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The TP63 gene, a member of the TP53 tumor suppres-
sor gene family, can be expressed as at least six iso-
forms due to alternative promoter use and alternative
splicing. The lack of p63 isoform–specific antibodies
has limited the analysis of the biological significance
of p63. We report a novel set of well-defined antibod-
ies to examine p63 isoforms in mouse and human
urothelium during embryogenesis and tumor pro-
gression, respectively. We provide evidence that basal
and intermediate urothelial cells express p63 iso-
forms, with the TAp63 variant the first to be detected
during development, whereas umbrella cells are char-
acterized by a p63-negative phenotype. Notably, we
report that p63-null mice develop a bladder with an
abnormal urothelium, constituted by a single layer of
cells that express uroplakin II and low molecular weight
cytokeratins, consistent with an umbrella cell pheno-
type. Finally, analysis of 202 human bladder carcino-
mas revealed a new categorization of invasive tumors
into basal-like (positive for �Np63 and high molecular
weight cytokeratins and negative for low molecular
weight cytokeratins) versus luminal-like (negative for
�Np63 and high molecular weight cytokeratins and
positive for low molecular weight cytokeratins) pheno-
types, with �Np63 expression associated with an ag-
gressive clinical course and poor prognosis. This study
highlights the relevance of p63 isoforms in both urothe-
lial development and bladder carcinoma progression,

with �Np63 acting as an oncogene in certain invasive

1350
bladder tumors. (Am J Pathol 2011, 178:1350–1360; DOI:

10.1016/j.ajpath.2010.11.061)

The TP63 gene is a member of the TP53 gene family that
also includes TP73, which encodes at least six isoform
proteins due to alternative promoter use and alternative
splicing.1–4 The revelation of an internal promoter within
this family was first attributed to TP63.4 TP63 has a domain
topology similar to TP53, with an N-terminal transactivation
domain, a central sequence–specific DNA-binding do-
main, and a C-terminal oligomerization domain. The two
main groups of p63 isoforms generated by alternative
promoter use include the TA isoforms, in which the N-ter-
minal transactivation domain is retained, and the �N iso-
forms, which lack the TA domain.4 Although TAp63 has
been shown to transactivate p53 target genes, �Np63
can act both as dominant negative factor toward TAp63,
p73, and p53,5,6 and also possess transactivation activ-
ity.7,8

In contrast to TP53, which plays critical roles in regulating
multiple cellular pathways and is mutated in many human
cancers (reviewed in references 9–11), TP63 is rarely mu-
tated,12,13 and its role in cancer is not yet clarified. Data from
mouse models are also inconclusive: although some studies
show that p63�/� mice are not tumor prone,14 other groups
reported that p63�/� mice developed spontaneous tumors,
including squamous cell carcinoma and sarcomas.15

Despite the structural and partly functional identity
among the TP53 family members, studies in knockout
mice demonstrate significant functional differences
among them. For example, studies in mice suggest a
unique role for p63 in development, including its role in
epidermis formation,5,6,13 maintenance of the prolifera-
tive potential of basal regenerative cells in stratified epi-
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thelium,16,17 and serving as a molecular switch for initia-
tion of an epithelial stratification program.18

Normal bladder is coated by a mucosa termed urothe-
lium, a pseudo-stratified epithelium composed of basal, in-
termediate, and superficial umbrella cells. There are up to
seven layers in human bladder urothelium and only up to
three layers in the mouse bladder urothelium.19 It is well
documented that the basal and intermediate cell layers are
characterized by a nuclear p63-positive phenotype, along
with the expression of high molecular weight cytokeratins
(CKs), such as CK5 and CK14. In contrast, umbrella cells of
the superficial layer display a distinct phenotype character-
ized by lack of p63 expression and presence of certain low
molecular weight CKs, such as CK20 and CK18, as well as
uroplakins [eg, uroplakin II (UPII)19,20]. Our group and oth-
ers previously found that p63 is essential for urothelial dif-
ferentiation21 and that p63-null mice developed a nontran-
sitional default simple cubical epithelium.22 In addition,
Signoretti et al23 reported that the urothelium of 18.5-day
p63-null embryos contain a single layer that resembles um-
brella cells and expresses uroplakin III (UPIII). We now
report, by analyzing the histological and immunophenotypic
features of the mucosa in p63-null mice, that it is constituted
of exclusively umbrella cells.

Approximately 90% of malignant neoplasms that occur in
the urinary bladder are of epithelial origin,24 and most of
them correspond histologically to urothelial carcinomas
(UCs). Because of a dearth of effective p63-specific anti-
bodies, most reported studies have measured TP63 mRNA
expression in human bladder tumors by RT-PCR using iso-
form-specific primers.22,25–27 The caveat of using this
method is that one cannot be conclusive regarding protein
expression levels. Previous studies dealing with p63 ex-
pression in bladder cancer reported that there was a cor-
relation with tumor grade.22,27,28 Controversy has arisen
from the analyses of �Np63 because some groups found
that loss of �Np63 was associated with an aggressive phe-
notype,29–31 whereas others have reported that �Np63
overexpression could act as an oncogene in bladder can-
cer and other tumor types by promoting cell survival and
proliferation.32–34 Moreover, �Np63 overexpression has
also been reported in squamous cell carcinoma and linked
to 3q27-29 genomic amplification, an amplicon that in-
cludes the TP63 gene.33,35

Using novel and commercially available anti-p63 iso-
form–specific antibodies, we analyzed the presence of dif-
ferent p63 variants expressed in the urothelium of mice
during development, normal human urothelium, and differ-
ent stages of human bladder cancer. Our results suggest a
crucial role for the distinct expression of p63 isoforms in
bladder tumor progression. Therefore, we propose a new
categorization of invasive bladder cancer based on �Np63
expression, which has critical prognostic implications.

Materials and Methods

Cell Culture and Transfections

J82 invasive bladder cancer cell line was grown and main-

tained in minimal essential medium supplemented with 10%
fetal bovine serum and 1% nonessential amino acids.
Transfections were performed using this cell line because
J82 cells do not express p63 intrinsically,22,24,25 with Lipo-
fectamine 2000 reagent (Invitrogen Corp, Carlsbad, CA) in
accordance with the manufacturer’s protocols. Expression
vectors derived from p3xFLAG-CMV-7.1 were TAp63�,
TAp63�, TAp63�, �Np63�, �Np63�, �Np63�, and a back-
bone vector as a control.

Antibodies and Immunoblotting

To detect different isoforms of p63, we assembled a panel
of antibodies that was further validated in tissue samples.
These include mouse monoclonal anti-p63 [4A4 (Santa-
Cruz Biotechnology Inc, Santa Cruz, CA)] to detect all p63
variants, rabbit polyclonal purified anti-�Np63, rabbit poly-
clonal anti-p63� [H-129 (Santa-Cruz)], mouse monoclonal
anti-p63�, mouse monoclonal anti-p63�/�, and anti-Flag
(Sigma Aldrich Co., St. Louis, MO). Mouse (pantropic)
monoclonal p53 antibody clone PAb1801 (Calbiochem-
EMD Chemicals, Gibbstown, NJ) was used to recognize
p53, and a rabbit polyclonal actin antibody (Sigma) was
used as a loading control for immunoblotting studies (see
as follows). For immunoblotting, cells were washed twice
with PBS and then collected in cold extraction buffer [10
mmol/L Tris (pH 7.5), 1 mmol/L EDTA, 400 mmol/L NaCl,
10% glycerol, 0.5% NP40, 5 mmol/L NaF, 1 mmol/L dithio-
threitol, and 0.1 mmol/L phenylmethylsulfonyl fluoride] fol-
lowed by centrifugation at 13,000 � g for 10 minutes at 4°C.
Supernatants were resuspended in 6� protein sample buf-
fer [30% glycerol, 2M �-mercaptoethanol, 12% SDS, 500
mmol/L Tris (pH 6.8), and 0.5 mg/ml of Bromophenol Blue]
and boiled for 10 minutes at 95°C. The samples were
loaded onto SDS-polyacrylamide gels and transferred by a
semi-dry transfer to nitrocellulose for 1 to 2 hours. SDS–
polyacrylamide gel electrophoresis and immunoblotting
procedures were conducted under standard conditions.

Immunofluorescence in Cell Lines

Cells were plated on coverslips in 60-mm culture dishes,
and after 48 hours they were washed twice with PBS fol-
lowed by incubation with 4% paraformaldehyde (Sigma) for
15 minutes. Cells were then washed three times with PBS,
incubated with PBS/0.5% Triton X-100 for 1½ minutes, and
then blocked with 0.5% bovine serum albumin (Sigma) in
PBS for 30 minutes at room temperature before the treat-
ment with 50 �L of the diluted primary antibodies (as de-
scribed in the Antibodies and Immunoblotting section) for 1
hour at room temperature. The coverslips were then
washed three times with PBS and double stained by incu-
bation with 50 �L of diluted (1:100) Alexa Fluor 594 donkey
anti-mouse IgG antibody and Alexa Fluor 488 donkey anti-
rabbit IgG secondary antibodies (Invitrogen) for 1 hour.
Coverslips were then washed three times with PBS and
mounted with Vectashield mounting medium containing
DAPI. The immunofluorescence images were collected and
analyzed using a Nikon Intensilight C-HGFI microscope
(Nikon Gmbh, Dusseldorf, Germany) and SPOT Advanced

software (SPOT Imaging, Sterling Heights, MI).
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Immunohistochemistry and Immunofluorescence in
Mouse and Human Tissues

Immunohistochemical and immunofluorescence analyses
were performed on formalin-fixed paraffin-embedded tissue
sections from normal and p63-null mouse bladder samples.
Normal human bladder and tissue microarrays built from
superficial and invasive human bladder carcinomas (under
institutional review board–approved protocols) were also
used for the present study. We analyzed four tissue microar-
rays of 0.6-mm-diameter tissue cores arrayed in triplicate on
a paraffin block.36 Tissue microarrays included tissues from
202 bladder cancer patients, distributed as follows: 147
non–muscle invasive UCs (31 pTa and 116 pT1) and 55
invasive UCs (22 pT2, 23 pT3, and 10 pT4). Follow-up
clinical data for correlation with marker expression were
available from 183 of the 202 bladder cancer patients in-
cluded in this study. Pathological stage and grade of these
183 carcinomas were distributed as follows: 27 pTa carci-
nomas (20 low grade and 7 high grade), 109 pT1 high-
grade carcinomas, 18 pT2 carcinomas, 20 pT3 carcino-
mas, and 9 pT4 carcinomas. We also studied 10 human
normal bladder tissue samples from young patients with no
history of bladder cancer (n � 3) and adjacent normal mucosa
from patients with a diagnosis of bladder cancer (n � 7).

Immunohistochemical procedures were conducted us-
ing 5-�m deparaffinized tissue sections, submitted to anti-
gen retrieval by steam treatment for 15 minutes in 10
mmol/L citrate buffer (pH 6.0). Slides were then treated with
10% normal serum for 30 minutes, followed by primary
antibody (as described in the Antibodies and Immunoblotting
section) incubation overnight at 4°C. Antibodies specifically
used for immunofluorescence in tissue samples include
CK18 (rabbit polyclonal CK18, Abcam, Cambridge, MA),
UPII (mouse monoclonal N-18, Santa Cruz), and CK5
(mouse monoclonal AF-138, Covance Inc, Princeton, NJ).
Slides were then incubated with Alexa Fluor 488 and Alexa
Fluor 594 IgG secondary antibodies (Invitrogen) for
30 minutes and were then mounted with Vectashield mounting
medium containing DAPI. For enzyme-based immunohisto-
chemistry, slides were incubated with biotinylated immuno-
globulins for 30 minutes (Vector Laboratories Inc, Burlin-
game, CA) followed by avidin-biotin complexes (Vector
Laboratories) for 30 minutes. Diaminobenzidine was used
as chromogen and hematoxylin as the nuclear counterstain.
The immunohistochemistry images were collected using a
standard light microscope, and the immunofluorescence
images were collected and analyzed using a Nikon micro-
scope and SPOT Advanced software. A positive result for the
different p63 isoforms or p53 was considered when more than
10% of the tumor cells displayed a nuclear expression of the
protein by immunohistochemistry or immunofluorescence.

Mice Procedures

Mice used in this study were wild-type strain C57BL6 and
p63-null strain B6.129S7-Trp63 (Jackson Laboratories,
Bar Harbor, ME). All procedures were performed in ac-
cordance with the guidelines of the Institutional Animal

Care and Use Committee. After sacrifice, bladders were
removed and fixed in 10% buffered formalin for further
paraffin embedding and immunostaining.

Statistical Analysis

A total of 202 patients diagnosed as having bladder
cancer were included in this study for analysis of the
association among p63 isoforms, p53, and clinicopatho-
logical variables. The associations of protein expression
patterns with overall, disease-free, and recurrence-free
survival, defined as the time elapsed between the date of
diagnosis and last follow-up date or progression date,
respectively, were assessed in 183 patients from whom
all required data were available. The log-rank test and
survival curves were plotted using the standard Kaplan-
Meier method. Significant associations among different
antibodies were assessed using �2 test and Fisher’s
t-test. P � 0.05 was considered statistically significant.
Statistical analyses were performed using SPSS v16.0
software (SPSS Inc, Chicago, IL).

Results

Validation of a Novel Panel of p63
Isoform–Specific Antibodies

To investigate the expression of specific p63 protein iso-
forms, we first evaluated a panel of anti-p63 antibodies
for their specificity. We transfected J82, a bladder cancer
cell line from an invasive UC lacking detectable levels of
p63 protein, with TAp63�, TAp63�, TAp63�, �Np63�,
�Np63�, or �Np63� and a control backbone vector. Sev-
eral isoform-specific p63 antibodies were tested by both
immunoblotting and immunofluorescence assays, includ-
ing newly generated �Np63, p63�, and p63�/� antibod-
ies (Figure 1). Schematic illustration of p63 variants show-
ing the transactivation domain, DNA binding domain,
oligomerization domain, sterile � motif, and the antibodies
that recognize the indicated p63 isoforms are shown in
Figure 1A. Expression of TAp63� was substantially low;
therefore, we detected a weaker band of this isoform prob-
ing with anti-Flag, p63 (4A4), and p63�/� antibodies (Figure
1B). As previously reported, p63 protein expression was
localized to the nucleoplasm of the transfected cells4,26

(Figure 1C). To date, we have not been able to generate a
TAp63-specific antibody. Therefore, for the purpose of this
study, we assume that the TAp63 isoform is expressed
when a nuclear positivity is observed with the total p63
antibody (4A4), but there is no �Np63 expression.

TAp63 and �Np63 Counterbalance Is Important
for Urothelium Development

To investigate the expression of p63 during urothelial
development, we designed a strategy that allowed the
analysis of protein levels of p63 variants in wild-type mice
during18 embryogenesis, as well as in newborn and adult
mice. Mouse urothelium displays histological features
similar to human urothelium despite having only up to

three layers in the mucosa,19 which comprise a basal, an
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intermediate, and a superficial layer of umbrella cells.
Basal and intermediate urothelial cells displayed nuclear
positivity for all p63 antibodies analyzed, which validated
the use of these antibodies in mouse tissue samples
(Figure 2A). It was of interest to assess which p63 iso-
forms were implicated during embryogenesis and urothe-
lial development. We were surprised to discover that the
first isoform to be expressed was TAp63 because it could
be detected in urothelium as early as at the embryonic age
of 16.5 days (Figure 2B). Only later after birth, approxi-
mately 24 hours after delivery, did we detect expression of
�Np63. Furthermore, we observed distinct expression of
p63� before and after birth, indicating that the first isoform
to be expressed is actually TAp63� (Figure 2C). We cannot
rule out the existence of �Np63 protein below the levels of
detection by the antibody during embryogenesis. However,
even if that was the case, its level of expression significantly
increased after birth to reach adult mice concentration.
These results are in agreement with a previous report by
Koster et al18 in which they described that TAp63 isoforms
are the first to be expressed during embryogenesis and that
they are essential for the initiation of the epithelial stratifica-
tion process in skin epidermis.

p63-Null Mice Develop an Abnormal Bladder
Urothelium Constituted of Solely Umbrella Cells

The p63-null mice die a few hours after birth from severe
malformation of their skin and other organs and dehydra-
tion.5,6,13 Our group previously reported that p63-null
mice develop a bladder but that the urothelium was com-
posed of a single cell layer.22 Furthermore, Signoretti et
al23 demonstrated that the urothelium of 18.5-day p63-
null embryos contain a single layer of cells characterized
by expression of UPIII. We now report that this layer is

composed of exclusively umbrella cells and that the
basal and intermediate urothelial layers are missing in the
bladders of these mice (Figure 3). Immunofluorescence
analysis showed that CK18 and UPII were expressed in
cells of this unique urothelial layer generated in p63-null
mice bladder, a phenotype shared with umbrella cells of
wild-type bladder urothelium (Figure 3, A and B, two
upper panels). On the contrary, the high molecular
weight CK5 was present in the basal and intermediate
urothelial cell layers of wild-type mice, whereas p63-
null mice urothelium lacked expression of CK5 (Figure
3B, two lower panels). Thus, these results confirm that
the single urothelial layer observed in p63-null mice is
formed by cells with an umbrella cell phenotype.

p63 Isoform Expression in Normal Human
Urothelium

To gain further insight into the expression of TA and
�Np63 isoforms in normal bladder, we analyzed 10 dif-
ferent tissue samples of normal human bladder by both
enzyme-based immunohistochemistry and immunofluo-
rescence. As expected, basal and intermediate urothelial
cells displayed an intense and homogeneous nuclear
total p63 expression, which corresponded to p63� and
possibly p63� isoforms (Figure 4A), and it was excluded
from the superficial layer as confirmed by CK18 co-im-
munostaining (Figure 4B, upper row). �Np63 was not
detected by either method (Figure 4, lower row, and
Table 1); thus, we concluded that TAp63� and possibly
TAp63� are the main isoforms expressed in normal human
bladder urothelium. At present, we do not fully comprehend
the reason for the differences between the expression of
p63 isoforms in human and mouse samples assayed. One
possible explanation could be that the levels of expression
of �Np63 in human urothelium are below the limit of detec-

Figure 1. Characterization and valida-
tion of p63 isoform–specific antibodies.
A: Schematic diagram of p63 variants
showing the transactivation domain,
DNA binding domain, oligomerization
domain, and sterile � motif. The antibod-
ies recognize the indicated p63 isoforms.
B: Immunoblot analysis of transiently
transfected p63 isoforms in the J82 cell
line using anti-Flag, monoclonal anti-p63
(4A4), purified polyclonal anti-�Np63,
polyclonal anti-p63� (H129), monoclo-
nal anti-p63�, monoclonal anti-p63�/�,
and actin as a loading control. C: Co-
immunostaining for p63 variants was
performed using �Np63 and 4A4 anti-
bodies, p63�(H129) and p63�/� anti-
bodies, and p63�-specific and anti-Flag
antibodies. Original magnification, �400.
tion of the �Np63 antibody used in this study.
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�Np63 and Mutant p53 Are Associated with
Bladder Cancer Tumor Progression

Next we explored which p63 isoforms are expressed in human
urothelial bladder cancer and whether there was a difference
between the expression profile in normal bladder urothelium
and bladder tumors (Figure 5). We analyzed 202 UCs of the

Figure 2. Differential expression of p63 isoforms during urothelium develo
bladder urothelium by immunohistochemistry. B: Immunofluorescence ana
expression is detected only after 24 hours of birth, whereas TAp63 variant is d
nuclear expression of �Np63. C: p63� (H129) and p63�/� antibodies staini
bladder and 10 normal urothelium samples. Both non–muscle
invasive (divided into two tumor stages: pTa and pT1) and
invasive (including all tumor stages higher than pT2 and iden-
tified as pT2�) human bladder carcinomas were included in
this study to better discern different patterns of p63 isoforms
expression during tumor progression. Both pTa and pT1 car-
cinomas displayed high nuclear expression of total p63 with
no significant differences between these two stages or even

A: Validation of 4A4, �Np63, p63�, and p63�/� antibodies in adult mouse
�Np63 and 4A4 antibodies at various developmental time points. �Np63
during embryogenesis. Blue arrows point to two urothelial cells displaying
o different time points as designated. Scale bar � 100 �m.
pment.
lysis of
with normal bladder urothelium (96.8% of the pTa cases
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showed expression of total p63, 94.0% of the pT1 cases, and
100% of normal urothelium cases; Figure 5A and Table 1).
However, we observed significant differences with respect to
the expression of �Np63, p63�, and TAp63 among the two
non–muscle invasive stages. �Np63 was undetectable in nor-
mal bladder urothelium, whereas it was expressed in 29% of
the pTa and 17.2% of the pT1 bladder tumors. On the contrary,
p63� was expressed in 80% of normal urothelium, 48.4% of
pTa, and 55.2% of pT1 tumors. Moreover, p53 protein expres-
sion levels, which are undetectable in normal bladder, were

significantly lower in pTa tumors (6.5%) when compared with
pT1 tumors (24.1%). Next we evaluated the expression of p63
isoforms in invasive (stages pT2-pT4) bladder tumor samples.
Total p63 was detected in 69.1% of the cases, �Np63 in
41.8% of the cases, p63� in 38.2% of the cases (Figure 5B
and Table 1), and p53 in 43.6% of the cases (Table 1). Taken
together, total p63 and p63� expression levels were signifi-
cantly lower in invasive carcinomas when compared with non–
muscle invasive tumors (69.1% versus 94.6% and 38.2% ver-
sus 52.3%, respectively). On the contrary, �Np63 protein
levels showed the opposite trend: 41.8% of invasive carcino-

Figure 3. The p63-null mice generate a single-
layered urothelium displaying an umbrella cell
phenotype. A: Immunofluorescence analysis of
a representative urothelium from a wild-type
p63 mouse showing that p63 is expressed in the
basal and intermediate layers, whereas umbrella
cells display a p63-negative phenotype. CK18
expression shows an inverse phenotype, which
is detected only in umbrella cells. B: Immuno-
fluorescence analysis of UPII (two upper pan-
els) and CK5 (two lower panels) in represen-
tative wild-type and p63-null mice. p63-null
urothelium is composed of cells displaying a
UPII-positive phenotype and lacking expression
of CK5, consistent with an umbrella cell pheno-
type. Scale bar � 100 �m.
mas displayed a positive phenotype, whereas only 19.7% of
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the non-muscle invasive cancers showed expression of
�Np63. Moreover and as expected, p53 expression levels,
which are known to correlate with mutated TP53,37,38 were
also significantly higher in the invasive tumors when compared
with non–muscle invasive neoplasms (43.6% vs 20.4%). Thus,
these results highlight the importance of determining which
p63 isoforms are expressed in the distinct bladder cancer
stages because total p63 evaluation may lead to erroneous
conclusions.

�Np63 Expression Has Significant Clinical
Implications for Patients with Invasive Bladder
Cancer

In view of the fact that we detected differences in the
expression levels of p63 isoforms among distinct bladder
cancer stages, we were intrigued to investigate its poten-

Figure 4. Differential expression of p63 isoforms in human normal bladde
bladder urothelium by immunohistochemistry. B: Immunofluorescence analy
layers of urothelium, whereas umbrella cells display a p63-negative phenot

Table 1. Expression of p63 Isoforms and p53 in Bladder Tissues

Proteins/isoforms

No. of patients (%

p63 (total) TA p63

Normal bladder 10 (100) 10 (100)
Noninvasive pTa UC 30 (96.8) 21–30 (67.7–9
Noninvasive pT1 UC 109 (94.0) 91–109 (78.4–9
Total noninvasive UC 139 (94.6) 112–139 (76.1–9
pT2� UC 38 (69.1) 17–38 (30.9–6
P value* �0.0001 �0.0001
*P values were measured by Pearson’s �2 test.
tial clinical implications as a prognostic factor. We stud-
ied the association of p63 variants with clinical outcome
in 183 of the 202 patients of this study. In the whole cohort
of patients, we observed that patients whose tumors dis-
played a total p63-positive phenotype had a better prog-
nosis than those with tumors that had a p63-negative
phenotype. The median � SD disease-specific survival
for patients with p63-negative tumors was 38.0 � 11.7
months, whereas patients with p63-positive tumors did
not reach median survival after 160 months of follow-up
(P � 0.0001; Figure 6A). Because the total p63 expres-
sion correlated with tumor stage in our cohort, and blad-
der cancer is a heterogeneous disease constituted of
non–muscle invasive and invasive tumors with a different
nature, we next evaluated the clinical implications of p63
expression in these two groups of patients separately.
We analyzed papillary pTa and pT1 non–muscle invasive

lium. A: Validation of 4A4, �Np63, p63�, and p63�/� antibodies in human
K18 and total p63 shows that p63 is expressed in the basal and intermediate
le bar � 100 �m.

pression of specific proteins)
Total no.
of cases�N p63 p63 � p53

0 (0) 8 (80) 0 (0) 10
9 (29) 15 (48.4) 2 (6.5) 31

20 (17.2) 62 (55.2) 28 (24.1) 116
29 (19.7) 77 (52.3) 30 (20.4) 147
23 (41.8) 21 (38.2) 24 (43.6) 55
�0.001 �0.01 �0.0001 212
r urothe
of ex

6.8)
4.0)
4.6)
9.1)
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tumors together for statistical purposes, because from
the clinical point of view they are both considered super-
ficial carcinomas. Only in non–muscle invasive carcino-
mas did total p63 expression show significant prognostic
connotations (P � 0.05; Figure 6B). Most non–muscle
invasive carcinomas (94.6%) are characterized by a

Figure 5. Distinct p63 isoforms are expressed in both non–muscle invasive
fluorescence (lower panels) analyses of p63 variants expression in represe
specific antibodies. B: Immunohistochemistry (upper row) and immunofluor
bladder cancer samples using different p63 isoform–specific antibodies. Sca
p63-positive phenotype, but the few that display a p63-
negative phenotype show a higher recurrence rate,
with a median � SD recurrence-free survival time of 16 �
1.3 months compared with the 53 � 1.7 months of the
p63-positive cases. Regarding different p63 isoforms,
the same trend was observed in non–muscle invasive
carcinomas with �Np63. Tumors with a �Np63-nega-

asive bladder cancer. A: Immunohistochemistry (upper row) and immuno-
non–muscle invasive bladder cancer samples using different p63 isoform–
(lower panels) analyses of p63 variants expression in representative invasive
100 �m.
and inv
ntative
tive phenotype showed a higher recurrence rate than
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those with a �Np63-positive phenotype (P � 0.01;
Figure 6C). Although �Np63 could not predict disease-
specific survival in non–muscle invasive bladder cancer
patients, median � SD disease-free survival of patients
with a �Np63-negative phenotype was 16.9 � 14.7
months compared with 34.7 � 8.7 months in patients
whose tumors displayed a �Np63-positive phenotype (P �
0.09; data not shown). Strikingly, and opposite to the
results observed with non–muscle invasive bladder tu-
mors, we found that �Np63 may be a marker of poor
prognosis for a subset of patients affected by invasive
carcinoma, because patients whose tumors showed a
�Np63-positive phenotype had shorter survival than
those with a �Np63-negative phenotype (P � 0.05; Fig-
ure 6D). Median � SD overall survival of �Np63-posi-
tive phenotype cases was 11.6 � 1.3 months, whereas
patients with a �Np63-negative phenotype tumors had
a median � SD survival of 25 � 6.4 months. This
finding could explain the observation that total p63 is
not a good prognostic marker for invasive bladder
cancer because detection of the protein could be due
to the presence of either TAp63 or �Np63, which
clearly show opposite clinical implications in our cohort
of patients. Finally, because of the novelty of this find-
ing in invasive bladder cancer, we analyzed whether
such a phenotype was associated with a specific bas-
al-like or luminal-like CK phenotype. Nineteen of the 45
invasive bladder cancer tissue samples (42.2%) ana-
lyzed displayed a �Np63-negative phenotype, and
among these 18 tumors (94.7%) did not express high
molecular weight CKs, such as CK5 and CK10 (P �
0.01), whereas 15 (78.9%) of the tumors showed an
intense CK20 expression (P � 0.05). Thus, these re-
sults identify two distinct subsets of invasive bladder
cancer with prognostic implications: a basal-like cell
phenotype characterized by expression of both �Np63

and high molecular weight CKs with poor prognosis
and a luminal-like cell phenotype with lack of �Np63
and expression of CK20 displaying a more favorable
clinical outcome (Figure 7).

Discussion

The present study reports for the first time the ability to
differentiate between p63 isoforms at the protein level

Figure 6. Expression of p63 isoforms is associated
with clinical outcome in bladder cancer patients. A:
Disease-specific survival (DSS) and total p63 expres-
sion in the complete bladder cancer cohort of pa-
tients included in this study. B: Recurrence-free sur-
vival (RFS) and total p63 expression in patients with
superficial bladder cancer. C: RFS and �Np63 ex-
pression in patients with superficial bladder cancer.
D: Overall survival (OS) and �Np63 expression in
patients with invasive bladder cancer.

Figure 7. Schematic representation of a proposed novel categorization of
invasive bladder carcinomas. It is our theory, based on �Np63 and CK
expression, that bladder cancer could be categorized into two subtypes:
(1) basal-like phenotype displaying �Np63 and high molecular weight
CKs (CK5 and CK10), but lacking low molecular weight CKs, such as CK20
and (2) luminal-like phenotype displaying CK20 but lacking �Np63 and
CK5. Basal-like invasive bladder carcinomas were found in this study to

be associated with a poor clinical outcome when compared with luminal-
like tumors.
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using a novel panel of well-characterized antibodies, in-
cluding newly generated monoclonal and polyclonal an-
tibodies. This study also highlights the relevance of dis-
tinct p63 isoform expression patterns in the context of
urothelial development, urothelial bladder cancer pro-
gression, and their clinical significance regarding prog-
nosis for patients affected by bladder cancer, mainly
based on �Np63 expression.

The present study reveals that p63 is expressed in the
cells of both basal and intermediate layers of human and
mouse normal bladder urothelium. Significantly, we ob-
served that umbrella cells in the superficial, luminal layer
display a p63-negative phenotype. Regarding urothelial
development, analysis of murine fetal and newborn blad-
ders revealed that the first and most expressed isoform is
TAp63�, appearing as early as 16.5 days of embryonic
age. Only 24 hours after birth we could detect �Np63
expression in the basal and intermediate layers of the
normal mouse urothelium. These data point to the impor-
tant role of balancing p63 isoform expression during
urothelial development. These results are in agreement
with previously published data in a skin model, which
revealed TAp63 isoform protein as a crucial regulator
for the initiation of epithelial stratification in the epider-
mis, requiring the counterbalance of �Np63 to termi-
nate the differentiation program.18 Critical studies that
could further characterize such observations would re-
quire the generation of p63 isoform–specific knock-
outs, which in turn would better define the sequence of
events during urothelial development and differentia-
tion processes.

This study also reports that p63-null mice develop an
abnormal bladder epithelial mucosa composed of a sin-
gle-cell layer with an umbrella cell phenotype. It was
previously shown that this layer of 18.5-day p63-null em-
bryos stained for UPIII.23 We now demonstrate that this
default mucosa is characterized by expression of UPII
and low-molecular-weight CKs, such as CK18, while
lacking high-molecular-weight CKs, including CK5 and
CK14, a phenotype we refer to as luminal-like. These
results validate our working hypothesis that umbrella
cells may not represent terminally differentiated cells
generated from the basal and intermediate cell layers of
the urothelium, but instead could derive from either an
alternative differentiation pathway or a distinct epithelial
stem cell.19 Further studies aimed at identifying these
urothelial stem cells are mandatory to better understand
urothelial physiology and the generation of such a special
pseudostratified epithelium.

Expansion of these studies into mechanisms of blad-
der cancer progression revealed that expression of total
p63, �Np63�, and mutant p53 proteins were significantly
associated with UC tumor stage. Moreover, we found that
the �Np63 phenotype has a significant impact on the
clinical outcome of patients affected with invasive blad-
der cancer. In accordance with previous reports, we ob-
served that total p63 expression was associated with a
good prognosis when analyzing the entire cohort of pa-
tients or patients affected with non–muscle invasive blad-
der neoplasms. The same trend as total p63 was ob-

served for �Np63 in patients with non–muscle invasive
bladder cancer because a �Np63-positive phenotype
was associated with a better outcome (longer recur-
rence-free survival and disease-free survival) when com-
pared with patients with a �Np63-negative tumor. How-
ever, �Np63 expression defined a subset of invasive
tumors with an aggressive clinical course and shorter
survival. These findings could be explained by the fact
that �Np63 has been reported to function as an onco-
gene32–34 because its genomic structure is part of a
3q27-29 amplicon and the protein is overexpressed in
certain invasive tumors with squamous cell differentia-
tion.33,35,39 This issue is supported by the fact that in our
study we have observed that �Np63 expression is di-
rectly associated with expression of high molecular
weight CKs, characteristic of squamous cell carcinomas.
Invasive UCs with a �Np63-positive phenotype display
what we have designated as a basal-like cell phenotype,
which is characterized by the expression of CK5 and the
lack of CK20 and associated with a shorter disease-free
survival when compared with invasive bladder carcino-
mas displaying a luminal-like phenotype. Alternatively,
�Np63 could act as a nonamplified but dominant-neg-
ative effector protein when overexpressed at hyper-
physiological levels, a phenomenon that has also been
described5,6 and could explain the poor prognosis as-
cribed to patients with �Np63-positive invasive blad-
der carcinomas. Altogether, these results highlight the
importance of a balance among the different p63 iso-
forms during urothelial development and bladder can-
cer progression.
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