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We observed that in urothelium, both cornifying and
noncornifying forms of squamous metaplasia are ac-
companied by changes in the localization of the nu-
clear hormone receptors, peroxisome proliferator ac-
tivated receptor � (PPAR-�) and retinoid X receptor
(RXR-�). To obtain objective evidence for a role for
PPAR-�-mediated signaling in urothelial differentia-
tion, we examined expression of the cytokeratin iso-
types CK13, CK20, and CK14 as indicators of transi-
tional, terminal transitional, and squamous
differentiation, respectively, in cultures of normal
human urothelial cells. In control culture conditions,
normal human urothelial cells showed evidence of
squamous differentiation (CK14� , CK13� , CK20�).
Treatment with the high-affinity PPAR-� agonist, tro-
glitazone (TZ), resulted in gain of CK13 and loss of
CK14 protein expression. The effect of TZ was signif-
icantly augmented when the autocrine-stimulated epi-
dermal growth factor receptor pathway was inhibited
and this resulted in induction of CK20 expression.
The RXR-specific inhibitors PA452, HX531, and
HX603 inhibited the TZ-induced CK13 expression,
supporting a role for RXR in the induction of CK13
expression. Thus, signaling through PPAR-� can me-
diate transitional differentiation of urothelial cells
and this is modulated by growth regulatory programs.
(Am J Pathol 2004, 164:1789–1798)

Urothelium, the epithelium lining the bladder and associ-
ated urinary tract is normally a transitional epithelium, but
has the capacity to undergo either squamous, or more
rarely, glandular metaplasia. This plasticity of differentia-
tion is thought to reflect the embryonic derivation of
urothelium from the urogenital sinus epithelium, which
also gives rise to vaginal-type stratified squamous and

prostatic-type glandular epithelia.1 The precise molecu-
lar mechanisms and factors that regulate the induction
and type of differentiation in urothelium are poorly under-
stood.

The cytokeratins (CKs) are widely regarded as mark-
ers par excellence of epithelial cytodifferentiation. Not only
is their expression restricted primarily to cells committed
to an epithelial lineage, but distinct CK isotype expres-
sion profiles are associated with particular epithelial dif-
ferentiation programs. Furthermore, expression of partic-
ular CK isotypes can be associated with specific
maturation or pathogenic stage.2

Transitional epithelium shows a well-characterized
progression of changes in CK isotype expression from
basal through to the terminally differentiated superficial
cells.3 Whereas CK5 and CK17 are basally expressed
and CK13 is present in all but the superficial cells, the
expression of CK20 is restricted to the superficial cell
layer, where it is recognized as a highly sensitive marker
of normal urothelial cytodifferentiation.4–7 Urothelial ex-
pression of CK14, which is expressed in the basal com-
partment of all stratified squamous epithelia, has been
correlated with squamous differentiation of urothelium in
vivo.8

Experimental and clinical investigations have demon-
strated that under conditions of dietary vitamin A defi-
ciency, urothelium undergoes squamous metaplasia in
vivo.9–11 Retinoic acid (RA) effects are transduced by two
distinct classes of nuclear hormone receptors, retinoid A
receptors (RAR) and retinoid X receptors (RXR). RXR
binds 9-cis-RA with high affinity, whereas RARs interact
with 9-cis-, 13-cis-, and all-trans RA.12 We have shown
previously that normal human urothelial (NHU) cells
grown in vitro in the absence of exogenous retinoids
express a squamous-associated CK13�, CK14� pheno-
type, but revert to a transitional CK13�, CK14� pheno-
type on treatment with the RAR ligand, 13-cis-RA.13 Our
study found no expression of CK20, suggesting that al-
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though differentiation had been redirected from a squa-
mous to a transitional pathway, there was no induction of
terminal differentiation.13 Another nuclear hormone recep-
tor, peroxisome proliferator activated receptor (PPAR)-�,
has been implicated in the differentiation of adipocytes.14

When PPAR-� is activated it forms a heterodimer with the
nuclear hormone receptor, RXR. This nuclear hormone
complex can bind to the peroxisome proliferator response
element (PPRE) and induce gene transactivation.15

A role has been proposed for cell surface [interferon-�,
transforming growth factor-�, epidermal growth factor
(EGF)] and nuclear hormone (RAR, TH3) receptor signal-
ing in modulating patterns of CK expression in other
epithelial tissues.16 In this study, we have investigated
how signaling through PPAR-� affects urothelial cytodif-
ferentiation, by assessing the effects of receptor activa-
tion on CK expression. Because proliferation through the
epidermal growth factor receptor (EGFR) pathway may
inhibit differentiation,17 the effects on CK expression by
activation of PPAR-� were performed in conjunction with
inhibitors of EGFR.

Materials and Methods

Materials

PPAR-� was activated by the high-affinity agonist trogli-
tazone (TZ), a member of the thiazolidinedione class of
anti-diabetic drugs.18 TZ was provided as a gift by Parke-
Davis Pharmaceutical Research (Ann Arbor, MI). Antago-
nists for PPAR-�, bisphenol A diglycidyl ether (BADGE19),
was obtained from Tocris Cookson Ltd. (Bristol, UK) and
GW966220 was provided as a gift by GlaxoSmithKline
(Worthing, UK). The RXR antagonists, HX531, HX603, and
PA45221,22 were a kind gift from Dr. Hiroyuki Kagechika
(University of Tokyo, Tokyo, Japan). The EGFR inhibitors,
PD153035 and AG1478, were purchased from Calbio-
chem-Novabiochem Biosciences Ltd. (Nottingham, UK).
[32P]CTP was from Amersham Pharmacia Biotech Ltd. (Lit-
tle Chalfont, UK). mRNA extracted from whole tissue colon,
ureter, fetal bladder, and breast was obtained from Strat-
agene, Amsterdam, The Netherlands. All agonists and an-
tagonists were dissolved in dimethyl sulfoxide and solvent
controls were included in all experiments, in which the max-
imum concentration of dimethyl sulfoxide was 0.001%.

Antibodies

Mouse monoclonal antibodies were used to the following
specificities: CK20 (clone IT-Ks 20.3; Chemicon Interna-
tional Ltd., Harrow, UK); CK13 (clone IC7; ICN Biomedi-
cals Inc., Basingstoke, UK); CK14 (clone LL002; Serotec
Ltd. Oxford, UK), CK19 (clone LP2K, Central Resources,
Cancer Research, London, UK), �-actin (Sigma-Aldrich
Ltd., Poole, UK), PPAR-� (clone E-8; Santa Cruz Biotech-
nology Inc., supplied by Autogen Bioclear Ltd., Calne,
UK). Rabbit anti-RXR-� (RXR-�) (D20) was obtained from
Santa Cruz.

Tissues

Surgical specimens of ureter and renal pelvis were ob-
tained from patients with no histological evidence of
urothelial dysplasia or malignancy. Three specimens of
urothelium were included that showed histological evi-
dence of squamous metaplasia, including one case of
cornifying and two cases of noncornifying squamous dif-
ferentiation. The collection of surgical specimens was
approved by the relevant Local Research Ethics Commit-
tees and had full patient consent, as required. Tissues
were collected in Hanks’ balanced salt solution contain-
ing 10 mmol/L HEPES, pH 7.6, and 20 kIU aprotinin
(Trasylol; Bayer plc, Newbury, UK), as described.23,24

Representative pieces of each tissue sample were pro-
cessed into paraffin wax for histology and the remaining
sample (normal urothelium) was used to establish NHU
cell lines using methods that have been described in
detail elsewhere.13,23

Cell Culture

NHU cell lines were maintained in keratinocyte serum-
free medium, containing bovine pituitary extract and EGF
at the manufacturer’s recommended concentrations (In-
vitrogen Ltd., Paisley, UK) and supplemented with 30
ng/ml cholera toxin (Sigma).12,17 NHU cell lines from
three independent donors were used for these studies
between passages 3 and 5. For experiments, cells were
seeded at 9 � 105 cells/ml and allowed to grow to 70%
confluence before treatment. Preliminary studies (not re-
ported here) performed to optimize ligand concentrations
showed that the minimum time of exposure to TZ to
induce maximal effect was 24 hours. As appropriate to
the experiment (see legends to Figures), cells were pre-
treated with PPAR-� inhibitors for 3 hours before treat-
ment with PPAR-� agonist, which was removed after 24
hours. Any EGFR inhibitors were added at this stage. The
medium was replaced every 2 to 3 days and cells were
maintained in the presence of appropriate inhibitors until
analysis at day 6. All cultures were maintained at 37°C in
a humidified atmosphere of 5% CO2 in air.

Immunohistochemistry

The immunoreactivity of antigens masked by tissue pro-
cessing was restored by boiling sections for 10 minutes
in 10 mmol/L citric acid buffer, pH 6.0, in a microwave
oven which, in the case of all antibodies except anti-
RXR-�, was preceded by digestion for 1 minute in 0.1%
(w/v) trypsin in 0.1% (w/v) CaCl2, pH 7.6. Endogenous
peroxidase activity in tissue sections was blocked by
incubation with 3% (v/v) hydrogen peroxide solution for
10 minutes and endogenous avidin-binding sites were
blocked using an avidin/biotin kit (Vector Laboratories,
Peterborough, UK) according to the manufacturer’s pro-
tocol.

Immunohistochemistry for CKs was performed using
an indirect streptavidin ABC immunoperoxidase method
(Dako Cytomation Ltd., Ely, UK). For the detection of
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low-density PPAR-� and RXR-� antigens, a more sensi-
tive tyramide-based catalyzed signal amplification
method (catalyzed signal amplification peroxidase sys-
tem, Dako Cytomation Ltd.) was used. The manufactur-
er’s recommendations were followed for catalyzed signal
amplification except that to optimize the signal-to-noise
ratio, the primary antibody incubation time was extended
to 30 minutes and the secondary antibody incubation and
amplification stages were reduced to 5 minutes each. All
labeling series were run with relevant negative and pos-
itive controls. Slides were counterstained with hematox-
ylin, dehydrated, and mounted in DPX (from Fisher Sci-
entific UK, Loughborough, UK).

Immunofluorescence

Cells grown on slides were fixed in a 1:1 mixture of
methanol and acetone, air-dried, and incubated with ti-
trated primary antibody for 16 hours at 4°C, before wash-
ing and incubation in secondary antibody conjugated to
Alexa 488 (Molecular Probes, supplied by Cambridge
Bioscience, Cambridge, UK). Hoechst 33258 (0.1 �g/ml;
Sigma-Aldrich Ltd.) was included in the penultimate wash
to visualize nuclei. Slides were observed on an Olympus
BX60 microscope under epifluorescence illumination.

Ribonuclease Protection Assays

To extract RNA from cell monolayers, Trizol (Invitrogen Ltd.)
was added to the cell monolayer (1 ml/10 cm2) and the cell
lysate was scraped into a microcentrifuge tube. RNA was
extracted as recommended by the manufacturer. Part-
length cDNA fragments of the coding region for human
CK13 (KRT13), CK14 (KRT14), and CK20 (KRT20) were
amplifed by polymerase chain reaction (PCR) using the
following primer sets: KRT13: forward primer, TCCACAC-
CAAGAGTGCAGAG and reverse primer, TCTGGCACTC-
CATCTCACTG; KRT14: forward primer, TTCTGAACGAG-
ATGCGTGAC and reverse primer, GCAGCTCAATCT-
CCAGGTTC; KRT20: forward primer, AAGCCTCCAA-
GAAATGCCTC and reverse primer, CTGTGAGATCGCTC-
CCATAG. The PCR products for the CKs were cloned into
pGEM-T Easy (Promega, Southampton, UK). GAPDH25 was
used as an internal riboprobe control. 32P-labeled anti-
sense transcripts of the cDNAs of interest were generated
from linearized plasmids using an In Vitro transcription kit
(Promega), according to the manufacturer’s protocol. After
DNase treatment, riboprobes were purified by passage
through Chromaspin 30-DEPC columns (BD Biosciences
Clontech UK, Oxford, UK).

Approximately 2 fmol of each riboprobe were mixed
and hybridized to 5 �g of total RNA using a RPAIII kit
(Ambion Ltd., Huntingdon, UK), according to the manu-
facturer’s protocols. Products were separated on 5% de-
naturing polyacrylamide gels (Sequagel; Flowgen, Li-
chfield, UK), visualized by autoradiography and
quantified by means of a phosphorimager (GS-525 Mo-
lecular Imager System; Bio-Rad, Hemel Hempstead, UK).
Signal intensity was corrected for loading inaccuracies
by normalizing against the GAPDH signal and changes in

intensity between experimental conditions were pre-
sented as fold changes; where no signal was detected
the fold-change was left blank.

Immunoblotting

Cell cultures were lysed in 25 mmol/L Hepes (pH 7.4),
125 mmol/L NaCl, 10 mmol/L NaF, 10 mmol/L sodium
orthovanadate, 10 mmol/L sodium pyrophosphate, 0.2%
(w/v) sodium dodecyl sulfate, 0.5% (w/v) sodium deoxy-
cholate, 1% (w/v) Triton X-100, 1 �g/ml aprotinin, 10
�g/ml leupeptin, and 100 �g/ml phenylmethyl sulfonyl
fluoride. Lysates were sheared by passing 3 times
through a 21-gauge needle and left on ice for 30 minutes,
before microcentrifugation at 10,000 � g for 30 minutes
at 4°C. The protein concentrations of supernatants were
measured by the Bradford assay (Pierce, supplied by
Perbio Science UK Ltd., Cheshire, UK). Cell extracts
were resolved electrophoretically on 10% sodium dode-
cyl sulfate-polyacrylamide gels and transferred onto ni-
trocellulose membranes. Membranes were incubated
with primary antibodies for 16 hours at 4°C. Bound anti-
body was detected with horseradish peroxidase-conju-
gated secondary antibodies and enhanced chemilumi-
nescence using the ECL detection kit (Amersham
Pharmacia).

Rapid-Amplification of cDNA Ends (RACE) and
Cloning

RACE was performed using the 5�-Full RACE Core Set
from Takara Biomedicals (Takara Shuzo Co. Ltd., Shiga,
Japan), using the recommended protocol, which is briefly
outlined. First strand cDNA was synthesized from colon
RNA (5 �g) (Stratagene), using 5 U/�l AMV reverse tran-
scriptase, 200 �mol/L 5� P-GTTCTGCATGGCC primer,
40 U/�� RNase inhibitor in room temperature buffer and
incubated for 10 minutes at 30°C, 60 minutes at 50°C, 2
minutes at 80°C, and cooled to 4°C. The RNA template
was digested using 60 U/�l RNase H at 30°C for 1 hour
and the cDNA was purified by ethanol precipitation. The
cDNA was circularized using 40 U/�l T4 RNA ligase with
40% (w/v) PEG 6000 in RNA (ssDNA) ligation buffer and
incubated for 18 hours at 15°C. PCR was performed
using the ligated cDNA, 25 mmol/L MgCl2, 10 mmol/L
dNTP, 50 �mol/L primers (3�3 GGACCTGTTTGTTG-
GCAATG and 5�3 CTGTGAGATCGCTCCCATAG) and Q-
solution and Taq polymerase obtained from Qiagen Ltd.
(Crawley, West Sussex, UK) using 94°C for 3 minutes
followed by 94°C for 30 seconds; 50 to 65°C for 30
seconds, and 72°C for 2 minutes for 25 cycles. A second
round of PCR was performed using the first round PCR
products (diluted 1 in 10) as template, under the same
conditions, using nested primers 3�4 CAATGAGAAAAT-
GGCCATGC and 5�4 CGTGTGTCTGGAGTTGGAGA.
The PCR products were purified using QIAquick Nucle-
otide Removal (Qiagen Ltd.) and visualized on a 1.5%
agarose gel. The PCR product was ligated into pGEM-T
Easy vector overnight at 4°C, using rapid ligation buffer
and T4 DNA ligase obtained from Promega and trans-
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formed into JM109 competent cells as outlined in the
manufacturer’s protocol. The transformed cells were
plated on to LB broth plates for 18 hours at 37°C with 50
�g/ml ampicillin selection. The plasmids were purified
using the QIAprepSpin MiniPrep Kit (Qiagen Ltd.) and the
insert was sequenced after excision with EcoRI.

Statistical Analysis

Comparisons between groups were analyzed using two-
tailed Student’s t-test. Differences were considered sig-
nificant when P � 0.05.

Results

Immunohistology

The expression of PPAR-� and RXR-� was examined in
specimens of normal urothelium of both bladder and
ureteric origins. PPAR-� expression was nuclear and oc-
casionally focally cytoplasmic (Figure 1a). The nuclear
localization was differentiation-associated, with the most
intense labeling confined to the nuclei of the superficial
cell layer. When present, cytoplasmic labeling was gen-
erally identified in all cell layers, but most conspicuous in
the superficial cells. RXR-� labeling patterns were similar
to PPAR-�, with nuclear expression that varied in intensity
(Figure 1b). There was focal negativity of suprabasal and
basal cell nuclei and a more pronounced cytoplasmic
labeling than seen with PPAR-�.

Urothelia from the urinary bladder and the ureter were
reactive with antibodies to CK13 and CK20. Expression
of CK13 was confined to the cytoplasm of basal and
intermediate cells, with superficial cells spared (Figure
1c). CK20 expression was almost exclusively confined to
the superficial cell layer, with a variable number of superfi-
cial cells displaying no reaction (Figure 1d). There was no
labeling of CK14 in any of the control cases (Figure 1e).

In all three cases of squamous metaplasia, PPAR-�
showed diffuse nuclear expression involving all supra-
basal cell layers (Figure 1f), whereas expression of
RXR-� was very weak to absent in cornifying squamous
metaplasia (Figure 1g). In areas of metaplasia, associ-
ated with intercellular prickles, CK14 was expressed
throughout the epithelium and CK13 was basally ex-
cluded (Figure 1, h and j); CK20 was not expressed
(Figure 1i). The switch in CK expression was especially
apparent at the junction between normal and squamous
epithelia, where CK14 positivity was always accompa-
nied by CK13 negativity of the basal compartment,
whereas CK14-negative regions showed basal CK13 ex-
pression (Figure 2). In addition, none of the three cases of
squamous metaplasia showed expression of uroplakins
UPIa, UPIb, UPIII, or of the simple epithelial components
CK8, CK18, and CK7 usually expressed by urothelium
(not shown).

Effects of TZ on CK Isotype Expression

We have previously shown that NHU cells grown in cul-
ture show changes in CK isotype expression compared
to urothelium in situ, with maintenance of CK7, CK8,
CK17, CK18, and CK19, loss of CK13 and CK20, and de
novo CK14 expression.13 To investigate the effects of the
PPAR-� agonist, TZ, on the expression of CK isotypes,
NHU cells were treated with 1 �mol/L TZ and analyzed for
up to 6 days for expression of PPAR-�, RXR-�, CK13,
CK14, CK19, and CK20 (Table 1).

In NHU cells, PPAR-� and RXR-� were shown to be
expressed in the nucleus, with weaker cytoplasmic ex-
pression (Figure 3A). By immunofluorescence in un-
treated control cells, CK19 was expressed homoge-
neously by all cells, CK14 was expressed by at least 60%

Figure 1. Immunohistochemical labeling for PPAR-� (a and f), RXR-� (b
and g), CK13 (c and h), CK20 (d and i), and CK14 (e and j) in normal hu-
man urothelium (a to e) and cornifying squamous metaplasia (f to j). Scale
bar: 50 �m (a to i); 125 �m (i); and 440 �m (j).

1792 Varley et al
AJP May 2004, Vol. 164, No. 5



of cells ranging in intensity from weak to strong, CK13
was expressed by rare dispersed cells (�2.0%), but
CK20 was never expressed (Figure 3B). Treatment with
either TZ or PD153035 alone resulted in a small increase
in the percentage of CK13� cells (TZ, 6.3% � 4.9 SD;
PD153035, 15.9% � 0.4 SD; P � 0.01) and the appear-
ance of rare, dispersed CK20� cells. A synergistic effect
was observed when cells were pretreated with TZ and
maintained with the EGFR inhibitor, PD153035, with
68.0% � 3.5 SD (P � 0.01) expressing CK13 and 3.7% �
1.2 SD cells showing intense and unequivocal expression
of CK20 expression (Figure 3B). CK14 expression was
inhibited by TZ and PD153035 (21.0% � 3.2 SD), but
there was no apparent effect on the number of CK14�

cells when cells were treated with either TZ or PD153035
alone (43.7% � 2.8 SD and 45.0% � 4.0 SD, respec-
tively). However, a reduction in the intensity of CK14
fluorescence was noted when cells were treated with TZ
alone. Therefore, it was important to confirm and quantify
these results by immunoblotting.

CK13 expression was induced by combined treatment
with TZ and PD153035 at 6 days (Figure 4A). No CK13
protein expression was detected by immunoblotting in
cells treated with either TZ or PD153035 alone, reflecting
the small proportion of cells that were positive by immu-
nofluorescence (Figure 3B). CK14 expression was re-
duced, relative to control cultures, by TZ in the presence
(11-fold decrease at 6 days) or absence (11-fold de-
crease at 6 days) of PD153035, but PD153035 alone had
no effect on CK14 protein expression at either time point
(summarized in Table 1).

To demonstrate that the TZ-mediated increase on
CK13 expression was because of specific activation of
PPAR-�, cells were treated with TZ and PD153035 as
above, but in the presence or absence of the PPAR-�-
specific inhibitor, BADGE.19 CK13 protein expression in-
duced by TZ and PD153035 was totally blocked by
BADGE (Figure 4B), as were changes in CK14 and CK20
expression (data not shown). Similar results were ob-
tained using another specific antagonist of PPAR-�,
GW9662,20 at 1 to 5 �mol/L concentration (Figure 4C).
This suggests that the observed changes in CK expres-
sion were because of the specific activation of PPAR-�.

Expression of CK13, CK14, and CK20
Transcripts

When cells were treated with TZ or PD153035 alone,
there was a slight increase in CK13 mRNA expression;
this was greatly increased (fivefold) when cells were
treated with both TZ and PD153035 (Figure 5A). In agree-
ment with the immunofluorescence and immunoblotting
data, CK13 and CK20 mRNA expression levels were
maximally induced when NHU cells were treated with
both TZ and PD153035 (Figure 5B). The greatest induc-
tion of CK13 and CK20 transcripts occurred between 4
and 6 days. CK14 mRNA expression showed no clear
change between cells treated with TZ and maintained in
the presence or absence of PD153035.

To address the role of RXR, which is an obligate part-
ner in the transcription factor formed on activation of
PPAR-�, NHU cells were treated with the RXR inhibitors,
PA452, HX531, and HX603, at concentrations specific for
inhibition of RXR (Figure 5C).21,22,26 There was an ap-
proximate threefold inhibition in the induction of CK13
mRNA by TZ and PD153035 brought about by the pres-
ence of PA452 (0.01 to 1.0 �mol/L) or HX603 (1 �mol/L),
and a lesser inhibition was seen with HX531 (Figure 5C).
Of the three inhibitors PA452 has been reported to be the
most RXR-specific inhibitor.26

When used in combination on NHU cells, both TZ and
PD153035 showed dose-dependent effects on CK13
mRNA expression, with maximum effect observed at 0.5
to 1.0 �mol/L PD153035 and 5 �mol/L TZ. An alternative
EGF receptor inhibitor, AG1478, also enhanced CK13
mRNA expression in TZ-treated cells in a dose-depen-
dent manner, with the maximal effect between 1 to 5
�mol/L. Treatment of NHU cells with the weak natural

Figure 2. Immunohistochemical labeling for CK13 (a and b) and CK14 (c
and d) in normal human urothelium (a and c) and a region of noncornifying
squamous metaplasia within the same specimen (b and d). Scale bar, 20 �m.

Table 1. Summary of the Effects of TZ (1 �mol/L) and
PD153035 (1 �mol/L) on CK Expression in NHU
Cells

Expression Treatment CK13 CK14 CK20

Antigen TZ 1 22 1
PD153035 1 3 1
TZ and
PD153035

111 22 111

Protein TZ — 22 n/a
PD153035 — 3 n/a
TZ and
PD153035

111 22 n/a

mRNA TZ 1 3 3
PD153035 1 3 3
TZ and
PD153035

111 3 111

The change in expression was assessed subjectively as either
increasing (1) or decreasing (2) by a small (1) to large (111)
extent. The following were represented as, no change (3), no
expression (–), and not assessed (n/a).
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PPAR-� ligand 15-dPGJ2, in the presence of PD153035,
had no effect on the expression of CK13 mRNA and
was inhibitory at higher concentrations. Furthermore,
when cells were treated with the PPAR-� ligand, clofi-
brate (CF; EC50 � 55 �mol/L27), CF had no effect on
CK13 mRNA expression, even when cells were treated
with PD153035, suggesting that the effect was PPAR-
�-specific (data seen by referees).

Transcriptional Start Site of CK20

To determine whether PPAR-� regulates CK gene ex-
pression directly or indirectly, we needed to know if there
are any PPRE binding sites within the promoter regions of
CK13 or CK20. The transcriptional start site for CK13 has
been reported,28 but that of CK20 is unknown. A ribo-
probe designed to span the translational ATG start site of

Figure 3. Localization of antigens by immunofluorescence microscopy. A: PPAR-� and RXR-� localization in NHU cells. NHU cells were seeded at 2 � 105

cells/ml on to glass slides and fixed after 24 hours. B: Treatment of NHU cells with TZ and an EGFR inhibitor resulted in the synergistic induction of CK13 and
CK20 protein expression, above that induced by either mediator alone. NHU cells were seeded at 2 � 105 cells/ml onto glass slides, allowed to attach and treated
for 24 hours with or without TZ (1 �mol/L), before replacement with medium with or without PD153035 (1 �mol/L), as detailed in the figure. Medium was
changed every 3 days. The slides were fixed after 6 days and immunofluorescence performed for CK13, CK14, CK19, and CK20. The percentage of cells positive
for CK13, CK14, and CK20 (mean � SD) were determined from three fields of view (minimum of 50 cells per field), from three independent cell lines, using
Hoechst 33258 staining of nuclei to determine total number of cells. Exposure times were kept constant for comparison purposes. Scale bar, 50 �m.
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CK20 was used in a ribonuclease protection assay and
demonstrated that CK20 was highly expressed by colon,
moderately by the colonic HT29 cell line and whole fetal
bladder, and very weakly by the urothelial cell carcino-
ma-derived RT112 cell line. There was no CK20 detected

in ureteric urothelium, breast, or cultured NHU cells (Fig-
ure 6). The CK20 band was consistently 235 bp in size,
suggesting that the transcriptional start site was 235 bp
upstream of the 3� oligonucleotide end point and 54 bp
upstream of the start ATG. The start site was confirmed
by RACE on colon-derived RNA, using nested primers in
the region of interest and the same site was also identi-
fied using promoter prediction software (www.fruitfly.org).

The 5� upstream 1000-bp sequences of CK20 and
CK1328 were analyzed to identify predicted transcription
factor binding sites using the AliBaba2 software (www.
gene-regulation.com). No PPRE sites were found in either
of the sequences, but there were a number of transcrip-
tion factor binding sites common to both genes, including
AP-1 (one in CK13, two in CK20), nuclear factor-�B (two
in CK13, two in CK20), and C/EBP� (four in CK13, two in
CK20) in the 1000-bp sequence upstream of the tran-
scriptional start site.

Discussion

This is the first evidence to indicate that activation of
PPAR-� can modulate the pattern of CK isotype expres-
sion in epithelial cells and by implication, affect the dif-
ferentiation state. Although PPAR-�-activated signaling
has been implicated in the regulation of differentiation of
adipocytes29 and carcinomas of prostate, colon, pan-
creas, and breast,30–33 to date there has been no direct
evidence that it may play a role in regulating the differ-
entiation of normal epithelial cells. Expression of PPAR-�
has been described in the developing urothelium of the
mouse urogenital sinus and in the mature urothelium of
mice, rabbits and man.34,35 Although activation of
PPAR-� has been shown to suppress growth of normal
and malignant urothelial cells in vitro,36 it has not previ-
ously been associated with urothelial cytodifferentiation.
In view of the requirement for both PPAR-� and RXR-� to
activate the PPAR-� pathway, it was noteworthy that in
urothelium, both cornifying and noncornifying forms of
squamous metaplasia were accompanied by a pro-
nounced reduction in RXR-� expression and a loss of
accentuation of PPAR-� expression by superficial cells.

The growth of NHU cells in vitro represents a model for
the regenerative phenotype acquired by urothelial cells in
vivo in response to injury.37,38 This highly proliferative and
migratory phenotype is driven through an EGFR auto-
crine loop (manuscript in preparation). Our data shows
that when the EGFR pathway is inhibited, activation of the
PPAR-� signaling pathway acts synergistically to switch
human urothelial cells from a squamous metaplastic phe-
notype and promote transitional differentiation, as indi-
cated by the induction of CK13 and CK20 expression, at
the expense of the squamous differentiation marker,
CK14. This CK13-CK14 switch is characteristic of squa-
mous metaplasia of the bladder of both cornifying and
noncornifying types, in which it appears that CK14 ex-
pression is mutually exclusive of basal CK13 expression.

The requirement for the EGFR pathway to be blocked
for TZ to effect a change in CK expression is intriguing as

Figure 4. Synergistic effect of TZ and PD153035 on CK13 and CK14 protein
expression. A: NHU cells were treated with or without TZ (1 �mol/L) for 24
hours, followed by PD153035 (1 �mol/L) for 6 days. Equal amounts of
protein (40 �g/lane) were loaded onto a 10% sodium dodecyl sulfate-
polyacrylamide gel, electrophoresed, and transferred to nitrocellulose mem-
brane. Membranes were incubated with antibodies to CK13 and CK14.
Representative of one of three similar immunoblotting experiments. For
analysis of relative expression of CK13, cells treated with both TZ and
PD153035 were taken to be 1.0, whereas for CK14 expression, cells treated
with TZ alone were taken to be 1.0. B: Inhibition of TZ-mediated effect by
PPAR-� antagonist. NHU cells were seeded at 2 � 105 cells/ml onto glass
slides, allowed to attach, and pretreated for 1 hour at 0, 50, and 100 �mol/L
concentrations of BADGE, followed by 24 hours with TZ (1 �mol/L) and
BADGE at the same concentrations. The medium was replaced to contain
PD153035 (1 �mol/L) and BADGE at the same concentrations and subse-
quently every 3 days. After 6 days the slides were fixed and immunofluores-
cence for CK13 was performed as outlined in the Materials and Methods.
Exposure times were kept constant for comparison purposes. C: NHU cells
were treated with or without GW9662 for 3 hours and then in the presence
of GW9662 and TZ (1 �mol/L) for 24 hours, followed by GW9662 and
PD153035 (1 �mol/L) for 6 days. Cell lysates were analyzed by immunoblot-
ting for CK13. For comparison of relative expression, treatment with TZ and
PD153035 was taken to be 1.0. The membrane was reprobed with �-actin to
demonstrate equal loading of protein. Scale bar, 30 �m (B).
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it implies dominance of proliferation over differentiation
and a requirement to inhibit proliferation to permit differ-
entiation. The most likely mechanism is the mitogen-ac-
tivated protein kinase (MAPK) pathway, which is down-
stream of EGFR activation and has previously been
shown to phosphorylate and inhibit PPAR-� activa-
tion.39,40

The effects mediated by TZ were demonstrated to be
PPAR-�-specific because they were blocked by two in-
dependent PPAR-�-specific inhibitors. By contrast, 15-
dPGJ2, which is purported to be a weak natural ligand for
PPAR-�, had no effect on CK13 mRNA expression, even
in the presence of the EGF inhibitor. Although the differ-
ent effects could be because of the recruitment of differ-
ent co-activators by different PPAR-� ligands, this seems
unlikely and we are inclined to accept recent suggestions
that the PGJ2 derivatives are not effective PPAR-� ligands
because of the low potencies in comparison to the syn-
thetic ligands.41

Activation of the PPAR-� pathway requires het-
erodimerization of ligand-bound PPAR-� with the RXR to
form a transcription factor that binds specific PPRE in the
promoters of target genes.42–44 The response to PPAR-�
activation has been reported to be synergized by co-
activation of the RXR partner.45,46 Our data suggest that

Figure 5. Ribonuclease protection assay to show synergy between TZ and inhibition of EGFR in the induction of CK13 and CK20 mRNA. A: NHU cells were
treated for 24 hours in the presence or absence of TZ (1 �mol/L) and then for 4 days in the presence or absence of medium containing PD153035 (1 �mol/L).
Total RNA was extracted and 5 �g was hybridized with 32P-labeled human CK13 and GAPDH riboprobes, electrophoresed, and quantified as described in the
Materials and Methods. Band intensity was quantified by means of a phosphorimager and normalized against the GAPDH signal, which was included as an internal
standard for loading efficiency. For comparison of relative expression, the cells treated with PD153035 and TZ cells were taken to be 1.0. Representative of three
similar experiments. B: NHU cells were treated for 24 hours in the presence of TZ (1 �mol/L). Next, the cells were treated with PD153035 (1 �mol/L) and samples
were taken at the times indicated. Controls that omitted PD153035 were included at days 2 and 6 to show the effect of TZ alone. Total RNA was extracted and
5 �g was hybridized with 32P-labeled human CK13, CK14, CK20, and GAPDH riboprobes. The samples were electrophoresed on a 5% polyacrylamide gel. Band
intensity was quantified by means of a phosphorimager and normalized as described in A. The maximum level of expression was taken to be 1.0 and all of the
other samples were expressed relative to the maximum. Representative of three similar experiments. C: NHU cells were pretreated for 1 hour with or without
PA452, HX531, or HX603 at concentrations indicated, before incubation in the presence or absence of TZ and PA452, HX531, or HX603 for 24 hours, as indicated.
Next, cells were either treated with or without PD153035 (1 �mol/L) and PA452, HX531, or HX603 for 4 days changing the medium and inhibitors every 2 days.
Total RNA was extracted and 5 �g was hybridized to the CK13 riboprobe, electrophoresed, and band intensity was quantified by means of a phosphorimager and
normalized as described in A. Expression levels of untreated NHU cells was taken to be 1.0 and all other samples were compared to the untreated cells.

Figure 6. Identification of CK20 transcriptional start site. Total RNA was
extracted from ureter, human transitional cell carcinoma cell line RT112, and
human colon adenocarcinoma cell line HT29. Colon, fetal bladder, and
breast RNA were purchased. Five �g of total RNA was hybridized with a
riboprobe that spanned the ATG start site of CK20 and analyzed by ribonu-
clease protection assays. Protected fragments of 235 bp were electropho-
resed on a 5% polyacrylamide gel and visualized by autoradiography.
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although the NHU cells were grown in a retinoid-free
culture medium, the RXR-� is ligand-bound, as RXR in-
hibitors whose mechanism of action is to inhibit the li-
gand-bound RXR complex26 suppressed the induction of
CK13 mRNA by TZ and PD153035. The nature of the
predicted RXR-� ligand is unknown, although recent re-
ports suggest that n-3 polyunsaturated fatty acids may
act as endogenous RXR-� ligands.47 Therefore, it ap-
pears that our data supports a model in which RXR-� is
ligand-bound in NHU cells and contributes to the TZ
induction of CK13 mRNA via the formation of a fully
activated RXR-�-PPAR-� heterodimer complex.

It has been reported that CK14 gene expression is
repressed by keratin response elements that act as a
docking platform for nuclear receptors such as RAR,
T3R, and GR.16,48,49 Although our results indicate that
CK13 and CK20 expression was transcriptionally regu-
lated, it seems unlikely that this was the underlying mech-
anism involved in the PPAR-�-mediated down-regulation
of the CK14 polypeptide because there was no accom-
panying change in KRT14 gene transcription, suggesting
that the decrease in CK14 expression was regulated at
the levels of protein translation and degradation.

The long time delay between PPAR-� activation and
the induction of CK13 and CK20 expression, and the lack
of PPRE sites in the promoter regions of CK13 and CK20,
has led us to postulate that activated PPAR-�-RXR-�
heterodimers directly induce the expression of a tran-
scription factor, which in turn binds to the promoter re-
gion of CK13 and CK20 to induce expression. PPAR-�
clearly plays a central role in the induction of CK13 and
CK20 expression because the induction is blocked when
PPAR-�-specific inhibitors are used. This mechanism is
plausible because PPAR-� has been demonstrated to
regulate the expression of a number of transcription fac-
tors, including AP-1, LXR, and STAT proteins.50–52 We
have identified a number of transcription factor binding
sites that are present in the upstream promoter regions of
both CK13 and CK20 genes and could be potential can-
didates regulated by PPAR-�. As well as the transcription
factor binding sites for AP-1 and nuclear factor-�B, com-
ponents of which have been reported to be down-regu-
lated by PPAR-�, a number of other common sites were
identified. These included binding sites for the transcrip-
tion factor C/EBP, which has been reported to be in-
volved in differentiation.53,54

In conclusion, specific activation of PPAR-� can in-
duce expression of CK13 and CK20 genes in NHU cells,
but requires that the EGFR pathway is inactive. Transi-
tional cytodifferentiation in urothelium is accompanied by
expression of the urothelium-specific uroplakin genes
and our studies indicate that these genes are also
induced by activation of the PPAR-� pathway.17 Deter-
mining the role of PPAR-� in urothelial differentiation
and the balance with proliferation will provide a greater
understanding of the molecular processes involved in
regulating the differentiation of urothelium and other
epithelia.
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