy expenditure,
and resistant to high fat diet-induced obesity [9]. Although
the precise function of PGC-1f in adipogenesis remains to
be studied, our results suggest that PGC-1B may also be
involved in adipogenesis.

Recently, ERRa has been also shown to regulate the
transcription of the nuclear receptor corepressor RIP140/
NRIPI that mediates an inhibitory feedback mechanism
to control the adipogenesis-related gene expression during
differentiation [28,29]. Thus, ERRa may function as a
key regulator in both stimulatory and inhibitory mecha-
nisms for adipogenesis.

ERRP and ERRY expression was induced in DFAT-D1
and C3H10T1/2 cells but not in 3T3-L1 cells in the present
study. The difference of gene expression may be related to
each cell-specific character that represents distinct stages of
adipogenesis. Further study will reveal the roles of these
receptors during adipogenesis.



