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p63, a p53 family member, is essential for the development of various stratified epithelia and is one of the
earliest markers of many ectodermal structures, including the epidermis, oral mucosa, apical ectodermal ridge,
and mammary gland. Genetic regulatory mechanisms controlling p63 spatial expression during development
have not yet been defined. Using a genomic approach, we identified an evolutionarily conserved cis-regulatory
element, located 160 kb downstream of the first p63 exon, which functions as a keratinocyte-specific enhancer
and is sufficient to recapitulate expression of the endogenous gene during mouse embryogenesis. Dissection of
the p63 enhancer activity revealed a positive autoregulatory loop in which the p63 proteins directly bind to and
are essential regulators of the enhancer. Accordingly, transactivating p63 isoforms induce endogenous p63
expression in cells that do not normally express this gene, whereas dominant negative isoforms suppress p63
expression in keratinocytes. In addition the transcription factor AP-2 also binds to the enhancer and cooper-
ates with p63 to induce its activity. These results demonstrate that a long-range autoregulatory loop is involved
in the regulation of p63 expression during embryonic development and in adult cells.

p63 is highly expressed in embryonic ectoderm as well as in
the nuclei of basal regenerative cells of many epithelial tissues
in the adult (19, 26, 41). In contrast to its family members p53
and p73, p63 plays an essential role in the formation and
maintenance of various stratified epithelia, including skin and
its appendages, in both humans and mice. In humans, het-
erozygous mutations of the gene cause a number of malfor-
mation syndromes whose phenotypic features include skin de-
fects, mammary gland hypoplasia, and limb and craniofacial
abnormalities (36). Mice lacking the p63 gene are devoid of all
squamous epithelia and their derivatives (skin, hair, and teeth,
as well as mammary, lachrymal, and salivary glands), and they
die from dehydration shortly after birth (26, 41). In addition,
limb formation is severely impaired, probably due to defects in
the apical ectodermal ridge, a specialized epithelium required
for limb outgrowth.

The p63 gene encodes a tetrameric transcription factor that
is expressed as at least six isoforms, driven by two independent
promoters and with widely different transactivation potentials
(2, 29, 40). The first promoter, located upstream from exon 1,
drives the expression of transcripts encoding proteins that have
an amino-terminal transactivation (TA) domain similar to the
TA domain of p53. The other promoter, located more than 30
kb downstream from the first starting site, gives rise to N-
terminally truncated (AN) products that lack the TA domain.
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Both TA and AN isoforms contain a common transactivation
domain, rendering the AN isoforms also capable of some trans-
activation activity (8, 10, 39).

Alternative splicing gives rise to three different carboxyl
termini designated «, B, and y. Whereas the p63+y isoforms are
transcriptionally the most active, at least in vitro, the p63a
isoforms contain a longer carboxy-terminal region that in-
cludes a protein-protein interaction domain (SAM domain),
which is mutated in the Hay-Wells syndrome (24), and a tran-
scription inhibitory domain (TID) that is responsible for dom-
inant negative function toward transactivation by p53 and p63
(32, 40). ANp63a is the most abundant isoform class in mature
proliferating epithelia such as the skin (17, 30, 40).

Given its selective expression and crucial role in stratified
epithelia, understanding of the molecular mechanisms under-
lying the specific expression of p63 is crucial to unravel the
molecular pathways controlling the specification and mainte-
nance of these tissues. A 10-kb human genomic fragment up-
stream from the ANp63 transcription start site is insufficient to
mimic endogenous ANp63 expression in mammary epithelial
cells (11), suggesting that epithelial cell-specific elements may
reside elsewhere in the genome.

With the completion of genomic sequences from several
vertebrate species, a number of strongly conserved genomic
regions can be identified as candidate cis-acting regulatory
elements (6). To identify such elements, we performed a func-
tional analysis of evolutionarily conserved sequences located in
the p63 genomic region. We isolated a robust keratinocyte-
specific enhancer located in intron 5 that recapitulates p63
expression during embryonic development in transgenic mice.
The enhancer sequence is evolutionarily conserved in verte-
brates from humans to fish and contains a highly conserved
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FIG. 1. Identification of candidate enhancer regions in the p63
locus. (A) Diagram of the p63 genome organization. Exons and func-
tional noncoding elements (C14, C15, and C40) are indicated. TAp63
transcripts start from exon 1, whereas ANp63 transcripts start from the
alternative exon 3’ (arrows). The sizes of large introns are indicated in
kb. A VISTA plot of the alignment of p63 intron 5 in different species
is shown. Exons are indicated in blue, and the conserved noncoding
regions are in pink. The mouse genomic sequence (m) was compared
to the human (h), chicken (c), and Fugu (f) sequences by MultiLagan
and is represented on the x axis. The y axis represents percent identity,
with a scale between 50% and 100%. (B) Enhancer/silencer activity of
the conserved noncoding elements in the p63 genomic locus. Each
conserved noncoding sequence (CNS) was cloned in front of a TK
minimal promoter that drives the expression of the luciferase reporter.
The transactivation activity of each element was assayed in mouse
primary keratinocytes by transient-transfection and luciferase assays.
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binding site for the p63 protein that is essential for its function.
p63 associates with the enhancer both in primary keratinocytes
and in skin. Reduced p63 expression in primary keratinocytes
results in suppression of the enhancer activity, suggesting that p63
regulates its own expression. In addition, we provide strong evi-
dence that a complex balance among transactivating and domi-
nant negative p63 isoforms controls endogenous p63 expression,
thus establishing an autoregulatory feedback mechanism. Lastly,
we found that the transcription factor AP-2 binds to the enhancer
and cooperates with p63 to stimulate enhancer activity.

MATERIALS AND METHODS

Cell cultures, transfection, and reporter assays. Mouse primary keratinocytes
and dermal fibroblasts were isolated from 2-day-old Swiss CD1 mice and cul-
tured as previously described (7, 12). Human primary keratinocytes were grown
in supplemented keratinocyte-SFM medium (Invitrogen). NIH 3T3, HT1080,
HeLa, HEK293, and HepG?2 cells were cultured in Dulbecco’s modified Eagle’s
medium-10% fetal bovine serum. C2C12 cells were grown in Dulbecco’s mod-
ified Eagle’s medium-20% fetal bovine serum. All cell types were transfected
using Lipofectamine 2000 (Invitrogen), except for fibroblasts, which were trans-
fected by the calcium phosphate method. Cells were transfected with the thymi-
dine kinase (TK) minimal promoter construct pGL3 containing the various
conserved regions (28); effector plasmids (0.5 to 1 pg) for Myc-TAp63y (40),
FLAG-ANp63a, FLAG-ANp63y, and FLAG-ANp63R304Q, under the control
of the cytomegalovirus promoter; shp63 and shp53 (5); and pCMV-Renilla or
TK-Renilla (20 ng; Promega). Primary keratinocytes were transfected with
stealth small interfering RNA (siRNA) (Invitrogen) using Lipofectamine 2000,
following the manufacturer’s protocol. Luciferase activity was determined 48 h
after transfection with the dual-luciferase reporter assay kit (Promega). Renilla
luciferase activity was used to normalize transfection efficiency.

Identification and cloning of conserved noncoding elements. Identification of
conserved noncoding elements was performed with the Multi LAGAN program
(http://lagan.stanford.edu) using NCBI Build 33 for the mouse genome, NCBI
Build 35 for the human genome, the February 2004 chicken draft assembly
produced by the Genome Sequencing Center at Washington University (St.
Louis, Mo.), and the whole-genome shotgun assembly for Fugu rubripes (v.3.0;
August 2002). The mouse #p63 genome region from kb —100 to +10 was the
reference sequence. The parameters used selected contiguous segments of 100
bp that have a minimum of 75% identity between the mouse and human ge-
nomes. Genomic regions had a PhastCons score equal to or above 60, taking into
account the lowest score among the exons (exon 9 had a score of 64). Each
conserved element was amplified from mouse genomic DNA using oligonucleo-
tide primers designed just outside the conserved region (see Table S1 in the sup-
plemental material), and the sequence was verified and cloned in the TK minimal
promoter-Luc vector (28).

Generation of transgenic mice and B-galactosidase staining. Four copies of
the C40 enhancer were subcloned in tandem in the modified B-globin-lacZ
vector p1229 (42). The resulting construct was tested for B-galactosidase activity
by transient transfection in mouse primary keratinocytes. To generate transgenic
mice, the construct was linearized, purified, and injected into fertilized oocytes of
DBA X C57BL/6 mice at the CBRC Transgenic Facility (Massachusetts General
Hospital, Boston, MA). Integration of the transgene was confirmed by PCR as
previously described (21). Founders were backcrossed with C57BL/6 mice to
establish lines. Mice were housed and treated according to the guidelines of the

The transfection value of the TK promoter was set at 1. (C) The C15
and C40 enhancers were tested in human primary keratinocytes (HK),
mouse dermal fibroblasts (DF), and NIH 3T3, HT1080, HeLa, HepG2,
and C2C12 cells. (D) The activity of the ANp63 promoter (2.2 kb
upstream of the start codon; +) was tested in mouse primary kerati-
nocytes in the presence or in the absence of the C40 element alone or
the C40 and C15 elements and compared with that of the TK minimal
promoter (TK). The pGL3 promoterless construct value was set at 1.
All transfection data are expressed as relative luciferase activity cor-
rected for transfection efficiency, using the cytomegalovirus-Renilla
reporter as the internal control, and are representative of at least three
independent experiments.
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TABLE 1. Evolutionarily conserved genomic elements in the p63 locus

Conserved  Position  Length  Identity (%)

Identity with  Identity with

Conserved  Position  Length Identity (%)

Identity with  Identity with

sequence in mouse in mice with human hick p sequence in mouse in mice with human hick ¢
block sequence  (bp) sequence chicken gene ugu gene block sequence  (bp) sequence chicken gene ugu gene
C1 —81276 301 79.1 AP A C25 117813 334 75.1 A A
C2 —69112 323 82.0 A A C26 118155 102 75.5 A A
C3 —61994 436 78.0 P A C27 118612 148 75.7 P A
C4 —61549 101 75.2 A A C28 118880 252 79.0 A A
Cs —23704 382 80.9 P A C29 125167 470 82.1 P A
Co6 —3829 257 85.6 A A C30 127699 338 75.7 A A
C7¢ —1717 437 78.5 P A C31 133418 100 75.8 A A
C8 —1280 200 75.0 P A C32 133585 278 79.5 P A
C9¢ —666 689 79.4 P A C33 133968 201 78.1 P A
C10 2462 165 83.0 A A C34 141708 409 79.7 A A
Cl1 23985 316 82.0 A A C35 143848 350 77.1 P A
C12 62281 248 78.2 A A C36 145277 283 78.1 A A
C13 62615 336 81.5 P A C37 151138 179 75.1 A A
C14 90480 631 82.3 P A C38 151534 238 79.4 P P
C15 95830 187 75.3 P A C39 153501 290 76.6 A A
C16 100054 204 76.0 A A C40 159458 264 88.8 P P
C17 105908 203 77.8 A A C41 165358 139 75.1 A A
C18 108206 200 81.5 A A C42 165691 342 80.1 P A
C19 108441 126 79.4 A A C43 167904 378 71.5 P A
C20 108606 107 79.4 A A C44 189508 204 75.5 A A
Cc21¢ 113833 100 75.8 A A C45 189753 257 76.7 A A
C22¢ 115080 127 75.2 A A C46 214848 227 75.3 A A
C23¢ 115431 108 77.8 A A C47 216140 341 80.4 A A
C24¢ 117300 473 82.5 P A C48 216486 100 75.0 A A

“ These conserved noncoding regions were cloned as part of either the TA (C7 to C9) or AN (C21 to C24) promoter.

b A, absent; P, present.

local Institutional Animal Care and Use Committee. B-Galactosidase staining
was performed as described elsewhere (21).

Constructs and analysis of transcription factor binding site. The ANp63a and -y
expression vectors were obtained by amplifying the coding sequences that lacked the
ATG from keratinocyte cDNA and cloning in frame in pPCMVFLAG?2 (Sigma). The
constructs were sequence verified and tested for their expression and transactivating
properties. The ANp63y R304Q mutant was obtained by site-directed mutagen-
esis (see the supplemental material). The ANp63 promoter (4.4 kb from the start
codon) was amplified from genomic DNA and cloned in pGL3-basic Luc. A 2.2-kb
promoter region was obtained by deletion using the restriction enzyme Sacl. Ex-
pression vector short hairpin RNAs (shRNAs) for p63 were generated by insertion
in the pSUPER vector (5) of double-stranded oligonucleotides containing the
specific target sequence (see the supplemental material for oligonucleotide se-
quences). Analysis of transcription factor binding sites was performed using a
combination of MatInspector (GenomatixSuite 3.1.0) (31), TRANSFAC
(TRANSFAC Professional 8.2) (16), and the binding factor identification algo-
rithm (A. Ambesi and D. Di Bernardo, unpublished results), a novel algorithm
that takes account of conservation among species.

Immunoblotting analysis. For induction of the endogenous p63 gene, HeLa
cells were transfected with 2 pg expression vectors carrying p53, ANp63a,
ANp63y, ANp63yR304Q, or an empty vector as the control, in the presence of
Lipofectamine 2000 (Invitrogen). For RNA interference experiments, HeLa cells
were cotransfected with 0.2 pg of pPCMV-ANp63a or pcDNA3myc-TAp63y and
2 pg of empty pSUPER vector, pSUPER p53, or various pPSUPER p63 con-
structs; 20 pg of protein lysates was run on a 10% sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE) gel and transferred on an
Immobilon-P transfer membrane (Millipore). The membrane was probed with
anti-p63 monoclonal antibodies (4A4; Santa Cruz Biotechnology) and with anti-
ERK antibodies (Santa Cruz Biotechnology) or with antitubulin antibodies
(Santa Cruz Biotechnology) as loading controls.

Real-time RT-PCR. Forty-eight hours after transfection, RNA was extracted
using TRIzol reagent (Invitrogen) and treated with RNase-free DNase I (Pro-
mega). cDNA was synthesized using Superscript II (Invitrogen) and random
primers. Two-step real-time reverse transcription (RT)-PCR was performed
using the SYBR Green PCR core kit (Applied Biosystems). Expression of the
exogenous and endogenous p63 transcripts, as well as glyceraldehyde-3-phos-
phate dehydrogenase and green fluorescent protein, was quantified. pCMV-GFP
(0.1 pg) was cotransfected to normalize for transfection efficiency. Oligonucleo-
tide sequences are given in the supplemental material.

Chromatin immunoprecipitation. Approximately 3 X 10® mouse keratinocytes
or dermal fibroblasts were fixed with 1% formaldehyde in growth medium at 37°C
for 10 min. For chromatin immunoprecipitation in vivo, total skin was isolated from
1-day-old CD1 mice and fixed immediately with 1% formaldehyde for 20 min at
room temperature. Tissue disaggregation was obtained by chopping tissue into small
pieces and by using a Dounce homogenizer. Extracts were extensively sonicated on
ice to obtain DNA fragments ranging from 400 to 800 bp in length. Chromatin was
immunoprecipitated as in the Upstate protocol (http:/www.upstate.com). Immuno-
precipitation was performed using anti-p63 (H-137; Santa Cruz Biotechnology),
anti-p53 (Ab-7; Oncogene Research Products), and anti-ERK-1 (K23; Santa Cruz
Biotechnology) antibodies. Real-time PCR was performed using the SYBR Green
PCR master mix in an ABI PRISM 7000 (Applied Biosystems). Oligonucleotide
sequences are given in the supplemental material.

Electrophoretic mobility shift assays. Total protein extracts were obtained from
HEK293 cells 48 h after transfection with pcDNA3.1 AP-2 vy (25) or with an
unrelated control, by centrifugation in 40 mM Tris (pH 7.5), 1 mM EDTA, and 150
mM NaCl. The cell pellets were then lysed in a buffer containing 10 mM HEPES
(pH 7.9), 400 mM NaCl, 0.1 mM EGTA (pH 7.8), 5% glycerol, 1 mM dithiothreitol,
and 1 mM phenylmethylsulfonyl fluoride and centrifuged for 30 min at 4°C (12,000
X g). The protein concentration was determined using the Bio-Rad DC protein
assay (Bio-Rad). The double-stranded oligonucleotide (CCCCATGGCCTGCAGC
GTTTACGTAGAAATTGGGGATG) was labeled with y->*P-labeled ATP and T4
polynucleotide kinase and used as the probe. The binding reactions were carried out
in 10 mM HEPES (pH 7.9), 10% glycerol, 0.1 mM EDTA, 8 mM MgCl,, 1 mM
dithiothreitol, and 0.15 pg/ml of poly(dI-dC) for 30 min at room temperature.
DNA-protein complexes were resolved on a 6% nondenaturing polyacrylamide gel
and visualized by autoradiography. For DNA competition experiments, unlabeled
double-stranded oligonucleotide was added 10 min before the probe. As unlabeled
competitor, the following oligonucleotide primer was used: CCCCATGCGTTGC
AGCGTTTACGTAGAAATTGGGGATG.

RESULTS

Identification of evolutionarily conserved genomic se-
quences that act as keratinocyte-specific enhancers in the p63
genomic locus. The mouse p63 gene (Trp63) spans 205 kb of
genomic DNA on chromosome 16, and contains 16 exons, four
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large introns, and two independent promoters that drive the
expression of the TA and the AN isoforms (Fig. 1A). Neither
promoters nor nearby conserved sequences (Table 1) were
sufficient to confer keratinocyte-specific expression on a lucif-
erase reporter gene (data not shown).

To locate conserved noncoding sequences that might regu-
late p63 transcription, a 315-kb region of the mouse genome
encompassing the p63 locus was compared to the correspond-
ing genomic sequence of humans, rats, dogs, chickens, and
pufferfish (Fugu rubripes) using a combination of LAGAN
alignment (4) and the PhastCons program (33) (see Table S1
in the supplemental material). Forty-one highly conserved el-
ements were cloned into a reporter vector upstream from the
thymidine kinase minimal promoter. Their ability to induce or
repress promoter activity was tested by transient transfection
and luciferase assays in mouse primary keratinocytes, which
express high levels of p63. Most of the conserved regions did
not display any activity. In contrast, elements C15 (187 bp long;
75.3% identity with human sequence) and C40 (264 bp; 88.3%)
strongly induced transcriptional activity of the minimal TK
promoter, while a single element, C14 (631 bp; 82.3%), acted
as a repressor (Fig. 1B).

To assess whether the transcription-modulatory activity of
these elements was cell type specific, we tested them in several
cell types. Human primary keratinocytes, which, like their mu-
rine counterparts, express high levels of endogenous p63, were
compared to cells that express p63 at very low to undetectable
levels (data not shown). C40 exerted a strong enhancer activity
in human primary keratinocytes but was inactive in all other cell
types, including primary dermal fibroblasts (Fig. 1C). In contrast,
the C15 enhancer, whose activity was less robust than that of C40
in human and mouse primary keratinocytes, was also active in
fibroblasts and fibrosarcoma cells, albeit less so than in keratino-
cytes (Fig. 1C). As in mouse primary keratinocytes, C14 acted as
a strong repressor in all cell types tested (data not shown), and
thus its activity was not characterized further.

C40 enhancer was also assayed in the context of the ANp63
promoter, as ANp63 is highly expressed in keratinocytes. Pro-
moter activity was strongly induced by C40 independently of its
orientation (Fig. 1D and data not shown). In contrast, addition
of the C15 element did not further increase the promoter
activity in the presence of C40. For this reason further studies
were focused on the C40 element.

C40 enhancer recapitulates p63 expression in transgenic
mice. We next asked whether the C40 element is active in vivo
and whether its activity mimics the pattern of p63 expression
occurring during embryogenesis, i.e., in the ectodermal sur-
faces of the limb buds, branchial arches, and epidermal ap-
pendages (26, 41).

Towards this aim, we engineered transgenic mice harboring
four copies of the C40 sequence coupled to the heterologous
B-globin minimal promoter to drive a lacZ reporter gene (Fig.
2A). The construct was first tested for its enhancer activity in
cell cultures and was found to possess the same specificity as
the single-copy element in keratinocytes and fibroblasts (data
not shown). Seven independent lines expressed the transgene
in a similar pattern and showed remarkable tissue-specific lacZ
expression, mostly recapitulating the expression of endogenous
p63. lacZ expression was already detectable at embryonic day
8.5 (E8.5) in the branchial arches (data not shown). At E10.5,
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FIG. 2. Activity of the C40 enhancer in the developing embryo.
(A) Schematic structure of the C40 transgenic construct containing
four copies of the C40 enhancer in front of the minimal B-globin
promoter driving expression of the lacZ reporter gene. Embryos were
processed for B-galactosidase activity. At E10.5 lacZ was expressed
only in the branchial arches and the apical ectodermal ridge of the
fore- and hind limb bud (C; arrows), whereas no expression was de-
tected in a negative littermate (B). At E13.5, lacZ expression was also
present in the mammary buds, in the skin around the mouth, and in the
lower vibrissae (E, arrows). Residual staining is visible in the distal
limb bud and in the neck. There was no staining in a wild-type litter-
mate (D).

B-galactosidase staining was restricted to the first and second
branchial arches and to the apical ectodermal ridge of both the
fore- and hind limbs (Fig. 2C). At E13.5, B-galactosidase stain-
ing was still present at the tip of the developing limbs and was
also detected in the mammary buds and developing whiskers
(Fig. 2E), consistent with the p63 expression pattern previously
reported for the endogenous gene. At E15.5, the lacZ reporter
was expressed in the developing digits, in the epithelial cells of
the nasal cavity, the whiskers, the external genitalia, and to a
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FIG. 3. Activity of the C40 enhancer in developing tissues. At E15.5, enhancer activity was present in the developing digits, whiskers, and snout
skin, as well as in the external genitalia (B and C); no expression was detected in the wild-type counterpart (A). (D) Histological sections were
obtained after B-galactosidase staining and were subsequently paraffin embedded and counterstained with eosin. Staining was present in the
olfactory and oral epithelium, in the tooth bud and in the atrium. (E) An adjacent section from the same embryo was immunostained using anti-p63
antibodies, after B-galactosidase staining. Arrows indicate p63-expressing tissues and/or the C40 enhancer activity. In newborn transgenic mouse
skin the enhancer activity was exclusively localized in the epithelial component, with intense 3-galactosidase staining in the hair follicle, and weaker
staining in the epidermis (G), whereas no staining was detected in wild-type littermates (F). Scale bar, 50 pm.

lesser extent in the skin and hair follicles throughout the body
(Fig. 3B and C).

Sectioning revealed strong lacZ expression in the olfactory
epithelium, as well as in the oral cavity, in the tooth primordial,
and in the developing heart (Fig. 3D). p63 expression in these
tissues, including the heart, was confirmed by immunohisto-
chemistry with anti-p63 antibodies (Fig. 3E). In embryonic skin,
lacZ expression was strongest in the follicles of the developing
vibrissae and was present to a lesser extent in the epidermis and
in the hair buds throughout the body. These data were confirmed
by immunofluorescence using a B-galactosidase-specific anti-
body (data not shown). Overall, the enhancer activity was
highly tissue specific and was not seen in surrounding mesen-
chyme, cartilage, or other nonepithelial cell types. Similarly, in
newborn skin B-galactosidase staining was strong in the hair

follicle, less intense in the epidermis, and absent in the dermis
(Fig. 3G).

Thus, C40 contained the information required for tissue-
and differentiation-specific gene expression in a pattern that
markedly resembled that of the endogenous p63 gene.

p63 is required for C40 enhancer activity. Multiple align-
ment of the mouse C40 enhancer sequence with the DNA
sequences from several vertebrate species, including Gallus
gallus, Xenopus laevis, Tetraodon nigroviridis, and Fugu rubripes,
revealed a remarkably high sequence identity (Fig. 4A), which
further supports its role as a cis-acting element. Extensive
bioinformatics analyses of the C40 enhancer revealed a num-
ber of putative sequence motifs for known transcription fac-
tors, including SMAD, AP-2 (two sites), p53, and the transcrip-
tion factors of the forkhead Fox family (Fig. 4A). To evaluate
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FIG. 4. Evolutionary conservation of the C40 enhancer and its functional response to p63. (A) Multiple sequence alignment of the C40
enhancer showing a high level of conservation among several vertebrate sequences. Conserved nucleotides are shown in gray, and nucleotides that
are identical in all species are indicated by stars. The conserved binding sites for SMAD, AP-2(A) and AP-2(B), p53, and Fox are indicated.
(B) Mutations in the conserved binding sites were tested by transient transfection in mouse primary keratinocytes for their ability to affect C40
enhancer activity. The C40-TK-Luc construct was mutated in the indicated binding site. Data are presented as percentages of enhancer activity
compared to that with the wild-type control (wt). (C) p63 controls the C40 enhancer activity in mouse primary keratinocytes. Wild-type
C40-TK-Luc (wt C40) was transiently transfected into keratinocytes in the absence (—) or in the presence of expression constructs for p53, TAp63-y,
ANp63y, and ANp63a. As a control, the C40 enhancer carrying a mutation in the p53 binding site (pS3mut) was transfected alone or with TAp63-y.

whether any of these sequence motifs is involved in the en-
hancer activity, we mutated three base pairs of each binding
core by site-directed mutagenesis and tested the mutant C40
elements versus the wild type in keratinocytes (Fig. 4B). Mu-
tations in the p53-binding site inhibited transcription by 90%,
whereas mutations in the AP-2(B) binding site partially im-
paired the enhancer activity.

Given the strong effect obtained by mutating the putative
p53-binding site, we then asked whether p53 was sufficient
and/or required for C40 enhancer activity. In fibroblasts, in
which the enhancer is inactive, p53 expression caused only a
modest increase of enhancer activity (fivefold induction; data

not shown). Moreover, in p53-null primary keratinocytes C40
was as active as in wild-type keratinocytes (see Fig. S1 in the
supplemental material), suggesting that p53 is not a crucial
regulator of C40 activity.

Since p63 can bind to the p53 binding site (3, 13, 29, 40), we
evaluated whether p63 rather than p53 regulates C40 enhancer
activity. In fibroblasts, expression of TAp63+y induced the C40-
TK-Luc construct more efficiently than p53 (30-fold) (data not
shown). Importantly, while p53 expression did not induce C40
activity in keratinocytes, exogenous TAp63y and ANp63y iso-
forms strongly induced C40 activity, whereas ANp63a sup-
pressed it (Fig. 4C), consistent with their previously described
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FIG. 5. p63 is required for C40 enhancer activity. (A) Downregu-
lation of the ANp63 protein by specific sSiRNAs. HeLa cells were
either untransfected (ctr) or transfected with constructs expressing
ANp63 in the presence of the pPSUPER empty vector (pSUP) or of the
pSUPER vector carrying a short hairpin RNA for p63 (shp63), TAp63,
and ANp63 (shANp63 1 and shANp63 2). Immunoblotting of total cell
extracts was performed using anti-p63 antibodies. Membranes were
reprobed with anti ERK-1 antibodies as a loading control. (B) Down-
regulation of the TAp63 protein by specific siIRNAs. HeLa cells were
either untransfected (ctr) or transfected with a construct expressing
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roles as transactivator and dominant negative factors, respec-
tively. Mutation of the putative p53 binding site resulted in
complete suppression of TAp63y-mediated activation (Fig.
4C), demonstrating that the identified p5S3 binding site is es-
sential for p63 activity.

We next investigated whether p63 is required for C40 activ-
ity in keratinocytes. Because primary keratinocytes cannot be
efficiently isolated from p63 null mice, we engineered pSUPER
constructs expressing p63-specific short hairpin RNAs either
targeted to a region in common to all isoforms (shp63) or
designed to interfere specifically with TAp63 (shTAp63) or
ANp63 (shANp63) (Fig. SA and B). In primary keratinocytes,
shp63, but not shp53, markedly inhibited C40 enhancer activity
in a dose-dependent manner, but did not affect the TK minimal
promoter (Fig. 5C), demonstrating that p63 is required for C40
enhancer activity. A similar strong inhibition of C40 enhancer
activity was obtained by transfecting two independent p63-
specific stealth siRNAs, which were able to efficiently suppress
the endogenous p63 expression at the RNA and protein levels
(Fig. 5D and data not shown).

Given that TAp63y is a strong transactivator, it could be
responsible for C40 activity, even if its expression is very low in
keratinocytes. However, a TAp63-specific sShRNA did not in-
hibit the C40 enhancer, whereas two ANp63-specific ShRNAs
severely impaired enhancer activity (Fig. 5C). Taken together,
these data suggest that in keratinocytes the C40 enhancer is
controlled by p63 and, more specifically, is regulated by ANp63
isoforms.

p63 associates in vivo with the C40 enhancer region. To
assess whether p63 plays a significant role in regulating the C40
enhancer, we tested whether p63 binds to the enhancer in
intact primary keratinocytes by chromatin immunoprecipita-
tion assays. The protein-DNA complexes were immunoprecipi-
tated with control antibodies and antibodies specific for p63
and p53. The DNA content of immunoprecipitates was then
analyzed by real-time PCR. The C40 enhancer region was
more enriched in immunoprecipitates obtained with anti-p63
antibodies than with control and anti-p53 antibodies (Fig. 6A).
In contrast, in dermal fibroblasts immunoprecipitation with
anti-p63 antibodies resulted in no enrichment of the C40 en-

TAp63y in the presence of the various pSUPER constructs. Immuno-
blotting of total cell extracts was performed using anti-p63 antibodies.
The membrane was reprobed with antitubulin antibodies as a loading
control. (C) shp63 RNA suppresses C40 enhancer activity. TK-Luc
(gray bars) or C40-TK-Luc (black bars) constructs were transfected
into mouse primary keratinocytes in the absence (ctr) or in the pres-
ence of shp53, shp63, a half-dose of shp63 (—), shANp63 1 and 2, and
shTAp63. The value for the TK promoter transfection in the control
was set at 1. (D) Two independent p63-specific siRNAs, sip63(1) and
sip63, strongly inhibit C40 enhancer activity (left panel) in parallel with
suppression of endogenous p63 protein expression in keratinocytes
(right panel). In contrast to plasmid DNA, stealth siRNAs are effi-
ciently transfected in all cells, allowing simultaneous assessment of
sip63 efficiently in downregulating endogenous p63. sip63 recognizes
the same sequence as sip63, whereas sip63(1) recognizes an indepen-
dent sequence common to all p63 isoforms. A medium-length GC-rich
stealth siRNA was used as a negative control (sictr). The C40 enhancer
activity of cells transfected with sictr was set to 1. Immunoblotting was
performed as described for panel A.
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FIG. 6. p63 binds to the C40 enhancer in the chromatin context and can induce its own transcription. (A) p63 specifically associates with C40
in keratinocyte nuclei. Chromatin extracted from cross-linked mouse primary keratinocytes (Ker) or dermal fibroblasts (DF) was immunopre-
cipitated in parallel using anti-p63, anti-p53, or anti-ERK (ctr) antibodies. Precipitated DNA samples were used as a template for real-time PCR
with oligonucleotide primers recognizing the C40 enhancer, a flanking genomic region 1.8 kb from C40 (Pr), and a distal genomic region (Di: C44
to C45 conserved region). The amount of precipitated DNA was calculated relative to the total input chromatin and expressed as percentage of
the total according to the following formula: % total = 2" X 5, where AC, = C, (input) — C, (immunoprecipitation), and C, is cycle threshold,
as previously described (9). (Inset) Representative PCR amplification curves. PCR cycles are represented on the x axis, whereas the y axis
represents log mean fluorescence. (B) p63 specifically associates with C40 in intact skin. Chromatin extracted from cross-linked newborn mouse
skin was immunoprecipitated in parallel using anti-p63, anti-p53, or anti-ERK (ctr) antibodies. The C40 enhancer and the distal genomic region
were amplified. (C) p63 proteins affect expression of the endogenous p63 gene. HeLa cells were transiently transfected with expression vectors for
the indicated proteins. The mRNA levels of the endogenous p63 transcripts were quantified by real-time RT-PCR using oligonucleotides directed
to the 5 untranslated region of the human ANp63 mRNA. Values are expressed as induction (n-fold) of the control transfection. Transfection
efficiency was normalized by cotransfecting an expression vector for green fluorescent protein (GFP). (D) Exogenous expression of ANp63y in
HeLa cells turns on expression of the endogenous ANp63a protein. HeLa cells were transiently transfected as described for panel C. Immuno-
blotting of total cell extracts was performed using anti-p63 antibodies. As a control, an extract of HeLa cells transfected with ANp63a was also run
at the same time. Due to the higher stability of ANp63a than of ANp63y, approximately one-fifth as much protein extract was loaded. Membranes
were reprobed with anti-ERK antibodies as a loading control.
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hancer, consistent with the fact that p63 is not expressed in
these cells.

To determine whether p63 directly associates with the endoge-
nous enhancer region in intact skin, we performed quantitative
chromatin immunoprecipitation assays on newborn mouse
skin. Importantly, we found that p63 efficiently binds the en-
dogenous C40 enhancer in vivo, whereas p53 does not (Fig.
6B). These data demonstrate that p63 associates with the en-
hancer in the chromatin context both in isolated keratinocytes
and in skin.

Selective regulation of p63 gene expression by different p63
protein isoforms. Regulation of the C40 enhancer by p63 sug-
gests that p63 may be able to regulate its own expression. To
directly test this possibility, we expressed exogenous p53 and
the various p63 isoforms in HeLa cells and measured expres-
sion of the endogenous human ANp63 gene using oligonucleo-
tides primers specific for the 5" untranslated region. HeLa cells
expressed low levels of ANp63 transcripts as measured by real-

time RT-PCR. ANp63y protein expression resulted in robust
induction of the endogenous ANp63 gene, whereas p53 expres-
sion was unable to significantly affect its expression (Fig. 6C),
consistent with the ability of p63 proteins, but not of p53, to
directly bind and control the C40 enhancer. A missense muta-
tion affecting the DNA-binding domain of ANp63y (R304Q)
(35) completely abolished the ability to induce the p63 tran-
script. ANp63a protein repressed endogenous ANp63 gene
expression (Fig. 6C), in agreement with the dominant neg-
ative function exerted by this protein on the C40 enhancer
(Fig. 40C).

At the protein level, p63 was undetectable in HeLa cells, and
expression of p53 was unable to induce p63 expression. In
contrast, exogenous expression of the ANp63+y isoform turned
on expression of the endogenous ANp63a isoform, whereas
the mutation in the DNA-binding domain impaired this func-
tion (Fig. 6D). Consistent with these observations, in keratino-
cytes overexpression of ANp63a, as achieved by adenovirus
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expression constructs for TAp63+y, AP-2vy, or both. As a control, the
activity of a C40 enhancer carrying a mutation in the AP-2(B) binding
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at 1 (TK). Similar results were obtained using AP-2a. (B) AP-2 spe-
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tracted from cross-linked mouse primary keratinocytes (Ker) or dermal
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AP-2(B) motif within the C40 enhancer. The electrophoretic mo-
bility shift assay was performed by incubating radiolabeled AP-
2(B) oligonucleotide (label) either by itself (lane 1) or with 6 pg of
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infection, significantly impaired endogenous gene expression
(data not shown).

Taken together these data indicate that the various p63
isoforms differentially regulate expression of their own tran-
scripts, and this autoregulatory loop is likely to occur through
direct p63 binding to the C40 enhancer.

AP-2 cooperates with p63 to modulate C40 enhancer activ-
ity. We next investigated the contribution of AP-2 to the C40
enhancer activity, since mutations in the AP-2(B) binding site
affect its activity (Fig. 4B). Many epidermal promoters contain
functional binding sites for the AP-2 family of transcription
factors, which however are expressed not only in skin but also
in a number of other cells (20, 22, 27). Overexpression of two
members of the AP-2 family, « and v, did not significantly
induce C40 activity in either fibroblasts or keratinocytes (Fig.
7A and data not shown). Interestingly however, AP-2« and -y
expression resulted in induction of C40 activity in the presence
of either TAp63+y or ANp631y, suggesting that AP-2 cooperates
with p63 to induce enhancer activity (Fig. 7A and data not
shown).

We used quantitative chromatin immunoprecipitation to in-
vestigate AP-2 binding to the C40 element. The C40 enhancer
region was enriched in immunoprecipitates obtained with
AP-2 antibodies over those with control antibodies, although
binding was weaker than for p63, possibly due to less efficient
immunoprecipitation (Fig. 7B). We then evaluated whether
AP-2 factors could bind directly to the C40 element in vitro.
Electrophoretic mobility shift assays revealed that AP-2 binds
directly to the portion of the enhancer sequence containing the
AP-2(B) binding site (Fig. 7C). Mutations in the AP-2 binding
core abolished this interaction.

Thus, AP-2 binds to the enhancer both in vitro and in vivo
and cooperates with p63 to induce its activity in keratinocytes.

DISCUSSION

In contrast to its homologue p53, p63 is an essential gene in
humans and mice as mutations or deletion of it cause a severe
phenotype affecting limbs and/or several stratified epithelia
and their derivatives. Thus, an understanding of the regulation
of p63 expression and function is of crucial relevance. We
describe here the identification and characterization of a long-
range enhancer that regulates p63 expression through an au-
toregulatory mechanism. We took advantage of the completion
of genome sequences for several vertebrate species to identify
evolutionarily conserved genomic regions in the p63 locus that
may be functionally relevant. A functional analysis of these
conserved sequences identified three potential cis-regulatory
sequences. The C40 enhancer, located 160 kb and 42 kb down-
stream from the TA and AN transcriptional start sites, respec-
tively, provides the first example of a long-range cis-regulatory
element specific for keratinocytes. Its functional significance is

total cell extract from HEK 293 cells transiently transfected with the
AP-2y expression vector (lanes 3 to 9). Labeled oligonucleotide was
challenged with unlabeled wild-type (lanes 4 to 6) or mutated (lanes 7
to 9) oligonucleotide competitors (comp; 15-fold, 20-fold, and 30-fold
excesses of each), as indicated by the triangle over each lane.
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supported by its remarkable conservation even in lower verte-
brates such as chickens, Xenopus, Fugu, and Tetraodon spp.

It has recently been recognized that long-range enhancers can
control the transcription of genes located as far as 1 Mb from the
enhancer (18). Here we report compelling evidence that the C40
enhancer specifically controls p63 expression, as none of the other
genes located within 2.2 Mb from the p63 gene in the mouse has
the complicated expression pattern of p63. Remarkably, in trans-
genic mice during embryonic development, lacZ expression under
the control of the C40 enhancer almost entirely overlaps the
expression of endogenous p63 in most cells and tissues. lacZ
expression was also detected in the embryonic heart, in parallel
with the finding that TAp63 is expressed at the RNA level in the
adult heart (40). Interestingly, in skin, even though the enhancer
activity is confined to the epithelial components, C40 directs ex-
pression primarily to the hair follicle and to a lesser extent the
epidermis, suggesting that other as-yet-unknown regulatory el-
ements may contribute to the epidermis-specific expression of
p63. These unknown elements may reside either in less-con-
served genomic regions or in genomic regions outside of the
genomic portion taken into consideration. In addition, func-
tional elements that may be essential in vivo may be inactive in
transient-transfection assays where the chromatin context is
altered. These hypotheses will be the subject of future studies
aimed at fully characterizing the transcriptional regulation of
the p63 gene.

In addition to the specific pattern of expression elicited by
the C40 enhancer during embryogenesis, we present strong
evidence of a direct feedback regulation of p63 on its own gene
expression through the enhancer. p63 is required for C40 en-
hancer activity, is sufficient to stimulate the enhancer activity in
p63-expressing and -nonexpressing cell types, and binds to it in
isolated keratinocytes as well as in skin. In addition, in cells
that express very low levels of p63, expression of the ANp63y
isoform, but not of ANp63a, results in induction of ANp63
endogenous gene expression. Binding to the DNA is required
for ANp63y-mediated induction of the endogenous p63 genes,
as its ability is impaired by a binding-defective ANp63-y mutant.

Consistent with its previously described function as domi-
nant negative and with its activity on the enhancer, overexpres-
sion of ANp63a results in inhibition of the endogenous p63
gene. Using isoform-specific shRNAs, however, we showed
that ANp63 positively controls the enhancer activity, suggest-
ing either that endogenous ANp63a may be required for the
enhancer function or that even small amounts of ANp63+y in
keratinocytes are sufficient to positively regulate the enhancer
activity. In other contexts, such as during embryonic develop-
ment, when the TAp63 transcripts are readily detectable (19;
our unpublished observations), the TA isoforms may also play
an important role in regulating the enhancer activity. p63 ac-
tivity and function are complex, as TAp63y and, to a lesser
extent, ANp63vy are extremely active transactivators that, sim-
ilar to p53, induce apoptosis when overexpressed (40). In con-
trast, the highly abundant ANp63« is a stable nontoxic pro-
tein that is endowed with both transcription-activating (8, 39),
and -repressing (3, 38, 40) functions.

Taken together, these data suggest a model in which a fine
balance between the a and y isoforms exists in keratinocytes in
controlling p63 expression, with the vy isoform inducing the C40
enhancer and activating endogenous gene expression, thus
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bursting the o isoform. In turn, the o isoform may negatively
control p63 expression as shown by downmodulation of the p63
gene in response to ANp63a overexpression in primary kera-
tinocytes, which is consistent with its ability to inhibit the C40
enhancer.

Two recent studies have pointed to the presence of a con-
served p63-binding site in the ANp63 promoter sequence (11,
37). Interestingly, we find that TAp63y expression exerts a
modest inhibitory effect on the ANp63 promoter, whereas
ANp63a has a modest stimulatory effect (D. Antonini and C.
Missero, unpublished observations), possibly partially counter-
acting the effect of the enhancer on ANp63 expression, but not
on TAp63.

As p63 binds to its own enhancer and autoregulation cannot
initiate expression of a gene, the initiation of p63 expression
must be triggered by other means. p63 expression in zebra fish
is mediated by bone morphogenetic protein signaling (1). In
the mouse C40 enhancer, mutation of the binding site for
SMAD does not affect the enhancer activity in keratinocytes,
which may be due to the fact that in isolated cells p63 expres-
sion has already been initiated and that it is by itself sufficient
to maintain the loop. These data raise the interesting possibil-
ity that bone morphogenetic protein signaling may also be
involved in initial transcription activation of p63 in the mouse,
possibly through the highly conserved SMAD site that we iden-
tified. After the first induction, p63 is required in cooperation
with AP-2 to maintain its own expression by a positive auto-
regulatory feedback.

AP-2 participates in the control of the C40 enhancer, as a
mutation in the AP-2 binding sites affects enhancer activity. In
addition, AP-2 directly binds the C40 enhancer in keratino-
cytes and cooperates with p63 to induce enhancer activity. The
relevance of AP-2 in directing skin-specific expression is widely
documented, as many epidermis-specific upstream regulatory
regions contain functional binding sites for AP-2 (14, 15, 20,
23, 34). Our data indicate that AP-2 may fulfill its function in
skin at least in part through regulation of p63 expression.

In conclusion, identification of the mechanisms that regulate
this novel keratinocyte-specific enhancer shed light on the
complex regulation of p63 expression during embryonic devel-
opment and in keratinocytes.
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