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Increasingly invasive bladder cancer cells lines displayed insensi-
tivity toward a panel of dietary-derived ligands for members of
the nuclear receptor superfamily. Insensitivity was defined
through altered gene regulatory actions and cell proliferation
and reflected both reduced receptor expression and elevated nu-
clear receptor corepressor 1 (NCOR1) expression. Stable over-
expression of NCOR1 in sensitive cells (RT4) resulted in a panel
of clones that recapitulated the resistant phenotype in terms of
gene regulatory actions and proliferative responses toward li-
gand. Similarly, silencing RNA approaches to NCOR1 in resistant
cells (EJ28) enhanced ligand gene regulatory and proliferation
responses, including those mediated by peroxisome proliferator-
activated receptor (PPAR) g and vitamin D receptor (VDR) re-
ceptors. Elevated NCOR1 levels generate an epigenetic lesion to
target in resistant cells using the histone deacetylase inhibitor
vorinostat, in combination with nuclear receptor ligands. Such
treatments revealed strong-additive interactions toward
the PPARg, VDR and Farnesoid X-activated receptors. Genome-
wide microarray and microfluidic quantitative real-time, reverse
transcription–polymerase chain reaction approaches, following
the targeting of NCOR1 activity and expression, revealed the
selective capacity of this corepressor to govern common transcrip-
tional events of underlying networks. Combined these findings
suggest that NCOR1 is a selective regulator of nuclear receptors,
notably PPARg and VDR, and contributes to their loss of sensi-
tivity. Combinations of epigenetic therapies that target NCOR1
may prove effective, even when receptor expression is reduced.

Introduction

Manipulating the transcriptional actions of members of the nuclear
receptor super-family forms a major therapeutic approach for several
cancers and could prove attractive for bladder cancer in either chemo-
prevention or chemotherapy settings. These receptors form an adap-
tive homeostatic network that bind lipophilic molecules, such as

steroidal-based hormones, dietary factors, fatty acids and xenobiotics,
with differing affinities to exert regulatory control over a wide range
of gene targets (1–3). This network is integrated at multiple levels
including ligand promiscuity, as demonstrated by the vitamin D re-
ceptor (VDR) and other receptors (4,5), and mutlimerisation. VDR,
peroxisome proliferator-activated receptors (PPARs), liver X recep-
tors (LXRs) and Farnesoid X-activated receptor (FXR) preferentially
form heterodimeric complexes with retinoid X receptors (RXRs), and
in turn these and other receptor dimers interact with a large cohort of
common and unique cofactor modifiers.

Attempts to understand nuclear receptor transcriptional control has
shifted toward dissection of the intricate exchanges of coactivator and
corepressors during transcription (reviewed in ref. 6). In the absence
of ligand, receptor dimers are contained within large and dynamic
multicomponent complexes associated with corepressors such as nu-
clear receptor corepressor 1 (NCOR1), silencing mediator of retinoid
and thyroid hormone receptors/nuclear receptor corepressor 2
(NCOR2/SMRT), ligand-dependent nuclear receptor corepressor
(LCOR) and SRA stem loop-interacting RNA-binding protein
(SLIRP) (7–10) that act to repress transcriptional function. Com-
monly, corepressors allosterically interact with a range of enzymes,
for example histone deacetylases (HDACs) (11), to bring about post-
translational modifications of histone tails and maintain a locally
closed chromatin structure around response element sequences
(reviewed in ref. 12). Ligand activation facilitates interaction with
coactivator complexes that contain an antagonistic battery of enzymes
to open up chromatin structure and initiate transactivation (reviewed
in ref. 6).

The bladder must maintain homeostasis in a relatively toxic envi-
ronment. Therefore, the environmental-sensing capacity of the nu-
clear receptor network may function in the bladder urothelium to
govern proliferation and clear potential genotoxic insults. These func-
tions may become corrupted in cancer through expression changes of
both the receptors and the coactivator and corepressors, such as
NCOR1. Specifically, we hypothesized that increasingly invasive
bladder cancer cells may loose responsiveness to the actions of mul-
tiple receptors. We reasoned that altered expression of corepressors
contributes to any loss of receptor responses and may provide a ratio-
nal target for epigenetic therapies.

Materials and methods

Treatments. 1a,25DihydroxyvitaminD3 (1a,25(OH)2D3) [generous gift of
Dr Milan Uskokovic (BioXell S.p.A., Milan, Italy)] and 9 cis retinoic acid
were stored as 1 mM stocks in ethanol. All other ligands were purchased from
Sigma–Aldrich (Bournemouth, UK) and stored in dimethyl sulfoxide as 100 mM
stocks. Suberoylanilide hydroxamic acid (vorinostat) (Merck, Nutley, NJ) was
stored as a 100 mM stock in dimethyl sulfoxide. All stocks were stored at �20�C.

Cell culture. RT4 cells were maintained in McCoys 5a medium, HT-1376 in
modified Eagle medium medium with non-essential amino acids, RT112 and
EJ28 cells in Dulbecco’s modified Eagle’s medium medium (Gibco BRL,
Paisely, UK), all supplemented with 100 U/ml penicillin, 100 lg/ml strepto-
mycin and 10% fetal bovine serum (Gibco BRL). All cells were grown at 37�C
in a humidified atmosphere of 5% CO2 in air. RT4 cells are well differentiated
and were derived from transitional cell papilloma; RT-112 were derived from
a grade 2 moderately differentiated transitional cell carcinoma; HT-1376 were
derived from a grade 3 (high grade) transitional cell carcinoma and EJ28 were
derived from G3 poorly differentiated bladder transitional cell carcinoma.

Proliferation assay. Proliferation (ViaLight HS, LumiTech, Nottingham, UK)
was measured as described previously (13,14). RT4 at 2 � 103 cells per well,
RT112 and EJ28 at 3 � 103 cells per well and HT-1376 at 4 � 103 were plated
in 96-well, white-walled, tissue culture-treated plates (Fisher Scientific Ltd,
Loughborough, UK). Growth media containing varying concentrations of
agent was added to a final volume of 100 ll per well and plates were incubated
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for 96 h, with re-dosing after 48 h. Cellular adenosine triphosphate was
subsequently quantified according to the manufacturers’ instructions using
a microplate luminometer and expressed as a percentage of vehicle-treated
control wells. Each treatment was examined in triplicate wells in triplicate
experiments.

Cell cycle analysis. Subconfluent, exponentially proliferating cultures treated
with agents as indicated were harvested (both those adhering and detached),
counted and 1 � 106 cells were stained with propidium iodide buffer [10 lg/ml
propidium iodide, 1% (wt/vol) tri-sodium citrate, 0.1% (vol/vol) Triton X-100,
100 lM sodium chloride (Sigma)]. The cell suspension was then incubated on
ice, in the dark, for 30 min. Cell cycle distribution was determined using
a Becton-Dickinson Flow Cytometer and CellFIT Cell-Cycle Analysis soft-
ware. Each condition was examined in triplicate experiments.

Western immunoblot analysis. Nuclear and cytoplasmic protein was prepared
using the BioVision Nuclear/Cytosol Fractionation kit (Mountain View, CA,
http://www.biovision.com/) as per the manufacturer’s instructions. Briefly, 2 �
106 cells were pelletted and the cytoplasm lysed and harvested to leave remain-
ing nuclear pellet for lysis. Lysates underwent sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis, transferred onto polyvinylidene difluoride
membrane (Immobilon-P, Millipore, Bedford, MA) and blocked with tris buff-
ered saline-tween containing 5% milk powder for 1 h. For detection of
NCOR1, a rabbit antibody (clone ab24552, AbCam Ltd, Cambridge, UK)
was diluted 1:500. For detection of PPARc, mouse monoclonal antibody (clone
sc-7273) was diluted 1/2000. For detection of VDR, a rabbit antibody (clone
MAB1360, Chemicon, Europe, http://www.millipore.com/) was diluted
1:2000. For detection of SLIRP a rabbit polyclonal antibody (clone
AB51523, Abcam) was diluted 1:2000. The secondary antibodies sheep anti-
rabbit-horseradish peroxidase conjugate (clone ab6795, AbCam Ltd, Cam-
bridge, UK) and goat anti-mouse (clone no. ab20043) were diluted 1:10 000.
Proteins were detected using enhanced chemiluminescence (Amersham,
Amersham, UK) and autoradiography. Membranes were washed and incubated
with a 1/10 000 dilution of either a primary mouse monoclonal nucleolin
antibody (clone 13541, Abcam) or a mouse monoclonal antibody to a-tubulin
(Sigma, B-5-1-2). An anti-mouse-horseradish peroxidase secondary antibody
(clone NA931, Amersham) was used at 1:2000, and signals developed with
enhanced chemiluminescence and autoradiography as above.

Manipulation of NCOR1 levels. RT4 cells were stably transfected with
pcDNA3-NCOR1 (15) and pcDNA3 (generous gift of Dr Johnson Liu, Mount
Sinai School of Medicine) using FuGENE� 6 (Roche Diagnostics, UK, http://
www.roche.com/) at an optimized ratio of Fugene to plasmid DNA of 3:1.
Briefly, 5 � 105 cells were transfected with 1 lg per well of either
pcDNA3-NCOR1 or pcDNA3. Two days posttransfection, cells were split into
medium containing G418 (660 lg/ml) for 2 weeks of selection. Individual
colonies were isolated to screen for NCOR1 expression by quantitative real-
time, reverse transcription–polymerase chain reaction (Q-RT–PCR) and western
immunoblot analysis, expanded and frozen prior to subsequent analyses.

NCOR1 levels were transiently reduced in EJ28 cells using silencing RNA
(siRNA) approaches. A total of 100 nM siRNA targeted toward NCOR1
(M-003518-01, Dharmacon, http://www.dharmacon.com/) was transfected in-
to EJ28 cells using Lipofectamine2000 (Invitrogen, http://www.invitrogen.
com/) at a 1:1 ratio for 48 h prior to western immunoblot, Q-RT–PCR and
proliferation assays.

Real-time RT–PCR messenger RNA profiling of single-gene targets (Q-RT–
PCR). Total RNA was isolated from mid-exponential cells using Tri-reagent
(Sigma-Aldrich, UK) and the complementary DNA prepared using random
hexamers (Promega, http://www.promega.com/) both according to the manu-
facturers’ instructions. Relative expression of specific messenger RNAs
(mRNAs) was quantified using the ABI PRISM 7700 Sequence Detection
System (Applied Biosystems, http://www3.appliedbiosystems.com/) accord-
ing to the manufacturers’ instructions. Reactions were either multiplexed with
VIC-labeled probe for 18S ribosomal RNA (PE Biosystems, Warrington, UK)
using pre-optimized primer and probe sequences (VDR, NCOR1, NCOR2/
SMRT, TRIP15/Alien) (13,14) or were provided from Applied Biosystems,
Assay-on-Demand (RARa, b, RXRa, PPARa, d, c, LXRa, b, FXR, LCOR,
RCOR, SLIRP). Relative expression of each target gene, in each cell line,
compared with RT4 cells was calculated using the equation 2�ddCt, where
the dCt 5 Ct of the target gene minus Ct of the 18S and ddCt 5 the difference
in the dCt in the target cell compared with RT4 cells. To exclude potential bias
due to transforming data, all statistics were performed with dCt values. Meas-
urements were carried out a minimum of three times each in triplicate wells for
each condition.

Gene expression profiling

Microfluidic quantitative real-time, reverse transcription–polymerase chain
reaction approaches. Simultaneous quantitative comparison of multiple gene

transcripts was undertaken on the custom-designed TaqMan� Low Density
Array as given in supplementary data and Table I (available at Carcinogenesis
Online) (ABI 7900HT Fast Real-Time PCR System). The full list of gene
targets is divided into nine functional groups whose expression together re-
flects nuclear receptor-signaling capacity. These are (i) cell surface transport-
ers; (ii) nuclear receptors; (iii) nuclear receptor cofactors; (iv) histone
modifiers; (v) metabolic enzymes; (vi) cell death regulators; (vii) transcription
factors; (viii) cell cycle regulators and (ix) signal transduction components.

Triplicate RNA samples from both RT4 pNCOR #7 and RT4 pcDNA #6
cells at different passage numbers and each treated plus or minus with lith-
ocholic acid (LCA) (10 lM, 6 h) were each measured in duplicate on each
array. Total RNA was extracted using Tri-Reagent (Sigma) as per the manu-
facturer’s instructions and reverse transcribed to complementary DNA and
quantified using the one-step QuantiTect Probe RT–PCR kit (Qiagen, http://
www1.qiagen.com/) directly on arrays. Data were normalized to the internal
control 18S and the pNCOR samples calibrated to the pcDNA samples using
the ddCT method as described above.

Statistical analysis was performed using TIGR MultiExperiment Viewer 4.0,
MeV (freely available at www.tm4.org); fold change values, obtained compar-
ing treated and untreated pNCOR1 dCts versus pcDNA dCts, were compared
using a one-sample t-test. Vectors containing gene expression values were
tested against the predicted mean of 1 that indicates no changes in gene
expression with cutoff (P , 0.01).

Microarray analyses of gene expression. A MIAME compliant protocol was
adopted to examine genome-wide changes in gene expression patterns in 1.5 �
106 mid-exponential EJ28 cells treated with either LCA (100 lM), vorinostat
(0.8 lM), the combination or vehicle control (ethanol) for 6 h. Total RNA was
extracted as above and purified as per the manufacturer’s instructions using
DNAse treatment and column purification and processed to generate purified
and fragmented biotin-labeled copy RNA (cRNA) prior to hybridization. Each
treatment was undertaken in triplicate and analyzed on triplicate chips. Fifteen
micrograms of cRNA was hybridized to Human genome U133 set (Affymetrix,
UK, http://www.affymetrix.com/). Variations between the experiments were
normalized using quantile normalization. After the normalization step, a stu-
dent t-test (P , 0.01) was used to find genes significantly regulated by the
treatments. Arrays results were analyzed using dChip software (http://
biosun1.harvard.edu/complab/dchip/). Comparing treated samples versus neg-
ative control yielded this analysis.

Network analyses of the statistically significant gene changes. Networks that
related to the patterns of altered gene expression were analyzed using GeneGo
software (http://www.genego.com/). Algorithms were used to identify subnet-
works that centered on transcription factors whose target genes were enriched
in the gene list, ranked by Z-score.

Statistical analysis. All analyses were conducted using the Student’s t-test.
The combination of the individual mean effects for each compound acting
alone was the ‘predicted’ combined inhibition. The mean ‘observed’ combined
inhibition was then compared with this value using the Student’s t-test. Clas-
sification of the inhibitory effects was as follows: strong-additive effects were
those with an observed value significantly greater than the predicted value,
additive effects were those in which the observed value did not significantly
differ from the predicted value and subadditive effects were those in which the
observed value was significantly less than the predicted value (13,14,16).

Results

Increased NCOR1 associates with increased cellular invasiveness
suppressed antiproliferative responsiveness toward ligand. Preliminary
studies in RT4, RT112, HT-1376 and EJ28 established proliferation
and invasion capacities. A dual chamber modified Matrigel assay
demonstrated that high-grade cell lines HT-1376 and EJ28 displayed
rapid and significant invasion within 24 h, whereas the papillary-
derived cell line RT4 showed no invasion at 24 h. Additionally,
wound-healing assays confirmed that HT-1376 and EJ28 rapidly
‘heal’ a circular wound in a confluent monolayer culture. RT112
showed slower but active healing, and RT4 failed to demonstrate
healing within 24 h (supplementary data, Figure 1A and B are avail-
able at Carcinogenesis Online). Thus, the cell lines were ordered by
increasing invasiveness of RT4, RT112, HT-1376 and EJ28. Mid-
exponential proliferating cultures revealed that RT4, RT112 and
HT-1376 were equivalent with �70% of cells in G1 and 15% in G2/
M. EJ28 cells differed with an equivalent proportion in G2/M but
a reduced level of cells in G1 (58%) and more in S-phase (28% versus
�15% in the other three cell lines) and reflects the invasive phenotype.
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Initially, we undertook a Q-RT–PCR profile of high-affinity (VDR,
RARA, RARB and RXRA) and low-affinity (PPARA, PPARD, PPARG,
LXRA, LXRB and FXR) nuclear receptors and corepressors (NCOR1,
NCOR2/SMRT, LCOR, RCOR, TRIP15/Alien and SLRIP). In this
comparison, expression levels were normalized to the least invasive
cell line RT4 (Figure 1). In RT112, there was a clear increase in
expression of VDR and LXRA [5.2 and 4.3, respectively (P ,
0.05)]. All other receptors in RT112 cells were modestly elevated
up to 2-fold, except FXR, which was significantly reduced. HT-
1376 cells only displayed modest, but significant, elevation of LXRA
(P , 0.05), and EJ28 cells displayed significant elevation of LXRB
only (P , 0.05). Most other receptors were significantly reduced in
HT-1376 and EJ28 cells (P , 0.05) (Figure 1A).

Total protein expression was measured and mostly reflected the
mRNA patterns. VDR protein was highest in RT112 cells and com-
parable between RT4 and HT-1376, with equal distribution between
the nuclear and cytoplasmic fractions. EJ28 cells had lower VDR
levels and exclusively nuclear expression. Reduced expression for

PPARa was seen in all cell lines that broadly reflected the mRNA
patterns (data not shown). PPARc expression levels in both nuclear
and cytoplasm fractions were also highest in RT112, with comparable
nuclear expression found only in RT4 cells. The other two cells had
reduced PPARc expression, following the mRNA patterns, and in EJ28,
expression was exclusively nuclear (Figure 1B). Total FXR protein
appeared weak in RT4 cells and reduced in the other cell models (data
not shown) and reflected low mRNA levels in all models except RT4.

Of the six corepressors, it was noticeable that NCOR1 was elevated
significantly in RT112 and EJ28 (P , 0.05), whereas NCOR2/SMRT
and TRIP15/Alien levels were broadly equivalent across the cell lines.
LCOR, RCOR and SLIRP were significantly reduced in RT112, HT-
1376 and EJ28 cells compared with RT4 cells (Figure 1C). Protein
expression of two corepressors, NCOR1 and SLIRP reflected the
mRNA patterns (Figure 1D). SLIRP expression was reduced in all
cells compared with RT4 and NCOR1 was elevated in RT112 and
EJ28 cells. NCOR1 levels in HT-1376 cells displayed elevated protein
but equivalent mRNA compared with RT4 cells.

Fig. 1. Expression of nuclear receptor and corepressors in bladder cancer cell lines. Panel (A): nuclear receptor mRNA levels measured by Q-RT–PCR in RT112,
HT-1376 and EJ28 compared with the levels in RT4 cells, which were arbitrarily set to 1. Total mRNA was isolated from triplicate cultures in mid-exponential
phase, reverse transcribed and the target genes amplified according to the Materials and Methods. Each data point represents the mean of three separate
experiments amplified in triplicate wells ±SEM (�P , 0.01). Panel (B): cytoplasmic (C) and nuclear (N) proteins were isolated from mid-exponential cultures from
RT4, RT112, HT-1376 and EJ28 cells and resolved by sodium dodecyl sulfate–polyacrylamide gel electrophoresis and probed with antibody to VDR and PPARc.
Representative blots are shown with the position of the proteins indicated on the left. Blots were subsequently stripped and reprobed for nucleolin. Panel (C):
corepressor mRNA was measured as in Panel (A). Panel (D): proteins were isolated from mid-exponential cultures from RT4, RT112, HT-1376 and EJ28 cells and
resolved by sodium dodecyl sulfate–polyacrylamide gel electrophoresis and probed with antibody to NCOR1 and SLIRP. Representative blots are shown with the
position of the proteins indicated on the left. Blots were subsequently stripped and reprobed for either a-tubulin or nucleolin.
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Subsequently, the antiproliferative responses of the four cell lines
toward nine nuclear receptor ligands and the HDAC inhibitor vorino-
stat were measured, using a 96-well-based liquid proliferation assay.
We previously established in this assay a linear relationship over
several log orders between cell number and liberated adenosine tri-
phosphate levels (13,14). The dose required to inhibit cell prolifera-
tion by 50% (ED50) values for each ligand were interpolated from the
dose–response curves (Figure 2, Table I and supplementary Figure 2
available at Carcinogenesis Online).

For all receptor ligands, the cells displayed a spectrum of sup-
pressed responsiveness that reflected the invasive capacities of the
cells and, to an extent, receptor expression. The high sensitivity of
RT112 cells toward 1a,25(OH)2D3 (ED50 20 nM) correlates with
elevated VDR mRNA and protein. Similar spectrums were observed
with the VDR–FXR ligand LCA. RT4 cells were acutely inhibited by
LCA (ED50 10 lM), whereas the response in RT112 cells was right
shifted (ED50 40 lM) and was lost in HT-1376 and EJ28. Also, there
was a loss of cellular response to chenodeoxycholic acid (CDCA)
(FXR ligand) in RT112, HT-1376 and EJ28 compared with RT4
(ED50 12.5 lM) and reflects the common decreased expression of
FXR mRNA and protein levels. In contrast, the ED50 toward vorino-
stat in all cells was �1 lM.

These receptor expression profiles are not completely predictive,
notably for LXR and PPAR ligands. LXRA and LXRB were readily
expressed in all cells, but the most invasive cell lines displayed a com-
mon loss of sensitivity to the cognate ligands with elevated ED50

values. Similarly, all cells had broadly equivalent PPARA but dis-
played altered responsiveness to eicosapentaenoic acid. ED50 values

for the PPARc ligand 5,8,11,14-eicosatetraenoic acid (ETYA) differ
among the four cell lines ranging from 20 lM (HT-1376) to 70 lM
(EJ28) and yet these cells had comparable levels of PPARc. Further-
more for certain compounds (e.g. eicosapentaenoic acid and 22HC),
low doses significantly stimulated RT112 proliferation (supplemen-
tary Figure 2A is available at Carcinogenesis Online), suggesting
further corruption of signaling. Together, these data suggest that re-
ceptor expression contributes toward the cellular responses, but is not
an exclusive indicator. In parallel, we investigated the possibility that
the elevated levels of NCOR1 can contribute to determine final sen-
sitivity to ligand.

Nuclear receptor ligand responses are enhanced by both modulation
of NCOR1 expression and cotreatment with the HDAC inhibitor
vorinostat. We manipulated NCOR1 levels in RT4 and EJ28 cells
to investigate its contribution to receptor signaling as measured by
gene regulatory and proliferation responses. Overexpression of
NCOR1 in RT4 cells recapitulated the expression spectrum seen
within the four parental cell lines. NCOR1 is undetectable in RT4
cells (and RT4 pcDNA #6) and strongly detected in EJ28 cells (and
RT4 pNCOR1 #7) (Figure 3A). A siRNA approach in EJ28 cells
clearly reduced NCOR1 levels (Figure 3B).

Ligand treatments in RT4 pcDNA #6 and RT4 NCOR #7 cells with
1a,25(OH)2D3 (VDR), ETYA (PPARc), CDCA (FXR) and LCA
(VDR–FXR) were undertaken. These revealed that the responses to-
ward 1a,25(OH)2D3 were not significantly altered by increased
NCOR1, whereas antiproliferative sensitivity toward ETYA, CDCA
and LCA was significantly reduced (P , 0.0001), representative data
are shown in Figure 4A. For example, we examined the effect of the
RT4 ED50 dose of LCA (10 lM) on proliferation of RT4 pcDNA #6.
This resulted in 39% ± 2.7 (mean ± SEM) of respective control level
proliferation, whereas the same dose in RT4 NCOR #7 resulted in
82% ± 3.0 (mean ± SEM) of untreated control cell proliferation.
Forced overexpression of NCOR1 also significantly reduced the cel-
lular sensitivity toward vorinostat (P , 0.001). Parallel studies in
EJ28 cells, with NCOR1 siRNA, identified a reciprocal, enhanced,
antiproliferative sensitivity, toward 1a,25(OH)2D3 and ETYA (P ,
0.0001), and LCA (P , 0.001), but neither CDCA nor vorinostat
(Figure 4B).

We reasoned that the elevated levels of NCOR1 lead to increased
levels of associated HDACs at target gene promoter regions. We
targeted this epigenetic lesion with minimally active dose required
to inhibit cell proliferation by 25% ligand doses combined with an
ED25 dose of vorinostat. In RT4 cells, all combinations were subad-
ditive (data not shown), which reflected the robust receptor expression
and lower levels of NCOR1. RT112 and EJ28 cells yielded strong-
additive interactions with multiple ligands, including ETYA and LCA,

Table I. Ligand ED50 values in bladder cancer cell lines

Target Ligand ED50 RT4 RT112 HT-1376 EJ28

VDR 1a,25(OH)2D3 nM 70 20 na na
VDR/FXR LCA lM 10 40 na na
RXRa 9cisRA nM na na na na

DHA lM 20 60 60 80
PPARa EPA lM 50 50 80 100
PPARc ETYA lM 4.5 12 20 70
FXR CDCA lM 12.5 na na na
LXRa/b GW3965 lM 30 60 60 80

22-HC lM 20 25 60 80
HDACs Vorinostat lM 1.5 1 1.0 1.5

The four bladder cancer cell lines are arranged in their order of invasiveness.
Parallel cultures from mid-exponentially proliferating cells of RT4, RT112,
HT-1376 and EJ28 were exposed to the indicated ligands and proliferation
measured (Materials and Methods). Titration studies generate dose–response
curves from which the estimated dose required to inhibit proliferation by 50%
(ED50) was interpolated. na, not achieved.

Fig. 2. Individual sigmoidal proliferation response curves toward a panel of
nuclear receptor ligands and vorinostat. Panels (A and B): RT4 and EJ28
bladder cancer cells were plated into 96-well plates and treated with DHA
(RXR), eicosapentaenoic acid (PPARa), ETYA (PPARc), 22-HC (LXRa,b),
GW3965 (LXRa,b), CDCA (FXR) LCA (VDR/FXR) and the HDAC
inhibitor vorinostat (Vorin.) over a range of concentrations. After 96 h, with
a redose after 48 h, proliferation was measured according to Materials and
Methods and expressed as a percentage of untreated controls. Each data point
represents the mean value of three separate experiments each undertaken in
triplicate wells.
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cotreated with vorinostat (P , 0.05) (Figure 4C and D). Cell cycle
analyses in EJ28 cells revealed after 72 h that only the combination of
LCA plus vorinostat increased both G1 and G2M populations and
a concomitant and significant reduction in S-phase from 28.2% ±
3.5 (±SEM) to 7.4 ± 2.1 (P , 0.05). In RT4 cells, no additive effect
on the cell cycle was observed.

Both modulation of NCOR1 expression and cotreatment with the
HDAC inhibitor vorinostat result in similar transcriptional
responses. To define more precisely the impact of NCOR1 expression
on transcriptional choices, we undertook supervised and unsupervised
gene-profiling experiments. Specifically, we measured the LCA re-
sponses in RT4 cells with elevated NCOR1 and EJ28 cells cotreated
with vorinostat.

A microfluidic quantitative real-time, reverse transcription–
polymerase chain reaction approach compared the basal- and LCA-
regulated expression in RT4 pcDNA #6 and RT4 pNCOR1 #7 cells.
Forty-six gene targets (of the 95 genes examined) were significantly
changed in RT4 pNCOR1 #7 compared with RT4 pcDNA #6 cells.
Of these targets, 37 were repressed (supplementary data and Table II
are available at Carcinogenesis Online) and enriched for known
PPARs and VDR targets, including CYP24 (17), SULT2A1 (18), AB-
CA1 (19,20), CDKN1A (encodes p21(waf1/cip1)) (21) and CDKN1B
(encodes p27(kip1)) (22–24). NCOR2/SMRT, a known VDR target
gene (25), was also repressed. Increased NCOR1 expression signifi-
cantly repressed several nuclear receptors (THRB, LXRA, LXRB,
PPARA and PPARG) and coactivators (PPARGC1A, NCOA4,

NCOA3). Interestingly, the increase in LXRs, associated with elevated
NCOR1, reflects parallel-elevated expression of these receptors in
EJ28 and RT112 compared with RT4 cells.

Subsequently, we examined LCA responses with the RT4 ED50

dose (10 lM, 6 h) in RT4 pcDNA #6 and RT4 NCOR #7 to identify
NCOR1-dependent differential effects. Thirty and 17 genes were sig-
nificantly and uniquely regulated in RT4 pcDNA #6 and RT4 NCOR
#7, respectively, and only 12 gene targets were in common (supple-
mentary data and Table II are available at Carcinogenesis Online).
The significant and unique upregulated targets in RT4 pcDNA #6
included a cohort of nuclear receptors (e.g. LXRB, FXR, RXRA), co-
activators factors (e.g. CREBBP/CBP, CRSP6/TRAP80) and histone
modifiers (HDAC2, HDAC6, HDAC7A, HDAC10, AOF2/LSD1,
CARM1). In combination with these were a range of upregulated
nuclear receptor targets, associated with induction of mitotic restraint,
programmed cell death and xenobiotic clearance (CDKN1A,
CDKN1B, IGFBP3, IGFBP5, CASP4, SULT2A1). In contrast, the
unique targets upregulated in RT4 NCOR #7 included compliments
of nuclear receptors (ESR1, LXRA, LXRB, GCR/NR3C1) and histone
modifiers (HDAC1, HDAC3, SUV39H1, PADI4), cell surface trans-
porters (e.g. ABCA1) and metabolic enzymes (AKR1C3, PTGS2/
COX2). The common targets included the metabolic enzyme
(ALOX5), cell cycle regulators (CCNE1, CDK5) and signal transduc-
tion components (EGFR) (supplementary data and Table II are avail-
able at Carcinogenesis Online).

GeneGo software tools were used to mine these data in an unbiased
manner and searched for enrichment of shared transcription factors
(supplementary data and Table III are available at Carcinogenesis
Online). Comparison of basal expression profiles between RT4
pNCOR1 #7 and RT4 pcDNA #6 cells revealed the most significantly
altered transcription factor network was focused around hepatocyte
nucleur factor 4a (HNF4a), and also contained p53 and PPARc as
adjacent hubs (supplementary Figure 3A is available at Carcinogen-
esis Online). The most enriched network in LCA-treated RT4 pcDNA
#6 cells was, again, a network centered on HNF4a (supplementary
Figure 3B is available at Carcinogenesis Online). In contrast, follow-
ing LCA treatment of RT4 pNCOR1 #7, the networks most enriched
were centered on specifity protein (SP)-1 and SP-3.

A subsequent microarray analysis in EJ28 cells in response to the
strong-additive cotreatment of LCA (100 lM) plus vorinostat (0.8
lM) revealed that LCA alone after 4 h resulted in no significant
changes in gene expression, reflecting the resistant nature of EJ28
cells. Vorinostat treatment significantly regulated a unique cohort of
18 genes, nine of which were downregulated. The cotreatment of
agents significantly and uniquely regulated 83 genes, 55 of which
were downregulated (supplementary data and Table IV are available
at Carcinogenesis Online), including genes known to be either ele-
vated in malignancy or associated with increased proliferation, such
as ADNP, CDC5L, FUS, NRAS. Similarly, other positively regulated
targets limit proliferative signals and promote differentiation such as
ZNF277. Again, these data were mined via GeneGo tools to reveal,
surprisingly, that the most enriched network centered, again, on
HNF4a conjoined with EGFR (supplementary data and Table III
and Figure 3C are available at Carcinogenesis Online).

The most upregulated gene target following LCA plus vorinostat,
in the HNF4a network, was ZNF277, a zinc finger protein that
promotes differentiation (26) and the most downregulated gene tar-
get was BCDIN3/MEPCE, an enzyme that promotes transcriptional
elongation (27,28). We validated the regulation of these gene targets
in EJ28 cells with NCOR1 knockdown to test the ability of NCOR1
levels to control the capacity of LCA, signaling through VDR,
to regulate either an HNF4a network or an HNF4a-like network.
These studies revealed that knockdown of NCOR1 resulted in LCA
treatment significantly upregulating ZNF277 and downregulating
BCDIN3/MEPCE (Figure 5). These findings indicate that both
knockdown of NCOR1 and vorinostat cotreatment had similar ef-
fects and are suggestive of the significance of NCOR1 expression as
a functional indicator of the responsiveness toward HDAC-centered
therapies.

Fig. 3. Modulation of NCOR1 expression in bladder cancer cells. Panel (A):
the expression of NCOR1 was measured in stably selected RT4 clones,
according to the Materials and Methods, in nuclear and cytoplasmic fractions
in RT4 pNCOR #7 cells compared with RT4 pcDNA #6. Representative blots
are shown with the position of the proteins indicated on the left. Blots were
subsequently stripped and reprobed for nucleolin. Panel (B): EJ28 cells were
either mock transfected or treated with scrambled RNA (ScRNA) and siRNA
toward NCOR1. Representative blots are shown with the position of the
proteins indicated on the left. Blots were subsequently stripped and reprobed
for nucleolin.
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Discussion

The current study demonstrates that bladder cancer cell lines express
a broad cohort of energetic and dietary-sensing nuclear receptors in-
cluding both high-affinity receptors, such as VDR and RARa, and
those which sense and metabolize more abundant dietary lipids and
bile acids such as PPARs and LXRs. Nuclear receptors act as an
adaptive homeostatic network in several tissues to sense environmen-
tal dietary and xenobiotic lipophilic compounds and sustain the cell,
for example, through the diurnal patterns of fast and feeding (re-
viewed in refs 29,30). Specifically dietary-derived fatty acids, and
bile acids cycle rapidly in response to dietary intake and work hor-
monally to co-ordinate multiple aspects of tissue function in response
to changing energetic status. The ED50 doses obtained with RT4 cells
for LCA and CDCA reflect the serum bile acid levels in humans (31).
The altered expression, for example of VDR, PPARs, LXRs and FXR,
in increasingly invasive bladder cell models suggests these functions
are targeted for disruption. Supportively, animal and epidemiological
studies indicate that either initiaton or progression of bladder cancer
relates to altered intake of micro- and macronutrients, many of which
are sensed by the nuclear receptor network (32–34).

We pursued the hypothesis that loss of ligand responsiveness arises
due to the combination of reduced receptor and increased corepressors
that function to attenuate receptor function. Of course, this does not
exclude a role for loss of coactivator function to limit receptor func-
tion, and this may well be coincident with corepressor expression
changes.

We identified that NCOR1, of six corepressors examined, was el-
evated in cells with attenuated antiproliferative receptor responses.
Importantly, from a diagnostic perspective, we demonstrated in in-
creasingly invasive bladder cancer cell lines an reduced receptor (e.g.
VDR and PPARc) and increased NCOR1 expression. Elevated
NCOR1 protein in HT-1376 compared with RT4 cells, where the
mRNA levels in the two cells appeared equivalent, may suggest other
posttranslational mechanisms for the stabilization of NCOR1 levels.
An important role for NCOR1 to govern multiple receptor responses
was confirmed with three approaches: overexpressing NCOR1 in RT4
cells reduced receptor sensitivity and gene regulatory actions; knock-
down of NCOR1 in EJ28 cells enhanced receptor sensitivity and gene
regulatory actions and targeting the epigenetic lesion, resulting from
a deregulated NCOR1 complex, with the HDAC inhibitor vorinostat
very significantly enhanced antiproliferative receptor sensitivity in
cell lines with elevated NCOR1 (RT112 and EJ28) and significantly
altered the genome-wide transcriptional responses.

The precise relationships between ligand, receptor and NCOR1 are
obscured by ligand promiscuity and diversity of signaling capacity.
LCA is perceived by both FXR and VDR (4) and similarly CDCA
may exert its effects by FXR, pregnane X receptor (PXR) and upre-
gulate PPARc (35). Similarly, both bile acids are sensed by cell sur-
face receptor such as GPBAR1/TGR5 (36) and indirectly activate
EGFR (37). These data may explain several potential differences
between manipulating NCOR1 levels and cotreatment with vorino-
stat. In RT4 cells, with detectable FXR mRNA expression, CDCA and

Fig. 4. Modulation of responsiveness to a panel of nuclear receptor ligands
by targeting NCOR1 expression and activity. Panel (A): antiproliferative
responses of RT4 pNCOR #7 were compared with RT4 pcDNA #6 clones
with the indicated treatments. After 96 h, with a redose after 48 h,
proliferation was measured according to Materials and Methods and
expressed as a percentage of untreated controls. Each data point represents
the mean value of three separate experiments each undertaken in triplicate
wells, and significant differences are indicated (��P , 0.01, ���P , 0.001).
Panel (B): antiproliferative responses of EJ28 cells in either mock
transfected, scrambled RNA (ScRNA) or siRNA with the indicated
treatments. After transfection and 48 h exposure to treatment proliferation

was measured according to Materials and Methods and expressed as
a percentage of untreated controls. Each data point represents the mean value
of three separate experiments each undertaken in triplicate wells, and
significant differences are indicated (��P , 0.01, ���P , 0.001). RT112 cells
(Panel C) and EJ28 cells (Panel D) were treated with minimally active doses
of the indicated nuclear receptor ligands, the HDAC inhibitor vorinostat and
the combination. The doses were calculated from the individual agent
response curves to be the ED25 values as follows: RT112—1a,25(OH)2D3

(10 nM), 9 cis retinoic acid (9cRA) (100 nM), ETYA (9 lM) CDCA (90 lM)
LCA (20 lM), vorinostat (0.3 lM); EJ28—1a,25(OH)2D3 (100 nM), 9 cis
retinoic acid (100 nM), ETYA (30 lM) CDCA (100 lM) LCA (100 lM),
vorinostat (0.8 lM). Proliferation was measured after 96 h, with re-dosing
after 48 h. Strong-additive interactions are indicated where the observed
combined inhibition is significantly greater than the predicted combined
value (�P , 0.05, ��P , 0.01, ���P , 0.001). All experiments were carried
out in three independent times with triplicate wells.
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LCA, but not 1a,25(OH)2D3, signaling is reduced by overexpression
of NCOR1 suggesting a FXR-dependent route. EJ28 cells express
reduced levels of FXR mRNA and protein (data not shown) and re-
ducing NCOR1 expression does not enhance the CDCA response.
Instead, siRNA toward NCOR1 in EJ28 cells enhanced
1a,25(OH)2D3 signaling and supports a more prominent role for
VDR to sense both 1a,25(OH)2D3 and LCA in these cells. A role
for cell surface receptors is also suggested. LCA treatment of both
clones upregulated EGFR. Similarly, in silico network analysis of
LCA and vorinostat treatment of EJ28 cells supported a role for an
HNF4a and EGFR network (supplementary Figure 3 is available at
Carcinogenesis Online).

To define more clearly the ability of NCOR1 to govern receptor
transcriptional actions, we undertook supervised and unsupervised
gene-profiling approaches using the VDR–FXR ligand LCA as
a model ligand input. Overexpression of NCOR1 in RT4 cells resulted
in basal suppression of known PPARa/c and VDR target genes, as-
sociated with antiproliferative behavior (CDKN1A, CDKN1B, BAX,
CASP4). This was not a global event as other established target genes
for these receptors were either sustained or even elevated, for example
G0S2 (38).

The elevation of NCOR1 also leads LCA to induce transcriptomes
that were, to an extent, antagonistic. Treatment of RT4 pcDNA #6
cells with physiological relevant doses of LCA (10 lM) regulated
PPARBP, a coactivator for PPARs and FXR (39,40), whereas this
was absent in RT4 NCOR #7 cells and instead the PPAR co-activator
PPARGC1A was suppressed and LCA induced AKR1C3, which is
known to break down natural ligands of PPARc (41). Similarly,
LCA treatment in RT4 pcDNA #6 cells induced CARM1, a nuclear
receptor coactivator, whereas the same treatment in RT4 NCOR #7
cells upregulated PADI4, which is able to deaminate arginines and
limits the ability of CARM1 (42). Unique transcriptomes were also
modulated in EJ28 cells treated with LCA alone and in combination
with vorinostat. These data suggest that NCOR1 can alter, in a dose-
dependent manner, both the transcriptional magnitude and choice of
gene targets for nuclear receptors.

To develop this concept further, we undertook in silico network
analyses and identified a significantly enriched LCA-dependent
HNF4a-like transcriptome in both RT4 and EJ28 cells, which was
modulated by NCOR1 knockdown and HDAC cotreatment, respec-
tively. HNF4a is a master transcriptional regulator in the liver, a key
hepatic regulator of FXR and has the capacity to synthesize, sense and
store bile acids (reviewed in ref. 43). However, HNF4a mRNA was
only weakly detected in either basal- or LCA-treated RT4 cells. It was

neither detected in the other three cell lines nor increased in EJ28
following knockdown of NCOR1 and then subsequently treated with
LCA.

Together, these data support the concept that corepressor levels
can act to change the signaling capacity of nuclear receptors. Spe-
cifically, in the case of LCA signaling, modulation of NCOR1 ex-
pression and activity converges through VDR and FXR in RT4 cells
and VDR in EJ28 cells. The common effects are to regulate an
‘HNF4a-like’ transcriptional network. It is interesting to note that
in other systems, HNF4a has been shown to co-operate with recep-
tors including PXR to regulate gene transcription (44), to exert tumor
suppressive effects (45) and SNPs of PPARc and HNF4a combine to
determine disease susceptibility in diabetes (46). While the current
findings are suggestive of a tumor suppressive role for HNF4a in
bladder cancer, the precise actions remain to be defined. It is possible
that the network identified is phenotypically similar to HNF4a net-
works in other tissues. Thus, HNFa in hepatocytes is a master nuclear
receptor that governs a differentiation and environmental-sensing
network. In other tissues such as the bladder, a similar network
may function but the regulator function is taken over by other nuclear
receptors.

Corepressor expression, localization and isoforms have emerged as
critical to determine the ability of nuclear receptors, to regulate target
gene promoters and transcriptional outputs. Our previous findings
have established elevated corepressor levels in breast and prostate
cancer cells, compared with normal counterparts, leading to receptor
attenuation and gene silencing (13,14,16,47). These findings suggest
that elevated NCOR1 acts to attenuate and disrupt the actions of
dietary-sensing nuclear receptors during bladder cancer progression
and invasion and is in keeping with altered energetic status of cancer
cells, as proposed by Warburg in the 1930’s [and summarized later
(48)]. Cancer cells derive their energy increasingly from anaerobic
glycolysis. The current study reveals that epigenetic events, mediated
by increased NCOR1 expression, act to distort the transcriptional
capacity of multiple nuclear receptors involved with the sensing and
storing of energy and may contribute to the switch to aerobic glycol-
ysis. This epigenetic lesion may be exploited, selectively and sensi-
tively, by oral or intravesical therapies centered HDAC inhibitors used
to potentiate the actions of ligands for either PPARs, VDR or FXR,
where receptor expression is reduced (47,49).
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