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14-3-3s and p63 play opposing roles in epidermal tumorigenesis
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14-3-3s plays a regulatory role in epidermal epithelial differen-
tiation and loss of 14-3-3s leads to increased proliferation and
impaired differentiation. A tumor suppressor function for 14-3-
3s has been proposed based on the fact that some epithelial-
derived tumors lose 14-3-3s expression. p63, a p53 family
member, is a master regulator of epidermal epithelial prolifera-
tion and differentiation and is necessary for the epidermal devel-
opment. The function of p63 in tumorigenesis is still controversial
and poorly defined as multiple isoforms have been found to play
either collaborative or opposing roles. By using ‘repeated epila-
tion’ heterozygous (Er/1) mice containing a dominant-negative
14-3-3smutation, the functional relationship of p63 with 14-3-3s
in epidermal proliferation, differentiation and tumorigenesis was
investigated. It was found that p63, particularly the DNp63a iso-
form, was strongly expressed in 14-3-3s-deficient keratinocytes
and knockdown of p63 remarkably inhibited proliferation in
these cells. To study the functional roles of 14-3-3s and p63
in epidermal tumorigenesis, we adopted a 7,12-dimethylbenzan-
thracene/12-O-tetradecanoyl-phorbol-13-acetate (DMBA/TPA)
two-stage tumorigenesis procedure to induce formation of skin
papillomas and squamous cell carcinomas in Er/1mice and iden-
tified strong p63 expression in resultant tumors. The loss of one
allele of p63 caused by the generation of Er/1/p631/2 double
compound mice decreased the sensitivity to DMBA-/TPA-induced
tumorigenesis as compared with Er/1mice. This study shows that
p63 and 14-3-3s play opposing roles in the development of skin
tumors and that the accumulation of p63 is essential for Ras/14-3-
3s mutation-induced papilloma formation and squamous cell
carcinoma carcinogenesis.

Introduction

14-3-3r belongs to a conserved family of regulatory proteins com-
posed of seven isoforms. They are able to form soluble hetero- or
homodimers that bind to functionally diversified multiple targets and
mediate a wide range of cellular activities (1–3). Contrary to other
family members, 14-3-3r is limited to the stratified squamous epithe-
lial cells and regulates their proliferation and differentiation. 14-3-3r
is functionally impaired in the repeated epilation mouse (Er/Er),
which blocks epidermal differentiation during development (4,5).
This protein is also known as a tumor suppressor, and loss of its
expression due to gene promoter hypermethylation is frequently

associated with epithelial-derived tumors (6,7). In response to DNA
damage, 14-3-3r is transcriptionally induced in a p53-dependent
manner, and the increased 14-3-3r protein subsequently causes cell
cycle arrest at the G2/M checkpoint (8,9).

p63, a master regulator of epidermal cell proliferation, differentia-
tion and maintenance, is expressed exclusively in the basal cells of the
stratified epithelium. p63 null mice almost completely lose the epi-
dermal epithelium (10,11). Despite the sequence similarity with the
best-characterized tumor suppressor, p53, the function of p63 in
tumorigenesis remains controversial. Two distinct promoters produce
two types of p63 isoforms, e.g. TAp63 and DNp63, which either
possesses or lacks the N-terminal transactivating domain, respec-
tively. Alternative splicing at the C-terminus creates three distinct
variants (a, b and c) of TAp63 and DNp63. DNp63a is the predom-
inant isoform expressed in epidermis and regarded as dominant neg-
ative since it counteracts the functions of TAp53 and TAp63 by
competitively binding to the p53-response elements of their targeting
genes. DNp63a can regulate cell proliferation by directly activating or
repressing its target genes, such as 14-3-3r, p21, p16 and p19 (12–14).
Although p63 is rarely mutated, the DNp63a is frequently induced in
cancer. Studies in tumorigenesis in p63þ/� mice generated conflicting
results and the discrepancies among these studies have not been solved
so far (15,16). As such, the role of p63 in tumorigenesis needs further
investigation.

We hypothesize that p63 and 14-3-3r play opposite functions in
epidermal epithelial proliferation, differentiation and tumorigenesis.
The present study investigated the expression of p63 in the 14-3-3r-
mutated skin and keratinocytes and revealed that p63, specifically the
DNp63a isoform were upregulated. We found that p63 was essential
for maintenance of the keratinocyte proliferation. DNp63 isoform was
also dramatically increased in the tumors induced with the 7,12-di-
methylbenzanthracene (DMBA)/12-O-tetradecanoyl-phorbol-13-ace-
tate (TPA) treatment, more significantly, the deletion of one p63 allele
in Er/þ mice reduced tumor formation. These data suggest that p63
functions as an oncogene in the tumors induced by Ras/14-3-3r
mutation. Our data emphasize the importance of the 14-3-3r and
p63 interaction in keratinocyte homeostasis and tumorigenesis.

Materials and methods

Animals

Er/þ mutant mice in a mixed genetic background of C57BL/6J and CBA/
CaGnLeJ (Stock #000515), the p63 heterozygous mutate mice in the
C57BL/6J background (Stock # 003568) and the p53 heterozygous mutate
mice in a C57BL/6J background (Stock # 002101) were purchased from the
Jackson Laboratory, Bar Harbor, ME. The six strains used in the DMBA/TPA
induction experiments are WT, Er/þ, p53þ/�, p63þ/�, Er/þ/p63þ/� and Er/
þ/p53þ/�. The double-mutant heterozygous mice were generated in our labo-
ratory from the cross mating of the Er/þ mice with either p63þ/� for Er/
þ/p63þ/� mice or with p53þ/� for Er/þ/p53þ/� mice. The Er/þ mice were
genotyped based on the hairless phenotype and confirmed by western blot
analysis of 14-3-3r expression. Both p63þ/� and p53þ/� mice were genotyped
by polymerase chain reaction based on the protocol provided by the Jackson
Laboratory. Experimental animals were housed under pathogen-free condi-
tions and handled in accordance with the guidelines approved by the Institu-
tional Animal Care and Use Committee of the University of Louisville.

The Er/Er homozygous mutants were generated from Er/þ heterozygous
mice intercrossing. To label cell proliferation in embryos, the 5-bromo-2#-
deoxyuridine (BrdU) was injected intraperitoneally into the pregnant mice at
dose of 150 mg/kg body wt, 2h prior to collection of the embryos at embryonic
day 18.5 (E18.5). The embryo tails were saved and processed for protein
preparation for western analysis of the 14-3-3r genotypes (5), and the rest
of the embryos were fixed in 4% paraformaldehyde (PFA) at 4�C for overnight.

Two-stage DMBA/TPA induction of carcinogenesis

About 100 nmol of DMBA (cat # D3254; Sigma, St Louis, MO) in 0.2 ml
acetone was topically applied to the shaved dorsal skins to induce DNA

Abbreviations: BrdU, 5-bromo-2#-deoxyuridine; DAPI, 4#,6-diamidino-2-
phenylindole; DMBA, 7,12-dimethylbenzanthracene; GFP, green fluorescent
protein; ; PFA, paraformaldehyde; qPCR, quantitative polymerase chain re-
action; shRNA, small hairpin RNA; TPA, 12-O-tetradecanoyl-phorbol-13-ac-
etate; WT, wild-type.

� The Author 2011. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com 1782



mutation. One week later, 17 nmol TPA (cat # P8139; Sigma) in 0.2 ml acetone
was administered topically to the same area of the shaved dorsal skin with three
administrations per week (Monday, Wednesday and Friday) for 19 weeks.
Eight weeks after stop of TPA treatment, the tumors were dissected and pro-
cessed for histopathological analysis. Mice were evaluated weekly for papil-
loma development. Only tumors that had attained a size of �1 mm were
counted.

Histology and immunostaining

All tumors and control skins were dissected from euthanized mice and fixed
immediately in 4% PFA at 4�C for overnight and then subjected to paraffin
embedding and sectioning for histological studies. A small portion of tissue
from each sample was snap frozen in liquid nitrogen for DNA isolation before
PFA fix. Seven micrometers of paraffin-embedded sections was cut and depar-
affinized prior to staining with hematoxylin and eosin. For most of the immu-
nostaining, the tissue sections or cultured cell preparation were subjected to
antigen-retrieving procedure by heating the slides at 95�C for 30 min in 10 mM
Tris–ethylendiaminetetraacetic acid buffer (pH 9.0). The primary antibodies
used in this study were mouse anti-p63 (1:200, cat #sc-8431; Santa Cruz Bio-
technology, Santa Cruz, CA), goat anti-DNp63 (1:200, cat #sc-8609; Santa
Cruz Biotechnology), rabbit anti- p63a (1:200, cat #sc-8344; Santa Cruz Bio-
technology), goat anti- TAp63 (1:100, cat #sc-8608, Santa Cruz Biotechnol-
ogy), goat anti-C terminus of 14-3-3r (1:200, cat # sc-7683; Santa Cruz
Biotechnology), rat anti-BrdU (1:800, MAS 250c; Harlan-Sera Lab, Belton
Loughborough, UK), rabbit anti-zonula occludens-1 (1:600, cat #61-7300;
Zymed Laboratories, San Francisco, CA), mouse anti-proliferating cell nuclear
antigen (1:200, cat #180110; Invitrogen, Carlsbad, CA), chicken anti-green
fluorescent protein (GFP) (1:200, cat #GFP-1020; Aves Lab, Tigard, OR)
and rabbit anti-filaggrin (1:500, PRB-417P; Covance Research Products,
Denver, PA). The secondary antibodies conjugated with either carbocyanine
3 (Cy3) or fluorescein isothiocyanate were purchased from Jackson Immuno-
Research Laboratories (West Grove, PA). The horseradish peroxidase-
conjugated secondary antibody was visualized with diaminobenzidene
substrate following the manufacturer’s instructions (Cat # SK-4600; Vector
Labs, Burlingame, CA).

Keratinocyte culture

Preparation and culture of the keratinocytes followed the published procedure
(17). Briefly, the full thickness of skin was taken from the E18.5 embryos of Er/þ
intercrosses and digested overnight at 4�C with 0.25% trypsin. The Er/Er kera-
tinocytes were directly scraped from the outside surface of the Er/Er skin after
overnight trypsin digestion. For preparation of the wild-type (WT) keratinocytes,
the epidermal layer was first peeled from dermis and the keratinocytes were
scrapped off from the inner surface of the WT epidermal sheet. Keratinocytes
were cultured in Keratinocyte serum-free media (Invitrogen). For BrdU labeling,
the cells were incubated in the medium containing 10 lM BrdU for 90 min and
then fixed with 4% PFA for 15 min at room temperature before immunostaining
with anti-BrdU antibody.

Calculation and statistical analysis of the BrdU- and p63-positive cell

The numbers of BrdU-positive, p63-positive and total 4#,6-diamidino-2-phe-
nylindole (DAPI)-positive cells were counted from the digital photos taken at
�10 magnification from at least four sections in each group. The percentages
of BrdU- or p63-positive cells per total cells (DAPI positive) were calculated.
In p63 knockdown experiments, the percentages of the BrdU-positive cells in
randomly selected 1000 of the total p63 small hairpin RNA (shRNA) lentivi-
rus-transduced cells (labeled by coexpression of GFP) or in 1000 of uninfected
cells (GFP-negative cells) were counted and calculated from three independent
experiments. All data are shown as the average ± standard deviation (SD).
Student’s t-test was performed to determine the statistical difference. The
differences were considered statistically significant if the P values were ,0.05.

Lentiviral vector and viral production

The expression vectors encoding the p63 shRNA and scrambled control
shRNA have been described previously (17). pPPTCMVDNp63a is a lentiviral
vector expressing DNp63a from a CMV promoter (kindly provided by No-
bushige Tanaka). Lentiviruses were produced by a four plasmid (for third
generation lentiviral vectors) transfection system as described by Tiscornia
et al. (18).

RNA isolation and quantitative polymerase chain reaction

Primary cultured keratinocytes at 70–90% confluence were prepared at the
indicated time points for RNA extraction using TRIzol reagent (Invitrogen).
The A260/A280 ratio of all RNA samples was .2.0 as measured by Nanodrop.
Double-stranded complementary DNA was reverse transcribed using random
primers and SuperScript VILO cDNA synthesis kit (Invitrogen).

Real-time quantitative polymerase chain reaction (qPCR) was performed in
an SYBR green-based polymerase chain reaction mixture on a MX3005p sys-
tem (Agilent Technologies, Santa Clara, CA), with a program of a 10 min
initial hot-start activation of Taq polymerase at 95�C, followed by 40 cycles
of amplification (95�C for 25 s, 56�C for 30 s and 72�C for 30 s). The com-
parative Ct (threshold cycle) method normalized to b-actin was used to analyze
relative changes in gene expression. The qPCR primer sequences for DNp63
and p63a have been published elsewhere (19,20).

Western blot analysis

Keratinocytes were lysed in cold radioimmunoprecipitation assay buffer
(20 mM Tris–HCl, pH 7.4, 100 mM NaCl and 0.2% each of deoxycholate,
Triton X-100 and Nonidet P-40) containing 1� complete protease-inhibitor
mixture (Roche Diagnostics, Indianapolis, IN). Equal amounts of whole-cell
lysates were separated on 10% sodium dodecyl sulfate–polyacrylamide gel
electrophoresis and transferred to a nitrocellulose membrane. For immuno-
blotting, the mouse anti-p63 (1:200, cat #sc-8431; Santa Cruz Biotechnol-
ogy), rabbit anti-filaggrin (1:500, PRB-417P; Covance Research Products,
Denver, PA), goat anti-C terminus of 14-3-3r (1:200, cat # sc-7683; Santa
Cruz Biotechnology), and mouse anti-b-actin (1:1000, cat #A2228; Sigma)
were used as primary antibodies. The horseradish peroxidase-conjugated
goat anti-mouse secondary antibody and an enhanced chemiluminescence
(ECL) system (Amersham Pharmacia, Piscataway, NJ) were used to visualize
the signals.

Results

p63 expression is increased in the 14-3-3r-deficient skin and
keratinocytes

A single nucleotide insertion at the sfn allele (14-3-3r gene) in the Er
mouse produces a dominant negative, non-functional truncated pro-
tein (5,21). Er/Er skin lacking functional 14-3-3r showed enhanced
cell proliferation and defects in differentiation (5). BrdU incorpora-
tion assay showed that the keratinocyte proliferation was restricted to
the basal layer of the epidermis in the normal E18.5 skin in vivo
(Figure 1A). However, the BrdU-positive proliferating cells were
expanded into the suprabasal layer in the 14-3-3r-deficient epidermis
(Figure 1A).

Given the importance of p63 in keratinocyte proliferation and dif-
ferentiation, we then asked whether p63 expression pattern was
altered in the 14-3-3r mutant epidermis in vivo. Antibody immunos-
taining revealed that both the basal and suprabasal layers in the 14-3-
3r-deficient epidermis were stained p63 positive, in contrast to the
restricted basal layer staining in the WT control (Figure 1A). The
primary WT mouse keratinocytes can be maintained at an undiffer-
entiated stage when cultured in 0.02 mM of low calcium-containing
medium and undergo differentiation when the calcium concentration
in the culture medium is switched to 0.5 mM. This high calcium-
induced keratinocyte differentiation was characterized by reduced
p63-positive progenitor population (Figure 1B). However, keratino-
cytes isolated from the 14-3-3r-deficient embryos still maintained
a high percentage of the p63-positive population at the high-(differ-
entiating)-calcium culture conditions (Figure 1B). Such increased p63
expression in the 14-3-3r-deficient skin or in the keratinocytes at the
high-calcium medium was further confirmed by western blot analysis
(Figure 1C and D). Consistent with lacking of differentiation, 14-3-
3r-deficient keratinocytes failed to express differentiation marker,
filaggrin (Figure 1C). In addition, the p63 protein detected by western
blotting showed a molecular weight similar to DNp63a, suggesting
that DNp63a was the major p63 isoform induced (Figure 1D).
Although specific detection of DNp63a messenger RNA by qPCR
is impossible due to its sequence similarity with other isoforms, the
messenger RNA levels of both DNp63 and p63a isoforms in the
mutant keratinocytes were not reduced by calcium switch, in contrast
to the downregulation of their transcriptions in the WT keratinocytes
upon the high calcium-induced differentiation (Figure 1E). A similar
increased expression of both DNp63 and p63a isoforms were also
found in the mutant skin in vivo, as compared with the WT controls
(data not shown). On the other hand, the TAp63 isoform was not
detectable in those RNA samples by real-time qPCR method (data
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not shown). Consistently, immunostaining with antibodies specific for
DNp63, p63a or TAp63 detected the expressions of DNp63 and p63a
but not TAp63 in Er/Er suprabasal layers (data not shown). These data
suggest that DNp63a expression level is inversely correlated to the
level of 14-3-3r in epidermis and that the DNp63a overexpression
may count for the increased proliferation and impaired differentiation
observed in the 14-3-3r-deficient epidermis.

p63 is critical for maintenance of the keratinocyte proliferation but
not differentiation

To further test whether the increased DNp63a expression in 14-3-3r-
deficient keratinocytes is responsible for the undifferentiated pheno-
type, we knocked down the p63 expression in those mutant cells using
lentivirus-carried shRNA. Immunostaining with p63 antibody was sub-
sequently used to confirm the efficient knockdown of p63 expression in
keratinocytes (Figure 2A). The differentiation stage induced by high-
calcium culture was evaluated by immunostaining of the tight junction
marker, zonula occludens-1, which is localized to the junction formed

around the cell borders once the keratinocytes are differentiated (Figure
2B). The keratinocytes without a functional 14-3-3r were unable to
differentiate and did not form the tight junctions, as evidenced by
lacking a continuous zonula occludens-1 staining pattern around cell
borders in a calcium switch assay (Figure 2B). In addition, the filaggrin
granules could be detected only in the differentiated WT but not Er/Er
keratinocytes, even when p63 expression was knocked down (Figure
2B). Thus, the p63 knockdown did not rescue the defective differenti-
ation phenotype in the 14-3-3r-deficient keratinocytes. This result
suggests that p63 is not a downstream factor of 14-3-3r to promote
keratinocyte differentiation.

We next examined the effect of p63 shRNA knockdown on kerati-
nocyte proliferation by BrdU incorporation assay. The proliferation
rate was calculated based on the percentage of BrdU-positive cells in
the total transduced cells marked by GFP coexpressed from the
shRNA lentivirus vector. p63 knockdown in the WT cells reduced
the BrdU-positive cells from 12% in the GFP-negative cells (non-
transduced) to 2% of the GFP-positive cells (transduced) (Figure
2C), further confirming the functional role of p63 in keratinocyte

Fig. 1. p63 expression is increased in 14-3-3r-null keratinocytes. (A) Paraffin-embedded skin sections from WT and Er/Er E18.5 embryos were stained with
hematoxylin and eosin or the specific antibodies against BrdU, p63 and 14-3-3r as indicated. BrdU (red) labeled the proliferating cells in basal layer and hair
follicles of both genotypes, but such BrdU-positive cells were also found in the suprabasal layer of the Er/Er skin. p63 immunostaining (red) was restricted to the
epidermal basal progenitor cells in the WT control but extended to the suprabasal layer in Er/Er skin. 14-3-3r immunostaining (red) was located in the suprabasal
layer in the WT skin but lost in the Er/Er epidermis. DAPI (blue) was used for nuclear counterstaining. The scale bar represents 50 lm. (B) Quantification of p63-
positive cells in the primary cultured keratinocytes isolated from E18.5 WT (1 and 2) or Er/Er (3 and 4) skins. The cells were cultured for 48 h in the medium
containing 0.02 mM (maintenance medium, lanes 1 and 3) or 0.5 mM (differentiation medium, lanes 2 and 4) calcium. The p63-positive cells were immunostained
with p63-specific antibody and calculated as percentage of total DAPI-labeled cells. The error bars represent the standard deviation from three independent
experiments. Student’s t-test was performed to determine the statistical difference. (C) Western blot analysis of protein lysates prepared from the primary WT and
Er/Er keratinocytes using p63-specific, filaggrin-specific and 14-3-3r-specific (C-18, recognizing only WT protein) antibodies. Actin was used as a loading
control. Data were representative from three independent experiments. (D) Western blot analysis of protein lysates prepared from WT and Er/Er skin, 293T cells
transfected with mouse Dp63a complementary DNA, using p63-specific antibody. Actin was used as a loading control. (E) Real-time qPCR analysis of DNp63 and
p63a messenger RNAs in the WT and 14-3-3r-null keratinocytes before (0.02 mM calcium) and after (0.5 mM calcium) differentiation induction. The error bars
represent the standard deviation from three independent experiments.
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proliferation. Similarly, p63 knockdown also prevented Er/Er kerati-
nocyte proliferation (Figure 2C). The reduction in BrdU incorporation
was specific for p63 shRNA since the scramble shRNA control
showed no such effect (Supplementary Figure S1 is available at Car-
cinogenesis Online). On the other hand, we also examined effect of
DNp63a overexpression on the WT keratinocyte proliferation. The

overexpression of DNp63a increased BrdU incorporation signifi-
cantly in WT cells under the differentiation (high calcium) culture
conditions (Figure 2D). These results suggest that constant DNp63a
expression in the 14-3-3r-deficient keratinocytes under the differenti-
ation (high calcium) culture conditions is responsible for maintenance
of rapid cell growth.

Fig. 2. p63 shRNA silencing inhibits keratinocyte proliferation and Dp63a complementary DNA overexpression increases keratinocyte proliferation upon
differentiation. (A) p63 immunostaining showed that p63 expression was efficiently and specifically knocked down in the primary WT and Er/Er keratinocytes
after 3 days of transduction with a lentivirus expressing p63 shRNA, as shown by lacking of p63 immunoreactivity. The primary WT (left) and Er/Er (right)
keratinocytes were transduced with either p63 specific (bottom) or scrambled shRNA (top) lentiviruses (both vectors coexpress GFP). (B) The defective
differentiation phenotype of Er/Er keratinocytes cannot be rescued by p63 knockdown upon high calcium-induced differentiation, as evidenced by lacking zonula
occludens-1-positive tight junction formation and filaggrin expression. Primary cultured WT and Er/Er keratinocytes were transduced with scramble- (top two
rows) and p63- (bottom two rows) specific shRNA lentiviruses (visualized by green fluorescence) for 3 days and then replaced with fresh medium containing
0.5 mM calcium for additional 48 h. The calcium switch-induced tight junction formation and filaggrin granules formation were visualized by zonula occludens-1
and filaggrin immunostaining, respectively, and the nuclei were counterstained by DAPI. The arrows indicate the filaggrin-positive cells. The representative
images are showed. (C) Decreased cell proliferation in both WT and Er/Er keratinocytes transduced with p63-specific shRNA lentiviruses. Primary WT (left) and
Er/Er (right) keratinocytes were transduced with p63-specific shRNA lentiviruses for 3 days and then the proliferating cells were labeled by BrdU incorporation.
The percentages of BrdU-positive cells in either non-tranduced GFP-negative cells or tranduced GFP-positive cells were summarized in the table on the bottom.
(D) Quantification of BrdU-positive cells in WT keratinocytes transduced with lentiviral vector only (1 and 2) or the virus expressing Dp63a (3 and 4) for 2 days
before culture in 0.02 mM (1 and 3) and 0.5 mM (2 and 4) calcium-containing medium for additional 2 days. Overexpression of Dp63a was confirmed by qPCR
assay and shown on right. The error bars represent the standard deviation from three independent experiments. Student’s t-test was performed to determine the
statistical difference. ��P , 0.005. The scale bars represent 50 lm in (A–C).
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DMBA/TPA-induced tumors in Er/þ mice express DNp63
Given that p63 controls keratinocyte proliferation, we then asked
whether p63 expression was relevant to tumorigenesis in Er/þ het-
erozygous mice. The DMBA/TPA two stages of tumor induction pro-
cedure was performed and diagramed in Figure 3A. In agreement with
the tumor suppressing function of 14-3-3r (22), loss of one allele of
14-3-3r rendered the Er/þ mice more sensitive to the chemical-
induced tumorigenesis than the WT controls (Figure 3B). Although
approximate half (53%) of the WT mice developed papillomas by 28

weeks post-DMBA administration, there were .95% of Er/þ mice
developing papillomas (Figure 3C). Er/þ mice that developed papil-
lomas had significantly more and larger papillomas than the WT mice
(Figure 3C). For example, 65% of individual Er/þ mice but none of
WT mice had .10 papillomas (Figure 3C). Most cells in those
DMBA-/TPA-induced papillomas and tumors expressed the cell
proliferation markers, proliferating cell nuclear antigen and p63
(Figure 3D). There were very few small papillomas and no carcinoma
formed in the WT animals treated with DMBA/TPA in our condition.
p63 immunostaining in those papilloma sections showing p63 expres-
sion was limited or immediately adjacent to basal layer of papillomas
(Supplementary Figure S2 is available at Carcinogenesis Online).
Coimmunofluorescence staining further showed non-overlapping
expression of 14-3-3r and p63; 14-3-3r expression was low in
undifferentiated p63-positive papilloma and tumor cells but high in
p63-negative differentiated papilloma cells (Figure 3D).

The DMBA-/TPA-induced tumorigenesis in the Er/þ mice depends on
the presence of p63

To determine functional interaction of 14-3-3r and p63 in skin car-
cinogenesis, we treated Er/þ, p63þ/�, Er/þ/p63þ/� and WT control
adult mice with DMBA/TPA two-stage tumor induction procedure. It
has been well known that the carcinogen DMBA induces activating
ras mutations and the subsequent multiple TPA treatments ensure
tumor promotion (18,19). The numbers and the sizes of developing
papillomas were monitored during entire drug treatment. Papillomas
began to appear in all groups at �11 to 13 weeks after the initial
DMBA administration. Remarkably, numerous papillomas in Er/þ
mice grew progressively fast during the treatment and almost all the
treated Er/þ mice developed papillomas at multiple spots within the
treated skin area (Figure 4A–C). In contrast, Er/þ/p63þ/� mice ex-
hibited notably resistant to papillomagenesis, as featured with fewer
tumors that were smaller in size (Figure 4A–C). By the endpoint of
the experiments, the average number of papillomas in each Er/
þ/p63þ/� mouse was �3-fold less than this found in the Er/þ coun-
terpart (Figure 4D). Such a significant difference in the number of the
induced papillomas and tumors between the Er/þ and the Er/þ/p63þ/�

mice (Figure 4D) suggests that p63 mediates papilloma development in
the Er/þ mice. Consistent with previous studies, mice heterozygous for
p63 gene alone developed the similar number and size of papillomas as
WT mice (15,16) (Figure 4D). In contrast, consistent with the fact that
p53 functions as tumor suppressor and its mutation induces tumorigen-
esis, the Er/þ/p53þ/� compound mutant mice developed tumors larger
in size, as compared with the single heterozygous mice in either 14-3-
3r or p53 genes (Figure 4D). These results further demonstrate that p63
and p53 play different roles in epidermal tumorigenesis.

Discussion

p63 is structurally related to p53 and p73 proteins and a member of the
p53 family of transcriptional factors. p63 is mainly expressed by
epidermal basal layer cells in the stratified squamous epithelium
and its expression is sharply reduced when the basal cells move to
the suprabasal layers and commit to differentiation. p63�/� mice
showed major defects in limb and craniofacial development due to
lacking stratified epidermis and consequently impaired epithelial–
mesenchymal signaling (10,11).

14-3-3r belongs to a seven members of 14-3-3 scaffold protein
family, which binds to .100 of ligand proteins involving oncogenic
signaling and cell cycle regulation (1). 14-3-3r is uniquely expressed
by the stratified squamous epithelium, strongly upregulated in the
suprabasal cells, immediately after their differentiation from the basal
progenitor cells (23). 14-3-3r mutation generating a truncated protein
lacking 40 amino acids at C-terminus causes the death of new born
Er/Er pups due to lacking of functioning epidermis resulting from
unrestricted expanding of the epidermal progenitor cells and failure
of differentiation (5). It is probably that the increasing expression of
14-3-3r in the differentiating cells blocks the transcription of p63 and

Fig. 3. p63-positive cells are associated with DMBA-/TPA-induced tumors
derived from Er/þ mice. (A) Schematic diagram shows a DMBA/TPA two-
stage tumor induction procedure. About 100 nmol of DMBA in 0.2 ml
acetone was applied topically to the shaved dorsal skin. One week after the
single DMBA treatment, TPA was (17 nmol in 0.2 ml acetone) applied
topically to the shaved dorsal skin for three times per week for 19 weeks.
Eight weeks after stopping TPA treatment, the tumors were collected and
processed for histopathological examination. The vertical arrows indicate the
drug administration times. (B) Representative images showing induced
tumors on the WT (top) and Er/þ (bottom) mice by the end of the two-stage
DMBA/TPA tumorigenesis protocol. Scale bar: 1 cm. (C) The percentage
of mice carrying the indicated numbers of papillomas in total DMBA-/TPA-
treated mice is shown (WT, n 5 16; Er/þ, n 5 21). The numbers in the
table legend represent the number of tumors per tumor-carrying mouse. (D)
Representative photographs of hematoxylin and eosin, immunohistochemistry
(cell proliferating nuclear marker or p63), and double immunofluorescence of
14-3-3r (green) and p63 (red) counterstained by DAPI in blue on the skin
tissues without tumor (left), papillomas (middle) and carcinomas (right)
collected from the tumor-induced Er/þ mice. Scale bars: 50 lm.
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its downstream target genes, which are necessary for maintenance of
the undifferentiating stage. Without 14-3-3r, those transcriptional
factors continue to function and keep the cells in high proliferative
undifferentiating stage; this was indeed what we observed on the
14-3-3r homozygous mutants in vivo and the isolated mutant kerati-
nocytes in vitro in the present study. We also showed that the papil-
loma cells induced from Er/þ mice not only expressed high level of
p63 but also displayed high proliferation phenotype as shown by in-
creased immunoreactivity to cell proliferating nuclear marker. Such
high proliferation phenotype was also observed in 14-3-3r-mutant
keratinocytes upon differentiation condition with the increased level
of DNp63a as revealed by qPCR and western blot. Since Er/Er mutant
cells resist to high calcium-induced differentiation in vitro, we
knocked down the p63 expression in those cells by shRNA to assess
whether p63 silencing would rescue the differentiation phenotype.
Our data showed that this was not the case since the mutant cells still
failed to differentiate in the calcium switch experiment when p63 was
silenced, suggesting that high level of p63 in the Er/Er keratinocytes
under the differentiating culture condition was not responsible for the
impaired differentiation. However, p63 shRNA knockdown reduced
BrdU incorporation significantly, suggesting that the cell proliferation
requires the presence of p63. Furthermore, overexpression of DNp63a
alone sufficiently increased the keratinocyte proliferation upon the
differentiating condition.

The function roles of p63 in tumorigenesis are still controversial
and poorly defined, as multiple isoforms have been found to play
either collaborative or opposing roles. In contrast to p53, which has

been well established as a tumor suppressor and found mutated in
many human cancers, p63 is rarely mutated in human. However,
DNp63a overexpression is often associated with the tumors derived
from bladder, lung, oral, nasopharyngeal and skin epithelium (24–30)
and with an aggressive clinical course and poor prognosis (31). There
were some contrary reports, for instance, the loss of DNp63 was
associated with an aggressive phenotype (32). Such controversy has
been further widen by two reports from the studies of the p63þ/� and
p53þ/� double heterozygous mice (15,16), with one study suggesting
that loss of one allele of p63 in p53þ/� or p73þ/� mice predisposes the
mice to more tumor development (15), whereas the other study
showed that the p63 heterozygosity was not prone to tumor formation
(16). Some of those contradictive results may rise from the opposite
functions of TAp63 and DNp63, while the TAp63 acts as tumor sup-
pressor and the DNp63 is considered oncogenic. The outcome effects
of p63 in tumor depend on the cancer cell origin, the unique molecular
signaling signature and the relevant levels of TAp63 and DNp63.

We show in this study that DNp63a is a predominant isoform of p63
in the 14-3-3r-null keratinocytes and its increased expression in the Er/
þ epithelium contributes to tumorigenesis initiated by 14-3-3r/Ras
mutation. Reducing p63 expression by deleting one allele of the p63
gene in p63þ/�/Er/þ compound heterozygous mice showed resistant to
the DMBA/TPA tumor inductions, which suggests that p63 plays an
oncogenic role in the Ras/14-3-3r mutation-induced skin tumorigene-
sis, presumably by promoting cancer stem cell survival and prolifera-
tion. 14-3-3r has been shown to inhibit the DNp63a function by
causing its nuclear export and retaining its cytoplasmic localization

Fig. 4. p63þ/�/Er/þ double heterozygous mice develop fewer DMBA-/TPA-induced papillomas than Er/þ mice. (A) Papilloma incidence (percentage of mice
with papillomas) in WT (n 5 6), Er/þ (n 5 6), p63�/þ (n 5 9) and Er/þ/p63þ/� (n 5 7) mice during the time course (weeks) after the initial DMBA treatment.
Mice were monitored weekly for papilloma development. The arrows indicate the endpoint for TPA treatment. (B) Papilloma multiplicity (average number of
papillomas per mouse) during the time course (weeks) after the initial DMBA treatment. (C) Average number of large (diameter � 4 mm) tumors per mouse during
the time course (weeks) after the initial DMBA treatment. (D) Papilloma incidence (percentage of mice with papillomas) (the top panel), papilloma multiplicity
(average number of papillomas per mouse (the middle panel) and average number of large (diameter � 4 mm) tumors per mouse (the low panel) at 28 weeks after
DMBA application for each groups of WT, Er/þ, p53þ/�, p63þ/�, Er/þ/p53þ/� and Er/þ/p63þ/� mice. Student’s t-test was performed to determine the statistical
difference. ��P , 0.005 and �P , 0.05.
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(33). Our data also indicated that loss of 14-3-3r increased DNp63a
transcription in keratinocytes, although the mechanism is not clear, this
might be caused by indirect regulation of p63 transcription.

The underlying molecular mechanism by which DNp63a
promotes tumor formation is still ambiguous. DNp63a could play
a dominant-negative effect by competing with tumor suppressor p53
for transcription regulation, a good example of this is that the DNp63
influences cell cycle checkpoint by modulating p53-dependent gene
p21 expression (14). On the other hand, DNp63a could also directly
activate transcription of the cell cycle control genes (34). DNp63a has
recently been identified as oncogene that promotes skin stem cell
proliferation and tumorigenesis by targeting to the chromatin remod-
eler lsh (35). In line of this study, our results showed that reducing p63
expression in vivo reduced susceptibility of the Er/þ mice to the
DMBA-/TPA-induced skin tumorigenesis. Our experiments provide
a mouse model for investigation of p63 roles in cancer. Further
exploration of molecular networks that both 14-3-3r and p63 involved
may lead to discoveries of novel therapeutic methodologies to prevent
skin tumor development.

Supplementary material

Supplementary Figures S1 and S2 can be found at http://carcin.
oxfordjournals.org/
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