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High-throughput techniques have identified numerous anti-

sense (AS) transcripts and long non-coding RNAs (ncRNAs).

However, their significance in cancer biology remains lar-

gely unknown. Here, we report an androgen-responsive long

ncRNA, CTBP1-AS, located in the AS region of C-terminal

binding protein 1 (CTBP1), which is a corepressor for

androgen receptor. CTBP1-AS is predominantly localized in

the nucleus and its expression is generally upregulated

in prostate cancer. CTBP1-AS promotes both hormone-

dependent and castration-resistant tumour growth.

Mechanistically, CTBP1-AS directly represses CTBP1 expres-

sion by recruiting the RNA-binding transcriptional repressor

PSF together with histone deacetylases. CTBP1-AS also ex-

hibits global androgen-dependent functions by inhibiting

tumour-suppressor genes via the PSF-dependent mechanism

thus promoting cell cycle progression. Our findings provide

new insights into the functions of ncRNAs that directly

contribute to prostate cancer progression.
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Introduction

Emerging evidence has shown that long noncoding RNAs

(ncRNAs) are widely transcribed across the entire genome

(FANTOM Consortium, 2005; Guttman et al, 2009; Kurokawa

et al, 2009). Interestingly, antisense (AS) transcripts link

adjacent genes in complex loci into chains of linked

transcriptional units (Yelin et al, 2003; Katayama et al,

2005; Yu et al, 2008). AS ncRNAs are expected to modulate

transcription of the human genome in a similar fashion, but

how they are regulated and what biological significance

ncRNAs may have remain controversial. The actions of

androgen and its cognate nuclear receptor, the androgen

receptor (AR), are essential for the development and

proliferation of prostate cancer and its subsequent

progression to castration-resistant prostate cancer (CRPC)

(Chen et al, 2004; Debes and Tindall, 2004; Wang et al,

2009). We employed a combination of AR transcriptional

network analysis using cap analysis gene expression

(CAGE), mapping of transcriptional start sites (TSSs)

regulated by androgen, and chromatin immunoprecipitation

with subsequent analysis by whole-genome tiling array using

an anti-AR specific antibody (ChIP-chip) to demonstrate that

AR-regulated transcripts of unknown function are transcribed

from intergenic or AS regions of genes in prostate cancer

(Takayama et al, 2007, 2009, 2011). These results indicated

that androgen-regulated transcripts may include diverse

ncRNAs of unknown function. Moreover, a recent

comprehensive analysis of transcripts expressed in prostate

cancer tissue samples by RNA sequence discovered that long

ncRNAs are dysregulated during prostate cancer development

(Prensner et al, 2011).

Here we report a novel function of androgen-responsive

ncRNA (designated as CTBP1-AS) located in the AS region of

the CTBP1 gene, a transcriptional coregulator. Functional

analyses revealed a novel sense–antisense mechanism for

CTBP1 repression by CTBP1-AS. We also found that CTBP1-

AS promoted AR transcriptional activity and cell cycle for

prostate cancer. Moreover, CTBP1-AS promotes both hor-

mone-dependent and castration-resistant tumour growth.

We assume that the present findings will reveal the new

pathophysiological relevance of ncRNAs that directly contri-

butes to the prostate cancer.

Results

Regulation of a functional AS ncRNA CTBP1-AS by

androgen

To analyse the roles of AS transcripts in prostate cancer

proliferation and progression, we searched for androgen-

regulated tag clusters (TCs) situated in the AS regions of

the AR-binding RefSeq genes identified by our previous CAGE

analysis (Takayama et al, 2011). We identified pairs of sense–

antisense-regulated TCs with AR-binding sites (ARBSs)

(Figure 1A). Interestingly, we found CTBP1 among the
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androgen-regulated genes potentially governed by AS TCs.

CTBP1 has been reported to function as a corepressor in the

nucleus (Shi et al, 2003; Chinnadurai, 2007, 2009) and to be

involved in tumour invasion (Bergman et al, 2009). We

identified androgen-repressed TCs at the TSS of CTBP1

(Figure 1B). In contrast, an ARBS combined with histone

H3 acetylation chromatin status was detected at the 30-

untranslated region (UTR) (Figure 1B). This CTBP1–ARBS

genomic region including androgen response element (ARE)

sequences showed strong ligand-dependent transcriptional

activity (Figure 1C–E). We found that another TC highly

upregulated by androgen was detected just downstream of

ARBS on the AS strand. By GenBank searching, we found that

this TC was located in the exon of AX747592, suggesting that

a transcriptional variant of this transcript started from the TC.

We confirmed upregulation of CTBP1-AS together with down-

regulation of CTBP1 by androgen (Figure 1F and G).

Although, 30 RACE (rapid amplification of cDNA ends) PCR

analysis revealed that this AS transcript has multiple tran-

scriptional termination sites (Figure 1H), our northern blot

analysis revealed that anB5-kb transcript is the predominant

isoform in LNCaP cells (Figure 1I). In addition, reciprocal

regulation of CTBP1 and CTBP1-AS was confirmed in AR-

positive VCaP prostate cancer cells (Figure 1I and J). We also

found enhanced expression of CTBP1-AS in the nucleus

relative to the cytoplasm (Figure 1K and L). Moreover, RNA

fluorescence in situ hybridization (FISH) analysis revealed

that CTBP1-AS is expressed diffusely throughout the nucleus

induced by R1881 treatment (Figure 1M). We investigated the

biological significance of CTBP1-AS in prostate cancer cells by

short interference RNA (siRNA) targeting CTBP1-AS

(Figure 1N). We confirmed that the androgen-dependent

decrease in CTBP1 protein levels is abolished by siCTBP1-

AS (Figure 1O). In contrast, CTBP1 repression and CTBP1-AS

induction were not observed in AR-negative DU145 cells

(Supplementary Figure S1). Taken together, these results

indicate that CTBP1-AS is an AS long ncRNA regulated by

AR in the nucleus repressing the sense CTBP1.

CTBP1-AS is upregulated in prostate cancer

To investigate whether sense–antisense transcriptional

regulation by CTBP1-AS might be associated with the biology

of prostate cancer, we performed laser capture microdis-

section (LCM) and quantitative reverse transcriptase–PCR

(qRT–PCR) analysis to compare the expression levels of

both CTBP1 and CTBP1-AS in benign and cancerous regions.

We observed the upregulation of CTBP1-AS and downregula-

tion of CTBP1 in cancer (Figure 2A and B). Next, we further

performed an immunohistochemical analysis of CTBP1 ex-

pression in prostate cancer clinical specimens (Figure 2C and

Supplementary Figure S2A–D). CTBP1 expression was down-

regulated in cancer samples, particularly in metastatic

cancer samples, compared with benign prostate samples

(Figure 2D). Kaplan–Meier analysis showed poor cancer-

specific survival and PSA-free survival in patients with

lower CTBP1 expression compared with those with higher

CTBP1 expression (Figure 2E and Supplementary Figure

S2D). In addition, multivariate analysis demonstrated that

CTBP1 downregulation was an independent prognostic factor

(Supplementary Tables III and IV). Importantly, CTBP1-AS

was upregulated in cancer and metastatic cancer samples

compared with normal prostate tissues in the available

microarray data (Rhodes et al, 2004; Varambally et al,

2005) (Figure 2F). We further analysed CTBP1-AS expression

in our prostate cancer samples by performing an in situ

hybridization (ISH) study of clinical samples. We did not

detect CTBP1-AS expression in benign prostate tissues.

However, CTBP1-AS expression was upregulated in the

cancer samples (Figure 2G and H), demonstrating inverse

correlation between CTBP1-AS and CTBP1 expression

(Figure 2I). This correlation was also validated by qRT–PCR

analysis (Figure 2J). Interestingly, CTBP1-AS expression

increased with disease progression to metastasis. In the

analysis of clinicopathological parameters, we found

CTBP1-AS expression is significantly correlated with high

Gleason scores and AR high expression status

(Supplementary Table V). These data indicate the involve-

ment of CTBP1-AS in tumour development and the direct

regulation by AR. CTBP1 protein expressions were shown to

be concordant with RNA expression detected by CTBP1 ISH

analysis (Supplementary Figure S2E), suggesting that CTBP1

is regulated at the mRNA level. Taken together, these results

from clinical studies suggest that the sense–antisense

transcriptional regulation by androgen is important for pros-

tate cancer.

CTBP1 functions as a novel AR corepressor for inhibiting

cell growth

To investigate the significance of the CTBP1-AS-mediated

repression of CTBP1, we examined the function of CTBP1

as a corepressor of AR in prostate cancer cells.

Coimmunoprecipitation assays demonstrated ligand-depen-

dent interaction of both exogenous and endogenous CTBP1

with AR (Figure 3A and Supplementary Figure S3A and B).

ChIP analysis showed that treatment with 10 nM R1881 for 1 h

induced ligand-dependent recruitment of CTBP1 to ARBS for

Figure 1 Identification of a functional AR-regulated AS noncoding RNA in the CTBP1 locus. (A) CAGE TCs significantly regulated by androgen
were extracted (Takayama et al, 2011). Among 125 Refseq genes with androgen-regulated AS TCs, 39 genes also had androgen-regulated TCs in
the sense direction. Of these sense-AS pairs, 11 included the genes adjacent to ChIP-chip-determined ARBSs (Takayama et al, 2011). The heat
map represents CAGE tag counts. (B) Mapping of ChIP-chip and CAGE data in the CTBP1 locus. (C) Chromatin immunoprecipitation (ChIP)
analysis of AR. LNCaP or VCaP cells were treated with 1 nM R1881 or vehicle. Cell lysates were immunoprecipitated with rabbit IgG or anti-AR
antibody. Bar: s.d. (D, E) CTBP1 ARBS mediates transcriptional activity. A 2-kb fragment that included the CTBP1 ARBS was cloned into the
pGL3 luciferase vector (D). Two noncanonical AREs were mutated in the Mut #1 and Mut #2 vectors. A luciferase assay was performed in
LNCaP cells with the indicated treatments for 24 h (E). Bar: s.d. (F) Reciprocal CTBP1 and CTBP1-AS expression at the indicated time points
after androgen treatment (n¼ 3). (G) Protein level regulation of CTBP1 in LNCaP cells treated with R1881 or vehicle. (H) Schematic view of the
CTBP1-AS transcripts obtained by our RACE PCR analysis. The location of the RNA probe is indicated. (I) Northern blot analysis of CTBP1-AS or
b-actin by using total RNA from cells treated with androgen. (J) qRT–PCR analysis for transcriptional regulation of CTBP1 in VCaP cells after
androgen treatment. Bar: s.d. (K, L) Total RNAs from nuclear and cytoplasmic cell fractions were used for qRT–PCR (n¼ 2) (K) and northern
blot (L) analysis. TMPRSS2 is an androgen-induced protein-coding gene used as a positive control. (M) RNA FISH of CTBP1-AS in LNCaP cells.
Bar¼ 10mm. (N) siRNA-mediated knockdown of CTBP1-AS (N¼ 3). (O) siCTBP1-AS-dependent changes in androgen-stimulated expression of
CTBP1 protein in LNCaP cells. Source data for this figure is available on the online supplementary information page.
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at least four ARBSs assayed (Figure 3B). Re-ChIP analysis

(Supplementary Figure S3C) showed colocalization of AR and

CTBP1 at ARBSs; this colocalization decreased over time due

to decreased expression of CTBP1. Next, we investigated the

relationship between CTBP1 association and AR trans-

criptional activity. The expression levels of androgen-
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responsive genes adjacent to ARBSs are upregulated

gradually in a time-dependent manner following R1881 or

dihydrotestosterone (DHT) treatment, increasing to maximum

at 24 or 48 h (Wang et al, 2005; Takayama et al, 2011). We

investigated whether recruitment of CTBP1 at early time

points represses induction of androgen-regulated genes by

Figure 2 CTBP1-AS is upregulated in prostate cancer and negatively correlated with CTBP1. (A, B) qRT–PCR analysis of CTBP1-AS (A) and
CTBP1 (B) expression levels in prostate cancer and benign epithelial tissues (n¼ 16). We performed LCM to purify total RNA from each tissue.
Paired t-test was performed to obtain P-values. (C) Representative view of CTBP1 expression in prostate tissue or prostate cancer specimens.
Bar¼ 100 mm. (D) Decreased CTBP1 expression in prostate cancer. CTBP1 labelling index (LI) is quantified as the immunoreactivity score.
Benign, benign prostate epithelium (n¼ 95); Meta, prostate carcinoma in the metastatic site (n¼ 7); PCa, prostate carcinoma in the primary
lesion (n¼ 105). (E) Kaplan–Meier analysis using the log-rank test. (F) Expression level of CTBP1-AS in prostate cancer. The values of the probe
(1563571_at) in microarray data (GS1439) corresponding to the CTBP1-AS region (AX747592) are shown. *P¼ 0.023, *P¼ 0.015 by the Mann–
Whitney test from normal samples. (G) Representative view of CTBP1-AS in situ hybridization. CTBP1-AS was predominantly detected in the
nucleus of carcinoma cells (arrows). Bar¼ 100 mm. (H) Summary of CTBP1-AS expression in prostate cancer tissues. The rates of positive
expression of CTBP1-AS of patients at each stage of disease progression are shown. (I) Negative correlation between CTBP1-AS expression and
the CTBP1 LI. (J) Negative correlation between CTBP1-AS expression and the CTBP1 repression in cancer. We evaluated the expression
changes between cancer (Ca) and benign (B) regions by qRT–PCR analysis (data in panels A and B). The association between CTBP1-AS
expression and CTBP1-repression was analysed by two-sided t-test.
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Figure 3 CTBP1-AS promotes tumour growth by activating AR signalling. (A) Immunoprecipitation by anti-CTBP1 antibody. LNCaP cells were
treated with 10 nM R1881 or vehicle for 6 h. Lysates were immunoprecipitated by anti-CTBP1 antibody. The arrowhead indicates IgG heavy
chain. (B) ChIP analysis of CTBP1 in ARBSs. Cells were treated with 10 nM R1881 for 1 h. Normalized to IgG-IP control. GAPDH, MB
(myoglobin) locus: negative controls. (C) Western blot analysis of LNCaP cells transfected with siControl or siCTBP1. (D) PSA-LUC assay in
LNCaP cells transfected with siControl or siCTBP1. (E) LNCaP cells transfected with siControl or siCTBP1 (10 or 50 nM) were treated with
10 nM R1881 for 4 h. Fold induction is shown. mRNA levels were measured by qRT–PCR. (F) MTS assay of LNCaP cells transfected with
siCTBP1 (n¼ 4). (G) CTBP1 knockdown accelerates cell proliferation. The numbers of LNCaP cells transfected with siControl or siCTBP1 were
counted 3 days after transfection. (H) Cell proliferation assay of LNCaP cells ransfected with siControl or siCTBP1-AS (n¼ 4). The number of
viable cells is counted and shown. (I) MTS assay of LNCaP cells transfected with siControl or siCTBP1-AS (n¼ 4). *Po0.05. (J, left) Tumour-
growth curves in nude mice inoculated with LNCaP cells transfected with siRNA *Po0.05 (n¼ 7). (J, right) Representative view of LNCaP-
derived tumours in nude mice administered siRNA. (K) CTBP1-AS knockdown in tumours transfected with siCTBP1-AS (n¼ 4). *Po0.05.
(L) CTBP1 protein expression in tumours transfected with siCTBP1-AS. (M) PSA-LUC assay in LNCaP cells transfected with siControl or
siCTBP1-AS (n¼ 3). (N, left) Effect of siCTBP1-AS on androgen-upregulated gene expression (42.0-fold change by R1881 versus vehicle, 198
genes) in LNCaP cells. (N, right) qRT–PCR analysis of androgen-regulated genes. At 2 days before androgen stimulation, siControl or siCTBP1-
AS was transfected to LNCaP cells. LNCaP cells were treated with 10 nM R1881 or vehicle for 24 h. Bar: s.d. Source data for this figure is
available on the online supplementary information page.
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using a siRNA directed against CTBP1 (Figure 3C). Induction

of androgen-dependent target genes and promoter activity

were upregulated by siCTBP1 transfection (Figure 3D and E).

In contrast, addition of exogenous CTBP1 repressed AR

transcriptional activity (Supplementary Figure 3D and E).

Progressive demethylation of histone H3K9 at the ARBS

was observed by siCTBP1 treatment (Supplementary Figure

S3F). Demethylation of H3K9 is the representative histone

modification in ARBSs induced by LSD1 (Metzger et al,

2005). We also observed that CTBP1 interacts with the

histone methyltransferase, G9a, even after androgen

treatment, suggesting that H3K9 methylation by CTBP1 is

probably mediated by G9a (Supplementary Figure S3G) and

presumably opposes LSD1 function (Wang et al, 2007).

CTBP1 interaction with histone deacetylase (HDAC) is weak

and becomes no longer apparent after androgen treatment.

Taken together, our data show that CTBP1 functions

as a AR corepressor by inhibiting androgen-mediated

demethylation. We found that CTBP1 overexpression

reduced cell proliferation with accompanying repression of

androgen-regulated genes (Supplementary Figure S4A–E)

and that knocking down CTBP1 increased LNCaP cell

proliferation (Figure 3F and G). These results demonstrated

the importance of CTBP1 in controlling cancer proliferation.

We also observed these effects of CTBP1 in VCaP cells

(Supplementary Figure S5). However, these tumour-suppres-

sive effects are limited to AR-positive cell lines, suggesting

that CTBP1 modulates prostate cancer cell proliferation

dependent on AR.

CTBP1-AS is associated with prostate cancer castration-

resistant tumour growth and activates AR signals

Next, we examined whether CTBP1-AS is associated with

tumour growth in prostate cancer. Androgen-dependent

LNCaP cell proliferation was inhibited by siCTBP1-AS treat-

ment (Figure 3H and I). In addition, overexpression of the

CTBP1-AS transcript stimulated cell proliferation and im-

parted resistance to growth inhibition by bicalutamide

(Supplementary Figures S6A–D and S7). Moreover, CTBP1-

AS overexpression accelerates cell cycle (Supplementary

Figure S6E). We also examined the potential tumour-promot-

ing effects of CTBP1-AS in vivo. Tumour growth in a xeno-

graph model was reduced after CTBP1-AS knockdown

(Figure 3J and K), leading to increased CTBP1 expression

(Figure 3L).

Based on these findings, we further examined the effects of

CTBP1-AS on AR transcriptional activity. First, androgen-

dependent induction of a PSA-luciferase reporter was inhib-

ited in a dose-dependent manner by addition of siCTBP1-AS

(Figure 3M and Supplementary Figure S8A and B). In addi-

tion, microarray analysis demonstrated that transcriptional

activation of androgen-induced genes was diminished by

siCTBP1-AS (Figure 3N and Supplementary Figure S8C) in

both AR-positive LNCaP and VCaP cells. Furthermore, qRT–

PCR analyses confirmed that transcriptional upregulation of

representative androgen-regulated genes was repressed by

siCTBP1-AS (Figure 3N and Supplementary Figure S9A).

This inhibition of AR signalling is at least partially due to

continuation of CTBP1 binding and inhibition of demethyla-

tion of H3K9 because siCTBP1-AS reversed androgen-

mediated CTBP1 repression (Supplementary Figure S9B–D).

Thus, our results indicate that CTBP1-AS positively regulates

AR signalling.

Moreover, northern blot analysis showed that CTBP1-AS is

overexpressed in long-term androgen deprivation (LTAD)

cells derived from LNCaP, a widely used model of CRPC

derived from LNCaP cells (Culig et al, 1999; Takayama et al,

2012) (Figure 4A). In contrast, CTBP1 protein levels were

decreased in the absence of androgen. Similar results were

also observed in VCaP and VCaP-LTAD (LTAD derived from

VCaP) cells (Figure 4B). In addition, CTBP1-AS knockdown

inhibited LTAD cell proliferation in hormone-depleted condi-

tion in both cell lines (Figure 4C and D). In a xenograph

model, CTBP1-AS overexpression induced tumour growth

after castration (Figure 4E). We further transplanted nude

mice subcutaneously with LTAD cells, castrated the mice

after the tumours formed, and then injected siCTBP1-AS

or siControl into the tumours (Figure 4F–J). Interestingly,

siCTBP1-AS treatment inhibited LTAD tumour growth

after castration (Figure 4F–H) and induced CTBP1

(Figure 4I and J). Thus, our results indicate that CTBP1-AS

promotes tumour growth in castration resistance.

CTBP1-AS orchestrated repression by chromatin

modification at CTBP1 promoter

We next questioned how CTBP1 sense–antisense transcript

pair contributes to the transcriptional regulation of CTBP1.

The canonical AS-mediated post-transcriptional degradation

of sense mRNA was not shown in this CTBP1 pair

(Supplementary Figure S10A and B). Consistent with the

androgen-induced CTBP1 repression in AR-regulated prostate

cancer cells, the androgen-dependent repression of RNA

polymerase II (pol II) recruitment and luciferase activity

was shown for the CTBP1 promoter region (Supplementary

Figure S10C and D). Thus, we assumed whether the andro-

gen-dependent CTBP1 repression is epigenetically mediated

by chromatin modification. ChIP assay revealed that

androgen treatment substantially reduced the chromatin

markers for activation, namely histone H3 acetylation

and H3K4 methylation levels at the CTBP1 promoter,

without altering the levels of repressive markers of H3K9

and H3K27 methylation (Figure 5A and Supplementary

Figure S10E–H).

In terms of the involvement of HDACs in the androgen-

dependent CTBP1 repression mechanism, we next showed

that the prototypic HDAC inhibitor trichostatin-A (TSA)

abolished this androgen-mediated CTBP1 mRNA reduction

(Supplementary Figure S10I). We further demonstrated

that CTBP1-AS overexpression decreased histone acetylation

in the absence of androgen (Supplementary Figure S10J),

suggesting that CTBP1-AS upregulation is responsible for

the androgen-mediated repressive histone modification.

The critical role of CTBP1-AS in androgen-dependent

regulation of CTBP1 was also confirmed by the knockdown

study, as the addition of siCTBP1-AS inhibited the androgen-

mediated histone H3 deacetylation of the CTBP1 promoter

(Figure 5B).

To assess the mechanism of H3 deacetylation, we first

verified the ligand-dependent recruitment of HDAC and a

HDAC-associated corepressor Sin3A to the promoter region of

CTBP1 by ChIP analysis (Figure 5C). We used the UGT2B15

promoter as a positive control for HDAC recruitment because

the involvement of direct AR binding has been reported for
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Figure 4 CTBP1-AS is associated with castration-resistant tumour growth. (A) Expression levels of CTBP1-AS RNA by northern blot analysis
(left), AR and CTBP1 protein by western blot analysis (right) in LNCaP and LTAD cells. (B) Expression levels of CTBP1-AS RNA by northern blot
analysis (left), AR and CTBP1 protein by western blot analysis (right) in VCaP and VCaP-LTAD cells. (C) Proliferation of LTAD cells transfected
with siRNA (n¼ 4). (D) CTBP1-AS is related to castration-resistant cell proliferation. MTS assay of LTAD-VCaP cells (incubated in androgen-
depleted conditions for more than 2 months) and parental VCaP cells. Cells were transfected with siControl, siCTBP1-AS#2, or siCTBP1-AS #3
(10 nM) 72h before androgen treatment (10 nM DHTor vehicle). MTS assay was performed on day 5 after androgen treatment (n¼ 4). (E) Nude
mice inoculated with LNCaP cells stably expressing CTBP1-AS or vector after castration. Tumour growth curves (n¼ 6, 3 for each clone).
*P¼ 0.04 (right). Representative clones are shown. (F) Growth curves of LTAD tumours in nude mice treated with siRNAs after castration
(n¼ 7). *P¼ 0.02, **P¼ 0.01. (G) Representative view of LTAD tumours in nude mice treated with siRNAs after castration. (H) Knockdown of
CTBP1-AS in tumours transfected with siCTBP1-AS (n¼ 4). *Po0.05. (I) CTBP1 protein expression in tumours transfected with siCTBP1-AS.
(J) Representative view of immunohistochemical analysis by anti-CTBP1 specific antibody and HE staining in LTAD tumours. Bar¼ 50mm.
Error bar: s.d. Source data for this figure is available on the online supplementary information page.
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the downregulation of UGT2B15 (Bao et al, 2008). We found

that the recruitment of HDACs to the CTBP1 promoter was

abolished by CTBP1-AS knockdown, while the recruitment of

HDACs to the UGT2B15 promoter was not affected. With

regard to the isoforms of HDACs, we found that HDAC1,

HDAC2, HDAC3, and HDAC8 are all required for the full

repression of CTBP1 (Supplementary Figure S11). To eluci-

date the direct interaction of CTBP1-AS with HDAC complex,

we performed RNA immunoprecipitation (RIP) assay using

a specific antibody against Sin3A, as a HDAC-associated

corepressor. RIP assay demonstrates that the ligand-depen-

dent association of CTBP1-AS with Sin3A was significantly

increased compared with the control sample immunopreci-

pitated with normal IgG (Figure 5D). Taken together, these

results indicate that CTBP1-AS binds to HDAC–Sin3A complex

and orchestrates the HDAC-mediated repression by chroma-

tion modification at the CTBP1 promoter in the AR-dependent

cell system.

Figure 5 PSF-induced CTBP1-AS-associated histone modification regulates CTBP1 expression. (A) ChIP analysis (n¼ 3) using anti-AcH3 was
performed on CTBP1 and CTBP1-AS promoters in LNCaP cells treated with vehicle or R1881 for 24 h. Bar: s.d. (B) ChIP analysis (n¼ 3) using
anti-AcH3 was performed on the CTBP1 promoter after 24 h of vehicle or R1881 treatment in LNCaP cells transfected with siControl or siCTBP1-
AS. Bar: s.d. (C) ChIP analysis (n¼ 3) of Sin3A recruitment to the CTBP1 promoter region. LNCaP cells were treated with R1881 or vehicle for
24 h. Bar: s.d. *Po0.05, **Po0.01, NS, P40.05. (D) RNA immunoprecipitation of Sin3A and detection of associated RNA by qRT–PCR analysis
(n¼ 3). Bar: s.d. (E) Expression levels of PSF, NONO, and Sin3A in LNCaP cells transfected with siControl or respective siRNA (50nM for
siPSF#1 and 10nM for siNONO and siSin3A). (F) CTBP1mRNA level after R1881 or vehicle treatment in LNCaP cells transfected with siControl,
siPSF#1, siNONO, or siSin3A (n¼ 3). Bar: s.d. (G) ChIP analysis using anti-AcH3 was performed on sense CTBP1 and AS CTBP1-AS promoters
after 24 h of vehicle or R1881 treatment in LNCaP cells transfected with siControl or siPSF#1 (n¼ 3). Bar: s.d. (H) ChIP analysis using anti-PSF
was performed on the CTBP1 promoter after vehicle or R1881 stimulation in LNCaP cells transfected with siControl or siCTBP1-AS (n¼ 3). Bar:
s.d. *Po0.05. (I) RNA immunoprecipitation of PSF and NONO, and detection of associated RNA by qRT–PCR analysis (n¼ 3). RNA level was
normalized by GAPDH. MB, myoglobin. Error bars: s.d. (J) RNA pull-down assay. Probes for CTBP1-AS fragment and AS fragment to CTBP1-AS
(AS/CTBP1-AS) were prepared. (K) RNA pull-down after PSF ChIP analysis (n¼ 3). RNase was used for elution to detect RNA-dependent pull-
down. All ChIP assays were normalized to their respective IgG-IP controls. Error bar: s.e.m. Source data for this figure is available on the online
supplementary information page.
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Figure 6 Global function of PSF in androgen-mediated repression of cell cycle regulators. (A, (left) Rescue of androgen-dependent gene
repression in LNCaP cells by siPSF. Microarray analysis was performed in ligand-treated (24 h) LNCaP cells transfected with siRNAs (10 nM).
The heat maps represent fold changes in the expression of androgen-regulated genes. (A, right) Repression of androgen-dependent gene
activation in LNCaP cells by siPSF. (B) Cell cycle-related genes are enriched among PSF target genes. Genes that are repressed by androgen and
reversed by siPSF treatment in two cell lines were selected. Pathway analysis was performed by DAVID using KEGG pathway. (C) MTS assay of
LNCaP and VcaP cells transfected with siControl or siPSF#1 and #2 (n¼ 4). The assay was performed on day 3 after ligand treatment.
(D) Percentage of LNCaP treated with siPSF or siControl in the S phase (n¼ 2). (E) Cell cycle analysis of cells treated with siControl, siPSF#1,
and siCTBP1-AS by bivariate FACS. Percentages of BrdU-labelled cells are shown as S phase (n¼ 2). (F) Percentage of VCaP cells treated with
siPSF or siControl in the S phase (n¼ 2). (G) Expression of p53 and SMAD3 in ligand-treated (24 h) LNCaP cells transfected with siControl or
siPSF#1 (10 nM) (n¼ 3). Bar: s.d. *Po0.05, NS, P40.05. (H) Immunoblots of PSF, AR, CTBP1, p53, and SMAD3 in ligand-treated (24 h) LNCaP
cells transfected with siControl, siPSF#1, or #2 (10 nM). Source data for this figure is available on the online supplementary information page.
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PSF recruitment to CTBP1 promoter is required for

CTBP1 repression

We suspected that the transcript–Sin3A interaction might be

indirect and mediated by an RNA-binding protein.

Interestingly, Sin3A forms complexes with repressors, PTB-

associated splicing factor (PSF), or non-POU domain-contain-

ing octamer-binding protein (NONO), which has both RNA-

and DNA-binding domains (Mathur et al, 2001; Shav-Tal and

Zipori, 2002; Song et al, 2004), binds to and represses gene

promoter regions. siRNA knockdown (Figure 5E) revealed

that PSF is the major component associated with CTBP1

repression since PSF siRNA rescued the androgen-mediated

repression of CTBP1 transcript level by B75%, while the

knockdown of NONO or Sin3A rescued it by B50%

(Figure 5F). We also confirmed that androgen-mediated

histone deacetylation at the CTBP1 promoter was inhibited

by siPSF (Figure 5G). In addition, these results were also

confirmed in VCaP cells (Supplementary Figure S12B and D).

Next, we investigated how PSF is involved in CTBP1

histone modification and repression. ChIP assay showed

that PSF was recruited to the CTBP1 promoter in a CTBP1-

AS-dependent manner (Figure 5H). We confirmed the inter-

action between PSF and CTBP1-AS by RIP (Figure 5I and

Supplementary Figure S13A–C) and RNA pull-down

(Figure 5J and Supplementary Figure S13D) assays. We also

found that short interspersed repetitive element (SINE)

repeats within CTBP1-AS were important for the interaction

with the RNA-binding domain of PSF (Supplementary

Figure S14A–D), extending and providing a mechanism for

previous observations (Chen et al, 2008). However, other

ncRNAs expressed in the nucleus, which possess SINE

sequences, did not interact with PSF (Supplementary

Figure S15), suggesting other sequences may also be involved

in this interaction and CTBP1 repression (Supplementary

Figure S14E and F). To determine whether PSF and CTBP1-

AS could be colocalized at the CTBP1 promoter, we

performed CTBP1-AS RNA pull-down for the DNA–protein

complexes obtained by PSF ChIP. Interestingly, enrichment of

the CTBP1 promoter region was observed in the immunopre-

cipitated DNA after RNase-mediated elution, suggesting

pull-down by the CTBP1-AS RNA probe. These results

indicate that the association of PSF with CTBP1-AS is

important for PSF recruitment to the CTBP1 promoter

(Figure 5K and Supplementary Figure S13E and F). We infer

from these results that CTBP1-AS induces CTBP1 transcrip-

tional repression by interacting with PSF, which binds at

the CTBP1 promoter to induce histone deacetylation by

recruiting HDACs.

PSF global function regulates prostate cancer cell cycle

progression

Next, to analyse the impact of PSF on androgen-dependent

transcriptional regulation, we performed siPSF knockdown

followed by microarray analysis. Surprisingly, siPSF relieved

the repression of more than 69.9% (931 of 1331) of the

androgen-repressed genes (Figure 6A) in LNCaP cells.

This result was also validated in VCaP cells (Supplementary

Figure S16A). In addition, most of the genes normally

induced by androgen such as APP and TMPRSS2 were

also repressed by siPSF (Figure 6A and Supplementary

Figure S16A and B), presumably because siPSF abolishes

CTBP1 repression.

Pathway analysis (DAVID; Huang et al, 2009) has shown

the enrichment of cell cycle-related genes (Figure 6B) among

the PSF targets repressed by androgen. Gain- and loss-of-

function experiments have shown that PSF promotes cell

growth (Figure 6C and Supplementary Figure S17), raising

the question as to whether PSF may regulate the cell cycle in

prostate cancer. Flow cytometry analysis revealed that siPSF

treatment inhibited cell cycle progression in LNCaP cells

(Figure 6D). BrdU-labelled cells were decreased by siPSF

treatment, suggesting that S-phase entry is promoted by

PSF (Figure 6E). This inhibition was also observed in VCaP

cells (Figure 6F and Supplementary Figure S16C).

Among the PSF target genes, we focussed on p53 and

SMAD3 because these are well-known cell cycle regulators

that are repressed by androgen treatment (Rokhlin et al, 2005;

Song et al, 2010) and are expressed at a low level in prostate

cancer cells (Schlomn et al, 2008; Song et al, 2010; Taylor et al,

2010). Interestingly, these two genes are also known to be

negative regulators of AR (Hayes et al, 2001; Shenk et al,

2001). Androgen-dependent repression of both genes was

abolished by siPSF treatment (Figure 6G and H and

Supplementary Figure S16B, D, and E). However, this relief

of repression of these genes by siPSF was not affected by

addition of siCTBP1, suggesting that the repression is depen-

dent on direct function of PSF (Supplementary Figure S18A).

In contrast, combining CTBP1 knockdown with PSF knock-

down partially relieved the repression of androgen-mediated

gene induction (Supplementary Figure S19). Moreover, cell

cycle retardation was partially reversed by the addition of

siCTBP1 (Supplementary Figure S18B). We hypothesized that

Figure 7 Cooperative trans-regulatory function of CTBP1-AS and PSF in inhibiting cell cycle regulators. (A) Identification of PSF binding by
ChIP-sequence. LNCaP cells were treated with 10 nM R1881 or vehicle for 24 h. Analysis of PSF-binding sites (PSFBSs, 45-fold) was performed
by ChIP-sequence. (B) Androgen-dependent PSFBSs at 50 upstream region (PSFBS#0), intron 1 (PSFBS#1), and intron 3 are indicated in CTBP1
locus. (C) Analysis of PSF binding in the vicinity of the SMAD3 and p53 loci. PSFBSs in the promoter and intron 1 (PSFBS#2) of SMAD3 (left)
and PSFBSs in the promoter and 50 upstream region (PSFBS#3) of p53 (right) are indicated. Two transcriptional variants of p53 are indicated by
arrows. (D) PSF binding was dependent on CTBP1-AS induction. LNCaP cells were transfected with siControl, siCTBP1-AS#2, or siCTBP1-AS#3
(10 nM). PSF ChIP analysis was performed after 24 h treatment with 1 nM R1881 or vehicle. (E) qRT–PCR analysis (n¼ 3) of SMAD3, p53, and
UGT2B15 after siCTBP1-AS treatment. LNCaP cells were treated with 10 nM R1881 or vehicle for 24 h and then qRT–PCR was performed. NS,
P40.05. (F) Histone deacetylation of SMAD3 and p53 promoters was reversed by siCTBP1-AS. ChIP-analysis (n¼ 3) of AcH3 in the promoters
of p53 and SMAD3. **Po0.01. (G) Immunoblots for p53, SMAD3, and p21 in LNCaP cells transfected with siRNAs after 48-h ligand treatment.
(H) Reduced expression of p53 and SMAD3 in LTAD cells. (I) Knockdown of p53 and SMAD3 in LNcaP cells. (J) SMAD3 and p53 knockdowns
promote prostate cancer cell proliferation. MTS assay of LNCaP cells transfected with siControl, sip53, and siSMAD3 (n¼ 4). *Po0.01.
(K) MTS assay of LNCaP cells transfected with siControl, siPSF#1, siPSF#1þ sip53, and siPSF#1þ siSMAD3 (n¼ 4). The assay was performed
on day 3 after ligand treatment. (L) siPSF-mediated cell cycle repression is partially reversed by p53 and SMAD3 knockdown. Cell cycle analysis
of LNCaP cells transfected with siControl, siPSF#1, siPSF#1þ sip53, and siPSF#1þ siSMAD3. Percentages of cells in the S phase are indicated.
(M) Immunoblots for p53, SMAD3, p21, and cyclins in the LTAD tumour lysates shown in Figure 4I. Bar: s.d. Source data for this figure is
available on the online supplementary information page.
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the function of PSF for the cell cycle progression is dependent

on both androgen-mediated repressed targets by PSF and

AR-mediated upregulated genes by CTBP1 repression. Taken

together, our results reveal that PSF regulates cell cycle-related

genes by promoting androgen-mediated gene regulations.

CTBP1-AS and PSF cooperatively promote cell cycle

progression by repressing cell cycle regulators

We next explored AR- and PSF-binding sites by ChIP-

sequence (ChIP-seq) analysis in LNCaP cells to investigate

the PSF genomic function in prostate cancer (Figure 7A–C).

The distribution of binding regions was changed by androgen

treatment, and in the CTBP1 genomic region, we identified

two androgen-dependent PSF-binding sites around the CTBP1

promoter (intron 1 (PSFBS#1) and 50 upstream (PSFBS#0);

Figure 7B). Notably, androgen-dependent PSF occupancy was

observed in the vicinity of PSF-regulated genes such as

SMAD3 and p53 (Figure 7C). In contrast, no PSF binding

was observed in the vicinity of UGT2B15. We validated that

these PSF recruitment to the promoters was inhibited by

transfection of siCTBP1-AS (Figure 7D and Supplementary

Figure S12A). Interestingly, androgen-dependent PSF

bindings in vitro was abrogated by CTBP1-AS knockdown

(Supplementary Figure S20), suggesting that CTBP1-AS can

influence the DNA-binding ability of PSF and subsequent

transcriptional change. We confirmed using siCTBP1-AS that

p53 and SMAD3 are also regulated by CTBP1-AS (Figure 7E

and G and Supplementary Figures S8D and S21A). Although

histone acetylation levels were decreased by androgen in the

promoters of these two genes, CTBP1-AS knockdown relieved

the deacetylation, suggesting epigenetic regulation by PSF

recruitment is important for transcriptional repression

(Figure 7F). In addition, p21, which is a target of p53

and SMAD3 and is downregulated in AR-dependent CRPC

(Wang et al, 2001), was also repressed by 48-h androgen

treatment in a CTBP1-AS-dependent manner (Figure 7G and

Supplementary Figure S21B).

We further investigated the function of these cell cycle

regulators in prostate cancer cells. Both SMAD3 and p53 are

repressed in LTAD cells compared with parental LNCaP cells

(Figure 7H). Next, we analysed the role of these two PSF

targets in PSF-dependent cell cycle progression by siRNA.

Interestingly, knockdown of each gene also reduced the

protein level of the other, suggesting that these two genes

enhance each other’s expression level by some mechanism

(Figure 7I). We found that these cell cycle regulators nega-

tively regulate prostate cancer cell proliferation (Figure 7J).

Moreover, siSMAD3 and sip53 reversed the siPSF-mediated

cell cycle and growth repression, suggesting that these two

target genes facilitate the PSF-dependent cell cycle progres-

sion in prostate cancer (Figure 7K and L and Supplementary

Figure S21C and D). Notably, both genes interact with AR and

negatively control AR activity, suggesting that these

genes also modulate AR-dependent transcriptional program

(Supplementary Figure S22). Importantly, these cell cycle

regulators were strongly induced by siCTBP1-AS in

castration-resistant tumours formed by LTAD cells

(Figure 7M), indicating that PSF and CTBP1-AS control

these genes in CRPC. Thus, the present results indicate

that CTBP1-AS and PSF cooperatively promote cell cycle

progression by repressing cell cycle regulators under the

control of AR.

CTBP1-AS and PSF function cooperatively to modulate

global androgen signalling

Since CTBP1-AS is localized in diffuse and discrete regions of

the nucleus, we examined global CTBP1-AS functions

over the entire genome. By combining immunofluorescence

and RNA FISH, we have shown that CTBP1-AS and PSF

colocalized in the nucleus (Figure 8A and Supplementary

Figure S21E). Next, we compared CTBP1-AS and PSF targets.

We selected 369 androgen-mediated repressed genes

from two microarray analysis data sets of siControl-treated

samples. Among these, repression of 139 genes (38%) was

reversed by both CTBP1-AS and PSF depletion, suggesting

that PSF and CTBP1-AS cooperatively mediate gene repres-

sion by androgen at these loci (Figure 8B). Further evidence

of cooperation between CTBP1-AS and PSF was supported

by microarray analysis in VCaP cells (Supplementary

Figure S16F). To analyse the global role of CTBP1-AS in PSF

recruitments, we further analysed PSF and histone H3 acet-

ylation by ChIP analysis (Figure 8C). Among androgen-

repressed genes by both PSF and CTBP1-AS, we selected

five genes and found PSF binding regions by referring to

ChIP-seq data. PSF recruitments to these regions and histone

deacetylations are abrogated by CTBP1-AS depletion. Taken

together, these results indicate that CTBP1-AS/PSF complex-

mediated histone deacetylation is a critical machinery

that exerts the global androgen-mediated gene repression

programme (Figure 8D).

Discussion

Here we demonstrate novel functions of prostate cancer-

associated ncRNA CTBP1-AS, which has been originally

identified as an AR-regulated AS transcript of CTBP1 locus

by the combinational study of AR-binding sites and CAGE

transcriptome analysis. At first, this natural AS transcript of

CTBP1-AS associates with the transcriptional repressor PSF

and recruits the HDAC–Sin3A complexes to CTBP1 promoter

in cis, with the loss of activating histone marks. Secondly, the

release of the repressor CTBP1 from the regulatory regions of

AR-regulated genes leads to the transcriptional activation

with the loss of repressing histone marks. In trans-regulatory

pathway, CTBP1-AS also guides PSF complexes to the regu-

latory regions of their endogenous target genes, leading to the

transcriptional repression of genes that have suppressive

functions for tumour growth.

As far as we know, CTBP1-AS is the first hormone-regu-

lated natural AS transcript that has been identified to be

directly associated with hormone-dependent cancer biology

in vivo. In terms of the chromatin-modifying functions of

natural AS transcripts, a small number of AS ncRNAs (for

example, Tsix (Lee et al, 1999) and p15AS (Yu et al, 2008))

have been identified as transcriptional silencers for their

target genes mainly in cis by inactivating chromatin

structure. In contrast, long ncRNAs that have been

identified to function in trans are predominantly intergenic

ncRNAs, as exemplified by HOTAIR in breast cancer (Rinn

et al, 2007; Gupta et al, 2010), known as their PRC2 complex-

repressing functions hormone independently. Our present

findings will also have an impact on the research field of

steroid hormone receptors, as we still have limited

knowledge with regard to hormone-regulated long ncRNAs

including natural AS transcripts, although our group
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(Takayama et al, 2011) and others (Hah et al, 2011) have

identified some of those by high-throughput technology.

Moreover, we revealed local and global regulatory functions

of this long ncRNA for the androgen-mediated transcriptional

regulation. The androgen-activated functions of CTBP1-AS in

prostate cancer will have implications in the pathogenesis

and the management of the disease including CRPC. The

present results suggest that CTBP1-AS and its protein partner

PSF could be promising targets for therapeutic options

of prostate cancer.

In this study, we also showed that CTBP1 exerts tumour-

suppressive effects in AR-positive prostate cancer cells. On

the contrary, there is a recent report describing that CTBP1 is

rather upregulated in metastatic prostate cancer and CTBP1

exerts growth stimulatory effects in the carcinoma cells

(Wang et al, 2012). We consider that one of the reasons for

the inconsistency in CTBP1 functions may be due to the

differences in tumour samples or cell lines, as functional

assays by Wang et al (2012) were performed predominantly

in AR-negative prostate cancer cell lines. There is also a

difference in the timing of obtaining metastatic samples

between their study and ours, the former at autopsy

whereas the latter at radical prostatectomy. In some reports,

AR transcriptional activity is decreased after in distal

Figure 8 Global function of PSF and CTBP1-AS governs androgen-dependent transcriptional program. (A) Detection of CTBP1-AS by RNA FISH
and PSF immunofluorescence analysis. (B) Summary of androgen-repressed genes. The number of androgen-repressed genes with reduced
repression after treatment with siPSF and/or siCTBP1-AS is indicated. (C) ChIP analysis (n¼ 2) of AcH3 and PSF bindings in the vicinity of
genes repressed by PSF and CTBP1-AS. Cells were transfected with siControl or siCTBP1-AS. Bar: s.d. *Po0.05, NS, P40.05. (D) Working
model of the role of CTBP1-AS and PSF in prostate cancer.
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metastases relative to primary prostate cancers (Stanbrough

et al, 2006). We infer that CTBP1 exerts proto-oncogenic and

tumour-suppressive effects through its interactions with

various transcriptional factors. Further study in other

cohorts will reveal the contribution of androgen-repressed

CTBP1 function to prostate cancer progression.

Materials and methods

Cell culture and reagents
VCaP cells were grown in DMEM medium supplemented with 10%
FBS. LNCaP, DU145, and RWPE cells were grown in RPMI medium
supplemented with 10% FBS, 50 units/ml penicillin, and 50mg/ml
streptomycin. Before androgen treatment, cells were cultured in
phenol red-free medium containing 5% dextran charcoal-stripped
FBS for 48–72h, and then treated with 10 nM R1881, 10mM
Bicalutamide, 10 nM DHT, or vehicle. Human PrEC cells (derived
from two individuals) were obtained from TAKARA Bio and cul-
tured as instructed by the company. Antibodies used included those
against Sin3A (AK-11), HDCA1 (H-51), p53 (Pab-240), p21 (F-5),
Cyclin D1 (C-20), Cyclin A (H-432), Cyclin B1 (H-433; Santa Cruz
Biotechnology), CTBP1 (#612042), NONO (#611278; BD
Bioscience), AcH3K9 (#07-352; Upstate), K9me2 (ab1220), K9me3
(ab8898), K27me3 (ab6002), G9a (#3306; Cell Signaling), PSF (6D7;
Sigma; for ChIP), PSF (#61045; Novus Biologicals; for immuno-
fluorescence and western blot), LSD1 (#00518; Bio Matrix
Research), K4me3 (#17614), and SMAD3 (#04-1035; Millipore).
Antibodies against AR, AcH3, RNA Pol II, FLAG, and Myc were
described previously (Takayama et al, 2007, 2009, 2011, 2012). TSA
and bicalutamide were purchased from Sigma, actinomycin D from
Nakarai, R1881 from Perkin Elmer, and DHT from Wako (Saitama,
Japan).

Northern blot analysis
Antisense CTBP1-AS probe preparation and subsequent northern
blot analysis were performed using the northern blot starter kit
(Roche), according to the manufacturer’s protocol. Total RNA (1 mg)
was denatured and loaded onto formaldehyde-mixed agarose gels
prepared in 1� MOPS buffer. RNAwas transferred onto Hybond-XL
membrane (Roche) and probed with a DIG-labelled RNA probe
spanning the middle region of CTBP1-AS. Positive control of nuclear
fraction was confirmed by U1 RT–PCR analysis. The primer
sequences are as described previously (Rinn et al, 2007).

Western blot analysis and immunoprecipitation
For immunoprecipitation by anti-CTBP1, AR antibodies, 1mg of cell
lysate protein was incubated with anti-CTBP1, AR antibody, or
normal rabbit IgG (Sigma) at 4 1C overnight. The mixture of cell
extract and antibody was then incubated with protein G-Sepharose
beads (Amersham Biosciences) at 4 1C for 2 h, and washed 4 times
with NP-40 lysis buffer. The immunoprecipitated proteins were
boiled for 5min in Laemmli sample buffer and separated by SDS–
PAGE. Immunoblotting was performed as described previously
(Takayama et al, 2007).

Cell cycle analysis
Cells were centrifuged, washed in PBS, and then fixed by slow
addition of 3ml of ice-cold 70% ethanol with mild shaking. Fixed
cells were stored at 4 1C until use. On the day of cycle analysis, the
cells were centrifuged, washed in PBS, resuspended in 1ml of PBS
containing 100 mg/ml RNase A (TAKARA) per 106 cells, and incu-
bated at 37 1C for 30min. To determine the DNA content, 30 000
cells were analysed by flow cytometry using a FACS Calibur instru-
ment and CellQuest software (BD Biosciences). To perform bivariate
FACS, we used FlowCellect Bivariate Cell Cycle kit for DNA
Replication Analysis (Millipore), according to the manufacture’s
protocol.

siRNA
For siRNA experiments, we purchased Stealth RNAi siRNAs target-
ing CTBP1-AS, CTBP1 (HSS102437), HDAC1 (HSS179192), HDAC2
(HSS104729), HDAC3 (HSS189614), HDAC8 (HSS183330), Sin3A
(HSS177954), NONO (HSS143135), PSF#1 (HSS109643), PSF#2
(HSS109642), SMAD3 (VHS41114), p53 (VHS40366), and a negative

control siRNA from Invitrogen. Cells were transfected with RNA
using Hiperfect transfection reagent (Quiagen) 48–72 h before each
experiment. The Stealth RNAi siRNA sequence targeting CTBP1-AS
(50nM) was: 50-UUAUGUCUCCAGCAAGCUUGGUCUU-30. To ex-
clude the possibility of off-target effect, we used two other siRNAs
targeting CTBP1-AS that were purchased from Sigma Genosys Japan
(Tokyo, Japan). These two siRNA sequences were siCTBP1-AS#2:
50-CCAAUUAAUUAGACCACAAAA-30 and siCTBP1-AS#3: 50-CAACU
GUCAAGAAACAAUUAG-30.

Patients and tissue samples
We obtained 105 prostate cancer samples from surgeries performed
at the University of Tokyo Hospital (Tokyo, Japan). The Tokyo
University ethics committee approved this study, and informed
consent was obtained from each patient before surgery. The age
of the patients ranged from 52 to 78 years (mean, 66.8±6.0 years),
and pretreatment serum PSA levels ranged from 2.2 to 136ng/ml
(mean, 16.9±19.5 ng/ml). The prostate tissue sections submitted
for this study contained 95 benign and 105 cancerous foci. Besides
105 primary cancer samples excised at the time of operation, lymph
node metastatic regions from seven cancer patients were also
prepared. Other clinicopathological parameters are shown in
Supplementary Table IV.

Immunohistochemistry
Formalin-fixed tissues were embedded in paraffin and sectioned. A
Histofine Kit (Nichirei), which employs the streptavidin-biotin
amplification method, was used for immunohistochemical analysis
of CTBP1, and the antigen–antibody complex was visualized with
3,30-diaminobenzidine solution (1mM 3,30-diaminobenzidine,
50mM Tris–HCl buffer (pH 7.6), and 0.006% H2O2). In an immu-
nohistochemical analysis, the immunoreactivity was evaluated in
more than 1000 carcinoma cells for each case. Subsequently, the
percentage of immunoreactivity was determined by two patho-
logists (TS and K-IT). An association between immunoreactivity
and clinicopathological factors was evaluated using Student’s t-test,
a cross-table using the w2 test, or a correlation coefficient (r) and
regression equation. Cancer-specific survival curve was generated
according to the Kaplan–Meier method, and statistical significance
was calculated using the log-rank test. Univariate and multivariate
analyses were evaluated using Cox’s proportional hazard model
with PROC PHREG in SAS software (V9.2; Cary, NC).

In situ hybridization
DNA fragments including a 500-bp of the CTBP1-30 UTR (sequences
not overlapping with CTBP1-AS, Chr4: 1195228–1195754) or CTBP1-
AS (nonrepetitive sequences not overlapping with CTBP1 exons,
Chr4: 1200796–1201396) were amplified by PCR and cloned into the
Bluescript SK(� ) vector. RNA probes for ISH were generated using
a digoxigenin (DIG) RNA labelling kit (Roche) according to the
manufacturer’s instruction. Their sense RNA probes were also used
as negative controls in this study. mRNA ISH was performed in
prostate carcinoma tissues fixed in 10% formalin and embedded in
paraffin wax using a Discovery XT automated slide-processing
system (Roche) (Suzuki et al, 2005). The slides were reacted by
hybridization with CTBP1 or CTBP1-AS probe (100 ng per slide) for
3 h at 65 1C and specific signals were chromogemically detected
using a BlueMap kit (Roche). Counterstain was performed by
Nuclear Fast Red (Roche). The signals of ISH were evaluated by
two trained pathologists (TS and K-IT).

Statistical analyses
For the cell proliferation assay, we analysed four wells. For the
growth assay in vitro and in vivo of stable cell lines, we performed
two-way analysis of variance (ANOVA) at each time point. For other
cell line experiments, statistical differences (P-values) among
groups were obtained using a two-sided Student’s t-test. All experi-
ments were performed at least twice and similar results were
obtained. The P-values of o0.05 were considered to be statistically
significant. Statistical procedures were performed using Graphpad
Prism 5 software (GraphPad Software, San Diego, CA) or Excel.

Cell proliferation assay
Cells were plated at 3�103 cells per well in 96-well plates. For
RNAi experiments, cells were transfected with siRNA 24h after
cell plating. The MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
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methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt)
assay was performed using CellTiter 96 Aqueous MTS reagent
(Promega), according to the manufacturer’s protocol. The experi-
ment was performed in quintuplicate. For cell counting, cells were
trypsinized and counted using the Trypan blue exclusion method to
quantify cell viability.

In vivo tumour formation assay
LNCaP (3�106) or LTAD (1�107) cells were injected subcuta-
neously (s.c.) into each side of twenty 5-week-old male nude
mice. When the tumour volume reached 100mm3, castration was
performed in mice with LTAD cell tumours. Each tumour was
transfected with 5mg of CTBP1-AS RNAi or control RNA 3 times a
week by using Lipofectamine RNAi MAX Transfection Reagent.
Tumour volume was determined using the formula 0.5� r1� r2�
r3 (r1or2or3).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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