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The peroxisome proliferator-activated receptor c (PPARc) is a ligand-activated transcription factor that has been implicated in
the induction of differentiation of various cell types, including human uroepithelial cells. PPARc-mediated differentiation of
normal human urothelial (NHU) cells in vitro requires coinhibition of epidermal growth factor receptor (EGFR) signalling and is
characterised by de novo expression of late/terminal differentiation-associated genes, including uroplakins (UPK), over a 6-day
period. We used gene microarrays to identify intermediary transcription factors induced in direct response to PPARc activation
of EGFR-inhibited NHU cells. FOXA1 and IRF-1 contained consensus cognate binding sites in UPK1a, UPK2, and UPK3a
promoters and transcripts were induced within 12 h of PPARc activation; transcription complex formation was confirmed by
electromobility shift assays. In urothelium in situ, both FOXA1 and IRF-1 were nuclear and expressed in a differentiation-
associated pattern. Knockdown by transient siRNA of either FOXA1 or IRF-1 abrogated PPARc-induced uroplakin expression
in vitro. This is the first evidence that ligand activation of PPARc induces expression of intermediary transcription factors that
mediate an epithelial differentiation programme and represents a new paradigm for understanding differentiation, regenerative
repair and inflammation in epithelial tissues.
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The nuclear receptor, peroxisome proliferator activated
receptor g (PPARg), heterodimerises with its binding partner,
retinoid X receptor a (RXRa), to form a ligand-activated
transcription factor. Ultimately, the PPARg-RXRa complex
binds directly to peroxisome proliferator response elements
(PPRE) within the promoters of target genes.1 PPARg
activation is highly expressed by a number of tissues,
including the developing and mature urothelium2–4 and is
implicated in the induction of differentiation of a number of cell
types, including adipocytes5 and normal human urothelial
(NHU) cells.6,7

Urothelium is the transitional epithelium that lines the
luminal surface of the bladder and associated urinary tract,
where it functions primarily as a urinary barrier. The
urothelium is comprised of basal, intermediate and superficial
cell zones, which may be distinguished on the basis of
differential cytokeratin (CK)8 and claudin9 isotype expression
profiles and by the expression of urothelium-specific uropla-
kins (UPK) by the superficial cells.10,11 Whereas claudins are
components of the intercellular tight junctions that determine
paracellular barrier function, the uroplakins interact to form
characteristic asymmetric unit membrane (AUM) plaques in
the superficial apical membrane, which contribute to trans-
cellular barrier function.12 Although there has been consider-
able progress towards understanding the molecular basis of

AUM plaque development,13 by contrast, very little is known of
the signalling mechanisms that drive the process of urothelial
cytodifferentiation.

Urothelium is a mitotically-quiescent epithelium in situ, with
a high regenerative capacity. When isolated from the tissue
and established in serum-free monolayer culture, cells
acquire a highly proliferative ‘wound response’ phenotype
that is driven by an epidermal growth factor receptor (EGFR)-
dependent autocrine signalling loop.14 Based on analysis of
CK, claudin and uroplakin expression profiles, NHU cell
cultures express a phenotype equivalent to basal/inter-
mediate zone cells in situ and show no evidence of
spontaneous late/terminal urothelial cytodifferentiation.9,10,15

Previously, we have shown that in EGFR-inhibited NHU
cell cultures, the specific activation of PPARg results in the
induction of a programme of differentiation, leading eventually
to de novo expression of late/terminal differentiation markers,
including UPK1a, UPK2, UPK3a, CK20 and claudin 3.6,7,9 We
proposed that the PPARg-mediated induction of differentiation
in NHU cells was indirect for two reasons: (a) the induction of
late/terminal differentiation markers was first detected several
days after PPARg activation and only reached a maximum
after 4 days and (b) bioinformatics analysis did not identify
high-affinity PPRE-binding sites within the upstream promoter
regions of the uroplakin, CK13 and CK20 genes.6
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Our hypothesis is therefore that activation of PPARg in
urothelial cells leads to production of intermediary transcrip-
tion factors that entrain the transitional differentiation
programme. In this report, we have employed a genechip
microarray strategy to identify transcription factor genes
induced directly by the PPARg agonist, troglitazone (TZ) and
have investigated two candidate transcription factors with
respect to their role in regulating urothelial cytodifferentiation.
The results reveal insight into the role of nuclear receptor
signalling in epithelial cytodifferentiation and inflammatory
processes.

Results

Regulation of transcription factor expression by TZ and
PD153035 in NHU cells. To identify the transcriptional
events downstream of PPARg activation, NHU cells were
treated with the synthetic high affinity PPARg agonist, TZ and
the EGFR-specific tyrosine kinase inhibitor, PD153035, and
RNA samples were taken for microarray analysis at 12, 24,
48 h. Microarray analysis was also performed on parallel
DMSO-treated NHU cell cultures (as vehicle control). The

microarray data was analysed to identify genes that were
up- or downregulated in TZ and PD153035-treated cells
compared with vehicle control cultures at the same time
points. We found that of the approximately 12 000 gene
transcripts represented on the U95Av2 microarray chip, there
were 137, 413 and 375 gene transcripts increased in
response to TZ and PD153035 treatment (greater than
signal log ratio of 1.0) at 12, 24 and 48 h, respectively,
whereas there were 102, 218 and 268 gene transcripts
decreased (greater than signal log ratio of �1.0) at the same
respective time points.

As an internal positive control for the experiment, the
microarray data was analysed with respect to the expression
of urothelial differentiation-associated genes. This revealed
that following treatment of NHU cell cultures with TZ and
PD153035, differential expression of CK13 and UPK1b
transcripts was first detected at 24 h, followed by UPK1a
and UPK2 transcripts at 48 h (Figure 1a).

To test the hypothesis that activation of PPARg results
in transcriptional activation of intermediary transcription
factor(s), genes with a signal log ratio of greater than 1.0
(relative to the respective vehicle control) at each time point
were clustered by ontology to identify induced transcription
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Figure 1 Affymetrix genechip array data. NHU cells were treated with or without TZ (1 mM) and PD153035 (1 mM). RNA was extracted after 12, 24 and 48 h. Biotin-labelled
cRNA was generated and hybridised to U95Av2 genechips. (a) Analysis of differentiation-associated marker gene expression in response to treatment with TZ and PD153035,
compared with the vehicle-only control. (b) Relative change in expression of transcription factors that recognised predicted binding sites within the promoter regions of
urothelial differentiation-associated genes
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factor genes. Sixteen transcription factors were identified and
a bioinformatics analysis was performed to identify which of
these transcription factors had potential binding sites within
the promoter regions of the urothelial differentiation genes
(Table 1). This analysis revealed seven candidate transcrip-
tion factors that were both upregulated by treatment and had
predicted binding sites within at least one of the urothelial
differentiation-associated gene promoters (Figure 1b and
Table 1). In addition, there were six transcription factor
transcripts that showed decreased expression and of these,
c-fos, c-jun and NF-kB (decreased by 1.9 and 1.0 signal log
ratio at 12 h and by 2.4 signal log ratio at 48 h, respectively) were
also found to have predicted binding sites within the urothelial
differentiation-associated gene promoter regions (Table 1).

The forkhead box A1 (FOXA1; alternative name: hepatocyte
nuclear factor 3-a) and interferon regulatory factor-1 (IRF-1)
transcription factors were selected for further study as they (a)
had potential binding sites within two or more of the uroplakin
gene promoters (Table 2) and (b) were the only transcription
factors that were significantly expressed at all three time points,
including the first 12 h time point, before detection of
differentiation marker gene expression. A bioinformatics
analysis6 predicted that both IRF-1 and FOXA1 had high-
affinity PPRE-binding sites in their promoters (1552–1572 and
1307–1327 upstream of the transcriptional start site, respec-
tively). c-Jun was included as a control, as it has previously
been shown to be downregulated by PPARg agonists.18

Effect of PPARc agonists on FOXA1, IRF-1 and c-Jun
expression by NHU cells. To confirm the Affymetrixs

genechip results, quantitative RT-PCR was used to determine

mRNA expression levels of FOXA1, IRF-1 and c-Jun mRNA in
four independent NHU cell lines treated with TZ and PD153035
for periods of up to 48 h. The quantitative RT-PCR results
were comparable to the Affymetrix genechip data with FOXA1
and IRF-1 mRNA expression levels induced and c-Jun
mRNA expression inhibited by TZ and PD153035 treatments
(Figure 2). There was a small increase in IRF-1 mRNA
expression when NHU cells were treated with PD153035 alone.

To identify whether these transcript responses were
translated to protein, whole protein lysates from NHU cells
treated with or without TZ and PD153035 were analysed by
immunoblotting to determine relative expression levels of
FOXA1, IRF-1 and c-Jun proteins. Expression of FOXA1
protein was only induced when NHU cells were treated with
both TZ and PD153035 (Figure 3a) and the effect was

Table 1 Changes in transcription factors/activator gene expression identified from microarray gene expression analysis in NHU cells following treatment with TZ and
PD153035

Signal log ratio

12 h 24 h 48 h

Upregulated with TZ and PD153035 treatment
Interferon regulatory factor-1 (IRF-1)a 1.3 2.0 1.9
Forkhead box A1 (FOXA1)a 1.0 1.9 2.4
Ets-related transcription factor NC 1.7 3.2
GATA3 for trans-acting T-cell specific transcription factora NC 1.8 2.0
Forkhead/winged helix-like transcription factor 7 (FKHL7) NC 1.8 2.0
PBX1 NC 1.2 1.3
CREB transactivator proteina 1.3 NC NC
JunDa 1.0 NC NC
c-Maf transcription factor NC 1.5 NC
A-type microphthalmia associated transcription factor NC 3.4 NC
Interferon regulatory factor-2 (IRF-2)a NC NC 2.3
Oct-binding factor NC NC 1.9
Fos proto-oncogene (c-fos)a �1.9 NC 1.9
Nuclear orphan receptor LXR-a NC NC 1.9
Peroxisome proliferator activated receptor g NC NC 1.3
Retinoid X receptor a NC NC 1.0

Downregulated with TZ and PD153035 treatment
Fos proto-oncogene (c-fos)a �1.9 NC 1.9
ETR101 transcription factor �1.1 NC NC
c-Jun proto-oncogenea �1.0 NC NC
NF-kappa-Ba NC NC �2.4
Short form transcription factor C-MAF NC NC �1.7
STAT4 NC NC �1.5

NC, no significant change when compared DMSO-treated cells versus cells treated with TZ and PD153035
aUsing bioinformatic analysis these transcription factors/activators have putative binding sites within at least one of the uroplakin gene promoters

Table 2 Potential FOXA and IRF-1 binding sites identified within the 2000 bp
sequence upstream of the uroplakin transcriptional start site

FOXAa IRF-1

UPK1a None 429–461
UPK1b 1784–1800 1299–1317
UPK2 2263–2279b 469–487c

3875–3891c 1371–1389
1324–1342

UPK3a 845–861 1170–1188
UPK3b None None

aAll FOXA isoforms (FOXA1, FOXA2 and FOXA3) bind a conserved DNA-
binding domain16,17

bUPK2 had two potential FOXA-binding sites upstream of the transitional
start site
cBinding sites used in the EMSA studies
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Figure 2 Changes in FOXA1, IRF-1 and c-Jun transcript expression in response to PPARg activation and EGFR inhibition. NHU cells were treated with or without TZ
(1mM) and in the presence or absence of PD153035 (1 mM) for the times indicated. RNA was extracted, cDNA generated and absolute quantitative PCR was performed, as
outlined in the Materials and Methods. For each datum point there was three replicates and the FAM-labelled FOXA1, IRF-1 or c-Jun product was normalised against the
internal control, VIC-labelled GAPDH. This is one of the four experiments performed on independent NHU cell lines all with similar results (Figure 1 in Supplementary Data)

Figure 3 Effect of PPARg agonists and EGFR inhibition on FOXA1, IRF-1 and c-Jun protein expression in NHU cells. Whole cell lysates were prepared from NHU cells
treated as detailed below. Cell extracts (35 mg) were resolved on 10% SDS polyacrylamide gels and transferred onto nitrocellulose membranes. Membranes were incubated
with titrated primary antibodies for 16 h at 41C, as indicated. Bound antibody was detected using Alexa Fluor 680 and LI-COR IRDye 800-conjugated secondary antibodies and
visualised using the Odyssey Imaging System. b-actin was used as an internal loading control. These results were reproduced on three independent NHU cell lines. (a)
Treated in the absence and presence of TZ (1mM) and with or without PD153035 (1mM) for 32 h. (b) Treated with or without TZ (1 mM) in the presence of PD153035 (1 mM)
and harvested at the times indicated. Fold change was determined by comparing the densitometry values for TZ and PD153035-treated NHU cells to the vehicle control at
each time point. (c) Treated with 0–5mM TZ or RZ in the presence of PD153035 (1 mM) for 32 h. (d) Treated with PD153035 and AG1478 in the presence of TZ (1mM) for 32 h
at concentrations indicated. (e) Cells were preincubated with PPARg antagonist (GW9662 or T0070907) and PD153035 (1 mM) for 3 h, before addition of TZ (1 mM) for 32 h
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maximal (6-fold above basal) after 72 h of treatment
(Figure 3b). IRF-1 protein expression was induced by
treatment of NHU cells with PD153035 alone, but not TZ
alone; however, induction was enhanced in the presence of
both TZ and PD153035 (Figure 3a). The induction was
maximal (3.3-fold) after 72 h of treatment (Figure 3b), but
protein changes were detectable by 24 h (IRF-1) and 32 h
(FOXA1). The expression of c-Jun protein was inhibited by
PD153035 or TZ and the effect was greatest at 32 h after
treatment (Figure 3a and b), in agreement with previous
reports that PPARg agonists inhibit c-Jun.18 The effects of TZ
and PD153035 on c-Jun were not additive.

TZ increased FOXA1 and IRF-1 protein expression, with
maximal effect at 1mM (7.9-fold and 4.1-fold above basal at
32 h, respectively; Figure 3c). The results were confirmed
using a second PPARg agonist, rosiglitazone (RZ), which also
showed an induction of FOXA1 and IRF-1 protein expression
(Figure 3c). The induction of FOXA1 and IRF-1 by TZ required
that EGFR signalling was inhibited, as confirmed in dose–
response experiments using the EGFR inhibitors, PD153035
and AG1478. These results showed that in the presence of
1mM TZ, the EGFR inhibitors had maximal effects at 1mM
PD153035 and 1 mM AG1478, respectively (Figure 3d).

To verify that the TZ-induced effect on FOXA1 and IRF-1
was PPARg-specific, NHU cells were stimulated with TZ and
PD153035 in the presence of PPARg antagonists, GW9662 or
T0070907. Both GW9662 and T0070907 had a dose-
dependent inhibitory effect on induction of FOXA1 (maximal
effect approximately 70% for both inhibitors) and IRF-1
(maximal effect approximately 55 and 42% for GW9662 and
T0070907, respectively; Figure 3e). Notably, the PPARg
antagonists reduced expression of FOXA1 and IRF-1 to the
amount induced by PD153035 alone, indicating EGFR

signalling may have some involvement in modifying the
expression of these transcription factors.

Localisation of FOXA1 and IRF-1 in human
urothelium. Immunohistochemical labelling with antibodies
against UPK1b and UPK3a confirmed that uroplakin
expression was highly restricted to the apical membrane of
the superficial urothelium (Figure 4a and b). FOXA1 was
localised to the nuclei of urothelial cells in both bladder and
ureter (Figure 4c and d) and showed a differentiation-
associated distribution, with very little FOXA1 expression
detected in the basal cell layer (Figure 4d, arrows) and an
increase in the intensity of labelling towards the superficial
cells. IRF-1 was less intensely expressed than FOXA1, but
again, the localisation was confined to nuclei of the
intermediate and superficial urothelial cell layers
(Figure 4e), with very little expression detected in the basal
cell layer (Figure 4e, arrows). These results demonstrate that
FOXA1 and IRF-1 are both expressed by normal human
urothelium in situ and show a localisation compatible with a
role in differentiation.

Effect of FOXA1 and IRF-1 knockdown on expression
of TZ-PD153035-induced uroplakin genes. Maximal
transcript and protein expression of FOXA1 and IRF-1 was
apparent when NHU cells were treated with both TZ and
PD153035 and was detectable prior to induction of
differentiation-associated gene expression. We therefore
used small interfering RNA (siRNA) to individually
knockdown FOXA1 and IRF-1 expression to investigate
whether FOXA1 and/or IRF-1 was essential for induction of
urothelial differentiation in response to PPARg activation.
Preliminary optimisation experiments were performed to

Figure 4 Immunohistochemical expression of FOXA1 and IRF-1 in human bladder and ureter. Immunohistochemical labelling for UPK1b (a) and UPK3a (b) in bladder,
FOXA1 in bladder (c) and ureter (d) and IRF-1 in ureter (e). Note that staining of blood vessels represent endogenous peroxidase activity. Scale bar¼ 20mm. Similar results
were obtained in bladder and ureter sections from five independent donors (age range, 49–76 years)
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determine conditions required to achieve high transfection
efficiencies for siRNA (Figure 2a of Supplementary
Information) and showed that when NHU cells were
transfected, even the highest concentration of siRNA had
no significant effect on NHU cell morphology and viability
(Figure 2b of Supplementary Information).

Treatment of NHU cells with FOXA1 siRNA reduced the
effects of TZ and PD153035 on the induction of FOXA1
protein expression by a maximum of 55% when compared
with the control siRNA (Figure 5a). There was no effect on
claudin 1 protein expression, which has previously been
shown not to be affected by PPARg activation.9

NHU cells treated with IRF-1 siRNA inhibited the TZ and
PD153035-mediated induction of IRF-1 protein expression
by 60% (Figure 5b). The induction of FOXA1 protein by
combined treatment with TZ and PD153035 was inhibited by
40%, by siRNA to FOXA1 (Figure 5b). Although FOXA1
siRNA had no effect on IRF-1 protein expression, it was found
that IRF-1 siRNA reproducibly downregulated FOXA1 ex-
pression. This may be owing to an off-target effect of the
siRNA, or could indicate that induction of FOXA1 expression
by TZ and PD153035 lies downstream of the induction of
IRF-1.

We have demonstrated previously that treatment of NHU
cells with TZ and PD153035 led to de novo transcription of
various urothelial differentiation-associated genes/proteins,
including claudin 3,9 CK137 and uroplakins.6 IRF-1 siRNA
decreased claudin 3 and CK13 protein by a maximum of 52
and 62% of control, respectively (Figure 6a) and UPK1a,
UPK2 and UPK3a mRNA expression by 70% (Figure 6b) of
control in TZ/PD153035-treated NHU cells. UPK1b mRNA
expression was inhibited to a lesser extent, by approximately
20% and UPK3b mRNA expression was increased by 60%
(Figure 6b). Similar observations were made when NHU cells
were treated with FOXA1 siRNA, where there was a reduction
of TZ and PD153035-induced expression of claudin 3 (49%)
and CK13 (54%) protein (Figure 6a) and UPK1a (70%), UPK2
(50%) and UPK3a (20%) mRNA and slight increases in
UPK1b and UPK3b transcripts (Figure 6b).

Influence of TZ and PD153035 on IRF, FOXA and AP-1
complexes associated with the UPK2 promoter. To
demonstrate the direct effect of the TZ-PD153035-induced
intermediary transcription factors on their target genes
electromobility shift assays (EMSA) were performed using
predicted consensus-binding sites for IRF-1 IRF, FOXA and
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Figure 5 Influence of FOXA1 siRNA and IRF-1 siRNA on the FOXA1 and IRF-1 expression in differentiating NHU cell cultures. (a) NHU cells were transfected with FOXA1
siRNA or the control eGFP siRNA, before the addition of 1 mM TZ and 1mM PD153035. After 46 h, whole cell lysates were prepared from transfected NHU cells and cell
extracts (20mg) were assessed by western blot analysis as described in the Materials and Methods. b-actin was used as an internal loading control. eGFP control siRNA was
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blot as outlined above. This is one of two experiments on independent cell lines with similar results
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AP-1 upstream of the UPK2 promoter (Table 2). One IRF and
two FOXA-binding complexes were induced when NHU cells
were treated with TZ and PD153035 for 30 h (Figure 7a
and b). Formation of these complexes were abolished by
incubation with the appropriate unlabelled (‘cold’) IRF or
FOXA binding sequence and this effect was reversed when
the unlabelled IRF or FOXA were mutated in the consensus
region of the oligonucleotide.

To verify the presence of IRF-1 and FOXA1 in their
respective complexes, supershift reactions were performed
using specific antibodies. The IRF complex was obliterated
when anti-IRF-1 was added and the negative control anti-c-
Jun had no effect on the band pattern. This suggests that
IRF-1 is the main component of the IRF complex. When anti-

FOXA1 was used the two FOXA-binding complexes were
partially disrupted, suggesting that although FOXA1 is in the
two complexes it is not the only component.

When EMSAs were performed using the potential AP-1-
binding site, two AP-1binding complexes were formed, which
were disrupted when NHU cells were treated with TZ and
PD153035 (Figure 7c). The complexes were abolished by
incubation with the appropriate unlabelled (‘cold’) AP-1. This
result supports the earlier observation that TZ and PD153035
inhibited c-Jun expression in NHU cells and implies that c-Jun
is found within AP-1-binding complexes.

Discussion

This study implicates FOXA1 and IRF-1 as PPARg-regulated
intermediary transcription factors involved in mediating the
uroepithelial differentiation programme. FOXA1 and IRF-1
gene expression was induced within 12 h of activating PPARg
in EGFR-inhibited urothelial cells and siRNA knockdown of
either FOXA1 or IRF-1 abrogated the PPARg-induced
induction of late/terminal urothelial differentiation-associated
genes. FOXA1 and IRF-1 both contained consensus PPRE
within their promoter regions and both were shown to form
specific transcription complexes at UPK2 upstream consen-
sus-binding sites in TZ-PD153035-treated cells. In the context
of our previous reports,6,7,9 identification of intermediary
transcription factors explain both the delay in induction of
differentiation-associated gene transcription in response to
PPARg activation and the lack of consensus PPRE-binding
sites in the differentiation gene promoters. The results also
add weight to our previous findings that EGFR signalling
contributes to regulating the proliferative versus differentiated
phenotype in urothelium,6,14 as induction of IRF-1 and FOXA1
expression in response to PPARg activation required
blockade of EGFR signalling.

The UPK1a promoter was predicted to have an IRF-1 site,
but not a FOXA-binding site, however, expression of UPK1a
was inhibited when either FOXA or IRF-1 expression was
inhibited. In the quantitative mRNA analysis, it was noted that
expression of UPK1a transcripts closely mirrored that of
UPK2, implying that there may be a feedback from UPK2 on
UPK1a gene transcription. This is perhaps not surprising, as
UPK1a and UPK2 proteins form obligate heterodimers as a
prerequisite for exit from the endoplasmic reticulum.13

However, this implies a difference between human urothelial
cells in vitro and mouse urothelium in vivo, as germline
ablation of the UPK2 gene led to a two-fold increase in UPK1a
and ten-fold increase in UPK1b mRNA, relative to wild-type
urothelium.19

Although FOXA1 and IRF-1 were both implicated in the
PPARg-activated induction of UPK3a transcription, unlike the
UPK2/UPK1a partnership, siRNA knockdown of FOXA1 and
IRF-1 had only limited consequences for UPK1b expression.
However, we also observed increased transcription of UPK3b,
which can also heterodimerise with UPK1b and is thought
to be expressed at an earlier stage of differentiation than
UPK3a.20 This suggests differences in the regulation of
UPK1b and UPK3b when compared with the other uroplakins,
whose expression in man is restricted to terminally
differentiated superficial urothelial cells. We have also shown
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Figure 6 Effect of IRF-1 siRNA and FOXA1 siRNA on expression of
differentiation-associated proteins in NHU cell cultures. (a) NHU cells were
transfected with IRF-1 siRNA, FOXA siRNA or the Allstars control siRNA followed by
the addition of 1 mM TZ and 1 mM PD153035. Media containing inhibitors were
replenished after 3 days. On day 6, cell lysates were prepared from the cells and
extracts (20mg) were assessed for CK13 and claudin 3 protein expression by
western blot analysis as described in the Materials and Methods. The values were
normalised against b-actin and the control siRNA was assigned an arbitrary value of
100%. (b) NHU cells were transfected with and without IRF-1 siRNA (10 nM),
FOXA1 siRNA (50 nM) or the control eGFP siRNA (50 nM) and then incubated with
1mM TZ and 1mM PD153035. Three days post-transfection, RNA was extracted,
cDNA generated and absolute quantitative PCR was performed to determine
expression levels of the uroplakins, as outlined in the Materials and Methods.
For each datum point, the FAM-labelled uroplakin product was normalised against
the internal control, VIC-labelled GAPDH. Data show the mean of three replicates,
which were normalised to the control, which was taken as 100%. This is one of
the two experiments on independent cell lines with similar results
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previously that only UPK1b gene expression is upregulated by
PPARg activation independently of EGFR signalling.6 UPK1b
is the least differentiation-restricted of the uroplakins, being
expressed by proliferating NHU cells and overexpressed in
50% superficial urothelial cell carcinomas, suggesting it
may have an alternative function in non-differentiated
urothelium.10

The specific immunolocalisation of both FOXA1 and IRF-1
to the nuclei of suprabasally-positioned urothelial cells in situ
is consistent with a role in cytodifferentiation. This is the first
report of FOXA1 and IRF-1 localisation in human urothelium,
although FOXA1 expression has been demonstrated
previously in bladder, prostate and other epithelial tissues in
the adult rat, and is expressed throughout the urothelium of

the renal pelvis in adult mice21 and in the developing mouse
lung and bladder.21–23 FOXA1 has been proposed to play an
important role in the embryonic development and differentia-
tion primarily of endodermally derived tissues,21,24,25

including urothelium,44 although there is evidence that FOXA1
and FOXA2 are required for mesoderm formation.23 Our study
showed FOXA1 expression in urothelia from both endoder-
mally derived bladder and mesodermally derived ureter,
implying a mutual differentiation process. FOXA1 has been
previously reported to be a primary target for all-trans retinoic
acid-induced differentiation of mouse F9 and P19 embryonal
carcinoma, and Neuro2a neuroblastoma cell lines.26–28 How-
ever, there has been no previous report that FOXA1 expres-
sion is mediated through PPARg activity. Differentiation of
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preadipocytes to adipocytes is also a PPARg-dependent
process, involving a cascade of gene transcription changes.
Although FOXA1 has not specifically been implicated as a
PPARg-regulated gene in adipogenesis, the expression of
lipoprotein lipase, which is one of the first genes induced
during adipogenesis, requires a FOXA-binding cis-regulatory
factor.29

The identification of IRF-1 as a transcriptional regulator of
urothelial differentiation was unexpected, as there has been
no previous report of IRF-1 expression in the urothelium of any
species and it is generally regarded as a transcriptional
activator of genes induced by the interferons and other
cytokines. Nevertheless, IRF-1 is an essential transcription
factor in the regulation of the cornified envelope genes during
keratinocyte differentiation30 and is a primary response gene
in myeloid differentiation.31 Conversely, the interferons
themselves have been shown to modulate keratinocyte
differentiation32 and the expression of genes regulating
growth and differentiation.33 Urothelium, in common with
other epithelial tissues, such as skin, is an epithelial barrier
tissue, providing a primary barrier defence against pathogens,
and playing a role in innate and adaptive immunity through the
induced expression of immunoregulatory cytokines and
adhesion molecules.34 Epithelia are prone to chronic inflam-
matory conditions characterised by sustained inflammation in
the absence of pathogen, epithelial damage and reversal of
differentiation, as found in psoriasis of the skin and interstitial
cystitis of the bladder. There is evidence indicating that
deranged IRF expression in keratinocytes may be respon-
sible, at least in part, for the aberrant proliferation and de-
differentiation of psoriatic epidermis. The thiazolidinediones
(TZDs) have been proposed as therapeutic agents for
psoriatic conditions because of their ability to inhibit prolifera-
tion and promote skin differentiation35 and it is conceivable
that PPARg-mediated induction of IRF-1 may play a dual role
in promoting differentiation and modulating inflammation.

In conclusion, we have shown that PPARg activation in
normal human urothelial cells entrains a programme of gene
expression changes involving intermediary transcription
factors that include IRF-1 and FOXA1. Questions remain –
in particular the nature of the PPARg-activating ligand in vivo,
as we have shown that this is not a urine-derived factor.36

Nevertheless, we suggest these results have implications
for epithelial tissue biology and for understanding the
aetiopathology and treatment of dysfunctional and chronic
inflammatory conditions.

Materials and Methods
Materials. Troglitazone (TZ) was provided by Parke-Davis Pharmaceutical
Research (Ann Arbor, USA); RZ and GW9662 were provided by GlaxoSmithKline
(Worthing, UK). PD153035 and AG1478 were obtained from Calbiochem-
Novabiochem Biosciences (Nottingham, UK). T0070907 was obtained from
Cayman Chemical Co. (supplied by Axxora, Nottingham, UK).

Rabbit polyclonal antibodies against c-Jun (code H-79) and FOXA1 (code D20)
for immunoblotting and EMSA were from Santa Cruz (supplied by Autogen-
Bioclear, Calne, UK), while rabbit polyclonal antibody against claudin 3 (PAD
Z23.JM) was from Zymed Laboratories Inc. (supplied by Cambridge Bioscience,
Cambridge, UK). Monoclonal antibodies IRF-1 (clone 20/IRF-1) and CK13 (clone
IC7) used in the immunoblotting and immunohistochemistry were obtained from BD
Biosciences (Oxford, UK) and ICN Biomedicals Inc. (Basingstoke, UK), respectively.

Affinity-purified rabbit anti-IRF-1 used in the EMSA supershift studies was obtained
from Active Motif (Rixensart, Belgium).

Tissues and cell culture. Normal urothelial tissues were obtained with
relevant Local Research Ethics Committee approvals and patient consent, as
surgical specimens from patients with no history of urothelial malignancy. A
representative sample was processed into paraffin wax for immunohistology and the
remainder was used to establish finite NHU cell lines, as described in detail
elsewhere.15,37

NHU cell lines were maintained in keratinocyte serum-free medium (KSFM)
containing BPE and EGF (Invitrogen, Paisley, UK) with 30 ng/ml cholera toxin
(KSFMc) and subcultured as described.15,37 Experiments reported here were
performed on NHU cell lines between passages 3–5 and, unless stated otherwise,
were seeded at 2.104 cells/cm2 and allowed to attain approximately 70% confluence
before treatment with PPARg ligands and PD153035.

RNA extraction. Cell monolayers were solubilised in Trizolt and the RNA was
isolated by chloroform extraction and isopropanol precipitation, according to
protocol from Invitrogen. The RNA was treated with DNase I (DNA-freeTM kit from
Ambion, Huntingdon, UK).

Human GeneChips arrays. cDNA was synthesised using 10mg of total
RNA, 100 pmol T7-(dT)24 primer and the SuperscriptTM first-strand synthesis system
and second-strand reaction mix (0.2 mM dNTP, 0.07 units E.coli DNA ligase, 1.1
units E.coli DNA polymerase I, 0.01 units E.coli RNase H, 10 units T4 DNA
polymerase), using the manufacturer’s protocol (Invitrogen).

Synthesis of biotin-labelled cRNA was performed using the BioarrayTM

HighyieldTM RNA transcript labelling kit (Enzo Life Sciences supplied by Affymetrix).
The final labelled cRNA was cleaned using the RNeasys mini kit (Qiagen, Crawley
UK) and 20mg cRNA was fragmented in buffer (33 mM Tris-acetate, pH 8.1, 83 mM
potassium acetate, 25 mM magnesium acetate) at 941C for 35 min. The fragmented
cRNA (15mg) was hybridised to the Affymetrix Genechip human genome U95Av2
array by rotation at 451C for 16 h. The Genechip array was washed, labelled with
streptavidin phycoerythrin (Molecular Probes, supplied by Cambridge Bioscience
UK) followed by biotinylated anti-streptavidin (Vector Laboratories, Peterborough
UK) on an Affymetrix Genechip Fluidics station 400, scanned and analysed using
the Affymetrix Microarray Suite. A signal log ratio of 1.0 or less than �1.0,
respectively, was used to identify genes increased or decreased in comparison to
the vehicle-only control for each time point.

Real-time RT-PCR. cDNA was synthesised from 1 mg total RNA and the
Superscript first-strand synthesis system, as above. Quantitative real-time PCR was
performed using TaqMan real-time PCR primers and probes designed using
the Primer Express Software (Applied Biosystems, Warrington UK), for c-Jun
(50-CGGAGAGGAAGCGCATGA-30; 50-CCAGCCGGGCGATTC-30; probe 50-CTG
CCTCCAAGTGCCGAAAAAGGAAG-30), FOXA1 (50- CAAGAGTTGCTTGACCGA
AAGTT-30; 50-TGTTCCCAGGGCCATCTGT-30; probe 50-AGGACCCCAACCCC
TTTGCTCTCTACC-30) and IRF-1 (50-TGCATTTATTTATACAGTGCCTTGCT-30;
50-CCCTCCCTGGGCCTGTT-30; probe 50-CACCACCCCCTCAAGCCCCA-30) and
previously, uroplakins and GAPDH.38

The reactions were performed in TaqMan Universal PCR master mix with
300 nM of primers and 200 nM of probe on an ABI Prism 7700 Sequence Detector
system (from Applied Biosystems) for 10 min at 951C followed by 40 cycles of 15 s
at 951C and 60 s at 601C. The data was analysed using the ABI Prism 7700 SDS
software. For each data point, the FAM-labelled product was normalised to the
VIC-labelled GAPDH internal control.

Promoter analysis. The transcriptional start site for each uroplakin and
transcription factor gene was retrieved from NCBI (www.ncbi.nlm.nih.gov), or the
literature 39–41, and linked to UCSC Genome Browser (http://genome.ucsc.edu).
The NCBI accession codes were: UPK1a, NM007000; UPK1b, NM006952; UPK2,
NM006760; UPK3a, NM006953; UPK3b, NM030570; FOXA1, NM004496; IRF-1,
NM002198 and c-Jun, NM_002228. A 2 kb region upstream of the transcriptional
start site for each uroplakin gene (UPK1a;39 UPK1b;40 UPK2;41 UPK3a and UPK3b
predicted from NCBI) was analysed for predicted transcription factor-binding sites
using the MatInspector programme of Genomatix suite.42 This was correlated to
transcription factors identified from the microarray analysis.
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MatInspector and a previously described PPARg-defined PPRE matrix6 was
used to identify PPARg-specific PPRE-binding sites within a 2 kb region upstream
of the transcriptional start site for FOXA1 and IRF-1 genes.

Immunohistochemistry. Immunohistochemistry was performed on 5mm
paraffin wax-embedded tissue sections.7 Briefly, sections were treated to block
endogenous biotin and antigen retrieval was performed by boiling sections for
10 min in 10 mM citric acid buffer, pH 6.0. After overnight incubation in primary
antibody at 41C slides were washed, incubated in biotinylated secondary antibodies
and a streptavidin–biotin horseradish peroxidase complex (Dako Cytomation, Ely,
UK) and visualised using a diaminobenzidine substrate reaction (Sigma-Aldrich,
Poole, UK). The sections were counterstained with haemotoxylin (Sigma-Aldrich).

Immunoblotting. Cell lysates were prepared as described previously using
lysis buffer (25 mM Hepes pH 7.4, 125 mM NaCl, 10 mM NaF, 10 mM sodium
orthovanadate, 10 mM sodium pyrophosphate, 0.2% (w/v) SDS, 0.5% (w/v) sodium
deoxycholate acid, 1% (w/v) Triton X-100, 1mg/ml aprotinin, 10mg/ml leupeptin and
100mg/ml phenylmethylsulphonyl fluoride) and shearing the lysates through a 21-G
needle, incubating on ice for 30 min, before microcentrifugation at 10 000 g for
30 min at 41C.6 The protein concentrations of supernatants were measured by
Coomassie assay (Pierce, supplied by Perbio Science UK Ltd., Cheshire, UK). Cell
extracts were resolved on 10% SDS polyacrylamide gels and transferred onto
nitrocellulose membranes. Membranes were incubated with titrated primary
antibodies for 16 h at 41C. Bound antibody was detected using Alexa Fluors 680
and LI-COR IRDyet 800 conjugated secondary antibodies and visualised using the
Odysseyt Imaging System (LI-COR Biosciences UK Ltd., Cambridge).

siRNA. siRNA templates were designed to three regions of FOXA1 (NM004496)
and IRF-1 (NM002198) and to one region of the control eGFP using the Ambion
siRNA template design tool (www.ambion.com); sequences are shown in Table 3.
The templates were used to generate FOXA1, IRF-1 and eGFP siRNA complexes

using the protocol for the SilencerTM siRNA construction kit (Ambion). The AllstarsTM

negative control was obtained from Qiagen Ltd. (Crawley, West Sussex, UK).
For transfections, NHU cells were seeded at 4� 105 cells/ml onto 6-well

Primarias plates (Becton-Dickinson) and incubated for 16 h until approximately
50% confluent. An equimolar cocktail mixture of the three target siRNAs for FOXA1,
IRF-1 or an equivalent concentration of eGFP siRNA or AllstarsTM siRNA was
incubated with OligofectamineTM reagent (Invitrogen) in KSFM at ambient
temperature for 20 min. The cells were washed with KSFM and the siRNA mixture
was added to the cells. After 7 h incubation at 371C cells were treated with TZ
(1 mM), PD153035 (1mM) in KSFMc and protein and RNA were extracted after 46 h
and 72 h, respectively. As a control, cells were incubated with transfection agent,
OligofectamineTM alone in the presence or absence of TZ and PD153035.

Electromobility shift assay. Nuclei were isolated from NHU cells, as
previously described.43 Briefly, NHU cell cultures were lysed in 10 mM Tris-HCl, pH
7.4 containing 10 mM NaCl, 3 mM MgCl2 and 0.5% (v/v) Nonidet P-40. Lysates were
incubated for 15 min on ice and centrifuged at 1000 g for 5 min at 41C. The pellets
were washed in lysis buffer and resuspended in 1 ml nuclear suspension buffer
(50 mM Tris-HCl, pH 7.5 containing 10 mM magnesium acetate, 40% (v/v) glycerol,
1 mM DTT). Nuclei were centrifuged at 1000 g for 10 min and nuclear proteins were
extracted from the pellet by incubation on ice for 15 min in extraction buffer (10 mM
HEPES pH 7.5 containing 0.4 M NaCl, 5 mM EDTA, 0.2 mM PMSF, 1 mM DTT), and
centrifuged as above. After the addition of glycerol (15%) (v/v) the nuclear extracts
were snap-frozen and stored at �801C.

Ten micrograms of nuclear extract was incubated at 41C for 20 min with 3mg
poly(dI-dC), 2ml carrier mix (50 mM MgCl2 and 340 mM KCl) and delta buffer
(25 mM HEPES pH 7.6 containing 0.1 mM EDTA, 40 mM KCl, 8% (w/v) Ficoll and
1 mM DTT) to give a final volume of 18ml. The double-stranded oligonucleotide was
labelled with [a32P]dATP using the Random primers DNA labelling system
(Invitrogen) and added to the reaction mixture (100 000 c.p.m./reaction) and
incubated for 30 min at 41C. The samples were resolved on a non-denaturing 5%
polyacrylamide gel at 200 V for 3 h, dried and exposed to film. For supershift
analyses, conditions were optimised for each antibody and the appropriate antibody
was incubated at 41C with the nuclear extract reactions before the addition of the
labelled oligonucleotide. The sequences for the double-stranded oligonucleotides
were predicted from the UPK2 upstream sequence using Genomatrix or Alibaba
software (Table 2) and the oligonucleotide sequences used IRF-UPK2
50-CATTCGCAAGAATTGAAACCCGA-30; FOXA-UPK2 50-CATTCGATGAAATAA
AAAATGGCGC-30; AP-1-UPK2 50-TCGATTACTGGTTGCTGCTA-30. Mutants
were constructed by scrambling the core consensus regions, mIRF-UPK2
50-CATTCGCAATACTTCTGACCCGA-30; mFOXA-UPK2 50-CATTCGATGAAACG
TCAAATGGCGC-30.
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