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Heterozygous mutations in the TP63 transcription factor underlie the molecular basis of several similar
autosomal dominant ectodermal dysplasia (ED) syndromes. Here we provide a novel cellular model
derived from embryonic stem (ES) cells that recapitulates in vitro the main steps of embryonic skin devel-
opment. We show that ES cells carrying AEC or EEC mutations are unable to differentiate into the epider-
mal fate. Comparative transcriptome analysis strongly reveals an embryonic epidermal signature and
suggests that mutations in the SAM domain (AEC) provide activating properties while mutations in the
DBD domain (EEC) induce strong inhibitory capabilities. Our model uncovers the effect of relevant ED
mutations that otherwise are difficult to evaluate on the ectodermal embryonic stage, an embryonic
event critical for proper skin formation.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

The ectodermal dysplasia (ED) syndromes are a group of inher-
ited human diseases. They are clinically characterized by the abnor-
mal development or growth of tissues and structures that are
developed from the embryonic ectoderm, affecting mainly the skin,
hair, nails and teeth, and sweat glands and other glands [1,2]. The
epidermis of patients can be very dry, itchy and sometimes large
areas can be eroded. Different combinations of these features are
observed in five ED syndromes linked to mutations in the transcrip-
tion factor gene p63 [3]. The most common syndrome is defined by
a combination of Ectrodactyly, Ectodermal dysplasia and Cleft lip/
palate disorders (EEC). The second related syndrome is the Ankylo-
blepharon-Ectodermal dysplasia-Clefting (AEC) syndrome (or Hay-
Wells syndrome) characterized by ectodermal dysplasia, generally
not associated with ectrodactyly or other limb malformation. Most
of the patients affected by AEC present patches of life-threatening
congenital skin erosion. The Limb-Mammary Syndrome (LMS),
Acro-Dermato-Ungual-Lacrimal-Tooth (ADULT) and Rapp-Hodgkin
ll rights reserved.

nce.
Syndrome (RHS) are also p63-related ED syndromes. The disorders
are congenital with a morbidity related to the absence or presence
of eccrine and mucous glands while mortality is typically due to
complications related to extensive skin erosions.

The phenotype of p63-knock out mice confirms a key role for
p63 in skin development. Mice in which both alleles of the p63
gene have been deleted are born lacking limbs and fail to develop
stratified epithelia and epithelial appendages, such as teeth, hair
follicles and mammary glands [1,2]. Transgenic mice and embry-
onic stem cell model experiments strongly suggested that DNp63
is required for both embryonic ectodermal commitment [4,5] and
epidermal stem cell/progenitors self renewal [6].

Interestingly, there is a striking genotype–phenotype correla-
tion between the ED patient disabilities and the particular domain
mutated on the p63 gene [7]. EEC syndrome results from missense
mutations in the DNA-binding domain (DBD) of p63 [8,9]. AEC
patients present a clustering mutations giving rise to amino acid
substitutions in the Sterile Alpha Motif (SAM) domain [10]. These
mutations are predicted to disrupt protein–protein interactions
of the domain with as yet unknown partners. The mutations in
ADULT, SHFM and LMS syndromes are distinct to the former
syndromes. Thus, the pattern of mutations has suggested that the
C-terminal SAM domain of p63 might be particularly important
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for skin development, whereas the DBD could be crucial for a wide
range of ectodermal development.

The effects of ED mutations on cell growth, cell death and epi-
dermal differentiation have been evaluated by different groups
on adult epithelial cell lines [11–14]. However, even if a skin is
formed in ED patients, it is well known that biological compensa-
tion mechanisms occur when developmental events are defective.
The congenital ectodermal defect might influence the epidermal
commitment, and thus the state of the resulting epidermal homeo-
stasis. For that purpose, we have designed a cellular model from
embryonic stem (ES) cells that recapitulate in vitro the main steps
of skin development [15]. By serial dilutions of the committed ES
cells, an ectodermal cell line that represents the epidermal progen-
itors has been isolated. It further allowed us to demonstrate that
addition of DNp63 was sufficient to convert ectodermal progeni-
tors into epidermal cells [16]. Here, we compared the ability of
wild type p63 and ED-related mutants to induce epidermal com-
mitment of ES-derived ectodermal cells and compared their
respective transcriptome profiles.

2. Materials and methods

2.1. Cell lines and cell sorting

The ectodermal cell line isolated from the mouse CGR8 embry-
onic stem (ES) cell line used in this study and its culture condition
have been described previously [16]. Transfection of the ES-derived
ectodermal cell line was done with Lipofectamine 2000
(Invitrogen).

2.2. Real-time quantitative RT-PCR

RNAs extraction and quantitative RT-PCR analysis was per-
formed as previously described [16]. Each gene was amplified
using the appropriate specific primers:
36B4: 50-TCCAGGCTTTGGGCATCA-30 50-CTTTATCAGCTGCACATCACTCAGA-30

BMP-7: 50-GGAAAAATGTCTGCCAGGAA-30 50-AGGCTTGCGATTACTCCTCA-30

FGRF2b: 50-CACCAACTGCACCAATGAAC-30 50-TGCTTGAATGTGGGTCTCTG-30

GATA3: 50-CCGAAACCGGAAGATGTCTA-30 50-GTTGAAGGAGCTGCTCTTGG-30

K14: 50-AAGGTCATGGATGTGCACGAT-30 50-CAGCATGTAGCAGCTTTAGTTCTTG-30

K5: 50-CCTGCAGAAGGCCAAGCA-30 50-TGGTGTTCATGAGCTCCTGGTA-30

K18: 50-AATCGAGGCACTCAAGGAAGAA-30 50-GGCATCCACTTCCACAGTCA-30

Notch1: 50-GCAATCTCAAGTCTGCCACA-30 50-GCTTCCTTGCTACCACAAGC-30

Perp: 50-GGATGGGAGGATGGACTAGG-30 50-GTGACAGTGGTGACCCTCCT-30

Slug/snai2: 50-GCTCCTTCCTGGTCAAGAAACAT-30 50-CCGAGGTGAGGATCTCTGGTT-30

JARID1a: 50-ATGTCGGAGGAAGAGGTGTTT-30 50-GTGATTGAAGTTGGCGGATAA-30

LMO4: 50-TCACTTGCAGGAATCGACTG-30 50-GGACCGCTTTCTGCTCTATG-30
2.3. Agilent microarray

ES-derived ectodermal cells were transfected with wild type or
mutant p63 constructs along with a construct expressing the fluo-
rescent EGFP gene under the epidermal specific K5 promoter. The
resulting fluorescent K5/K14+ keratinocytes were sorted using
FACS Aria (Becton Dickinson). Total RNA was extracted by the Tri-
zol (Invitrogen) method and purified on RNeasy columns (Qiagen,
Hilden, Germany). RNA concentration was measured by spectro-
photometry and its integrity checked using an Agilent Bioanalyzer
instrument. One microgram total RNA was amplified and labeled
with Cy3 and Cy5 fluorochromes using the Amino Allyl Message-
Amp aRNA kit according to the manufacturer’s (Ambion, Austin,
TX) protocol. Cy3- and Cy5-labeled cRNAs were fragmented using
fragmentation buffer (Agilent Technologies, Palo Alto, CA), dis-
solved in hybridization buffer (Agilent), and hybridized to pan-
genomic mouse microarrays of the RNG/MRC resource, as already
described [17]. These microarrays harbor 24,109 50mer oligonu-
cleotides. Cy3- and Cy5-labeled cRNAs dissolved in hybridization
buffer were hybridized on previously processed slides (treated
with 50 mM ethanolamine in 50 mM borate buffer, pH 9.0 at
20 �C for 1 h) in a total volume of 500 ll using the Microarray
Hybridization Chamber (Agilent) at 62 �C for 17 h using a four
rpm agitation. Slides were washed with washing buffer #1 (6�
SSC, 0.005% Triton X-102) at 20 �C for 10 min and with washing
buffer #2 (0.1� SSC, 0.005% Triton X-102) at 4 �C for 5 min, dried,
and stocked under vacuum. Fluorescence data were acquired from
slides using a GenePix 4000B instrument (Molecular Devices Corp.,
Union City, CA). TIF images containing the data from each fluores-
cence channel were quantified with the GenePix Pro 6.0 program
(Axon Instruments, Union City, CA). Analysis was performed using
the Significance Analysis of Microarrays (SAM) method on MeV 4.0
after percentage cutoff filtering (= 100%). Gene expression profiles
were analyzed by two-color microarrays in CGR8 cells transfected
with each p63 mutated construct and compared with cells trans-
fected with the p63 wild type control in two replicate experiments
at 48 h. For each experimental point, two technical replicates (dye-
swaps) were examined.

3. Results and discussion

We generated expression vectors coding for the wild type p63
isoform in which mutations found in EEC (R304W), AEC (T533P
and S541P), SHFM (K637R) and ADULT (N6H) patients have been
introduced. ES-derived ectodermal cells were co-transfected with
wild type DNp63 and disease-related p63 constructs and epider-
mal commitment was illustrated by K5/K14-positive cell appear-
ance (Fig. 1A). While exogenous expression of DNp63, mutants
N6H (ADULT) and K637R (SHFM) were able to induce keratinocyte
differentiation, the mutants S541P (AEC) and R304W (EEC) failed
to produce K14-positive keratinocytes (Fig. 1A).

Exogenous expression of a gene does not reflect fully the adult
ED patient skin in which one allele is mutated and the second one
is normal. Therefore, we tested ES cells in which an AEC mutation
(L514F) has been knocked-in into the endogenous Trp63 gene. It al-
lows the equimolar production of one wild type and one mutated
allele, as happens in ED patients. When tested for epidermal com-
mitment, the mutant cells were unable to differentiate into the epi-
dermal fate, as compared to control (Fig. 1B). This inability to
induce epidermal commitment prompted us to generate a compar-
ative transcriptome analysis of ES-derived ectodermal cells



B

T533PN6H K637RR304W S541P

DNA Binding Domain 
ΔN-specific 

Oligo SAM TID ΔNp63α

A

P63 constructs Epidermal commitment (%) Location of the mutation 

ΔNp63α 12  

N6H 5.4  ΔN specific 

K637R 6.5 DIT  

R304W 0 DBD  

T533P 0 MAS  

S541P 0 MAS  

R
el

at
iv

e 
m

R
N

A
 e

xp
re

ss
io

n 
le

ve
ls

Fig. 1. Epidermal commitment of wild type and mutant cells. (A) Wild type and p63 constructs in which an ED-related point mutation have been introduced were transfected
into ES-derived ectodermal cells. Epidermal commitment was monitored by keratinocyte marker appearance and illustrated by percentage of K5/K14-positive cells by FACS
analysis. (B) Real-time RT-PCR analysis of K14 and K8 gene expression during epidermal commitment of wild type (WT) and AEC (L514F) ES cells. Values are expressed as
Arbp-normalized mRNA levels. Cells were treated with 0.5 nm of BMP-4 from day 3 to 5 and FBS 2.5% from day 9 to 14 (BMP/FBS), of left untreated (ctr). Samples were
collected at day 14. Similar results were obtained with an independent L514F ES clone.
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Fig. 2. Transcriptional profiling during epidermal commitment. (A) Results of transcriptome analysis 48 h post transfection. The numbers correspond to genes which
expressions are modulated by at least 1.7-fold in biological triplicates with a robust p value ranging from 10�4 to 10�11, with most of the modulated genes at 10�6. Venn
diagrams for genes whose expression was significantly altered in S541P and in R304W mutants as compared to wild type p63 construct. (Left) Overlapped up-regulated
genes, and (right), overlapped down-regulated genes. (B) Five major biological processes that characterize the group of regulated and annotated genes by wild type p63.
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expressing either wild type or mutant S541P and R304W DNp63
constructs. As illustrated in Fig. 2A, exogenous expression of wild
type DNp63 modified the relative expression of at least 248 genes
(178 up-regulated and 69 down-regulated). Ectopic expression of
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Fig. 3. p63-target gene expression during epidermal commitment. Real-time RT-PCR analysis 48 h after transfection of wild type and mutant DNp63 constructs. The results
are represented as fold induction obtained in WT versus mutant cells. The data represent triplicate experiments.
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Fig. 4. GO analysis of the three different gene sets regulated by the DNp63 constructs. The table shows the most significantly enriched GO categories (and relative adjusted p-
value) for each transcriptome generated by DNp63wt (black) and the two mutants R304W (red) and S541P (green). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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the mutant S541P and R304W displayed different gene expression
profiles, characterized by a lower number of regulated genes (85
and 25 for the S541P and R304W mutants, respectively). Interest-
ingly, while the S541P mutant appeared to behave mainly as an
inducer of gene expression (83 out of 85 genes up-regulated), the
R304W worked as a major repressor (23 out of 25 genes down-reg-
ulated). These differences in the expression patterns induced by
wild type and p63 mutants, strongly suggest that the amino acids
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mutated in the AEC or EEC syndromes, contribute to dictate to p63
its trans-regulatory properties, indeed, mutation in the SAM do-
main provided activating properties while mutation in the DBD do-
main induced strong inhibitory capabilities. Accordingly, these
modifications gave rise to novel mutant-specific gene profiles, with
genes like PERP or FAS, known to be up-regulated by the wild type
p63 protein, that were down-regulated by the R304W mutant. Fur-
ther comparison of each expression profile revealed a subset of 110
genes solely regulated by wild type p63. The fact that S541P and
R304W mutants were unable to regulate these p63-target genes
suggests that these genes could be considered as an ‘‘embryonic
epidermal signature”, such as FGFR2, GATA3, PERP, NOTCH and
BMP-7 (Fig. 3A). As a matter of fact, FGFR2 gene was shown to be in-
duced by the binding of p63 to a splicing protein through the SAM
domain, unless the latter carried an AEC mutation [18]. BMP-7,
FGFR2b and Notch were shown to be co-expressed with DNp63
in vivo and undetectable in the ectoderm of p63 KO embryos [19].
Interestingly, Slug, Jarid1a and LMO4 genes were also activated
by wild type p63 but not by the ED mutant (Fig. 3A). Slug has been
shown to be involved in the silencing of genes through histone
deacetylation for proper adipogenesis [20]. Since Jarid1a and
LMO4 are histone modifiers [21,22], our results suggest that the
embryonic transition from ectoderm to epidermal fate requires
the activation of Slug, Jarid1 and LMO4 for chromatin modification
state. We also performed a gene ontology analysis through the
GOTM tree machine (http://bioinfo.vanderbilt.edu/gotm) with the
three differentially regulated gene sets and the most enriched cat-
egories for each construct are depicted in Fig. 4. The most striking
observation is the lack of any developmental related category (at
least with the default level of significance chosen) in the R304W
mutant gene set and the appearance of the programmed cell death,
a category which is not significantly enriched in either of the other
two sets. Even taking into consideration the fewer number of regu-
lated genes by the mutant R304W, it is tempting to speculate that
this mutant fails to promote any developmental program, therefore
partially explaining the limb defects observed in the EEC patients. It
is also noteworthy that the molecular function categories enriched
in the wt set are different in the S541P mutant set, confirming that
mutations in the SAM domain might subvert specific protein–pro-
tein interactions therefore changing specific signaling pathways
implicated, for example, in the correct differentiation of the epithe-
lia and causing the skin phenotype of the AEC patients.

In conclusion, we described here an original cellular model that
recapitulates in vitro an important step of embryonic skin develop-
ment, relevant to study physiopathological congenital cases such
as ectodermal dysplasia syndromes. It will complement the use of
normal adult keratinocytes more suitable for the study of late differ-
entiation/stratification events. Our model uncovers the effect of rel-
evant ED mutations that otherwise are difficult to evaluate on the
ectodermal embryonic stage, an embryonic event critical for proper
skin formation. Further investigation of the differentially regulated
genes identified in this study and their comparison to these obtained
with adult keratinocytes will result in a better understanding of the
molecular mechanism underlying each ED phenotype during
embryonic epidermal commitment. Finally, this new cellular model
will be powerful to screen for small compounds able to rescue nor-
mal p63 embryonic function for potential ED treatment, as already
demonstrated for mutant p53 in solid tumors [23].

Conflict of interest

The authors state no conflict of interest.
Acknowledgments

This work was supported by the European Union Sixth Frame-
work programme EPISTEM project (LSHB-CT-2005-019067) and Is-
rael Science Foundation to D.A.

References

[1] A.A. Mills, B. Zheng, X.J. Wang, H. Vogel, D.R. Roop, A. Bradley, p63 is a p53
homologue required for limb and epidermal morphogenesis, Nature 398
(1999) 708–713.

[2] A. Yang, R. Schweitzer, D. Sun, M. Kaghad, N. Walker, R.T. Bronson, p63 is
essential for regenerative proliferation in limb, craniofacial and epithelial
development, Nature 398 (1999) 714–718.

[3] T. Rinne, H.G. Brunner, H. Van Bokhoven, P63-associated disorders, Cell Cycle 6
(2007) 262–268.

[4] M.I. Koster, S. Kim, A.A. Mills, F.J. DeMayo, D.R. Roop, p63 is the molecular
switch for initiation of an epithelial stratification program, Genes Dev. 18
(2004) 126–131.

[5] A. Medawar, T. Virolle, P. Rostagno, S. de la Forest-Divonne, K. Gambaro, M.
Rouleau, D. Aberdam, DeltaNp63 is essential for epidermal commitment of
embryonic stem cells, PLoS ONE 3 (2008) e3441.

[6] M. Senoo, F. Pinto, C.P. Crum, F. McKeon, p63 is essential for the proliferative
potential of stem cells in stratified epithelia, Cell 129 (2007) 523–536.

[7] H. van Bokhoven, H.G. Brunner, Splitting p63, Am. J. Hum. Genet. 71 (2002) 1–
13.

[8] J. Celli, P. Duijf, B.C. Hamel, M. Bamshad, B. Kramer, A.P. Smits, et al.,
Heterozygous germline mutations in the p53 homolog p63 are the cause of EEC
syndrome, Cell 99 (1999) 143–153.

[9] H. van Bokhoven, B.C. Hamel, M. Bamshad, E. Sangiorgi, F. Gurrieri, P.H. Duijf,
p63 gene mutations in EEC syndrome, Limb-Mammary syndrome, and isolated
split hand-split foot malformation suggest a genotype–phenotype correlation,
Am. J. Hum. Genet. 69 (2001) 481–492.

[10] J.A. McGrath, P.H. Duijf, V. Doetsch, A.D. Irvine, R. de Waal, K.R. Vanmolkot,
Hay-Wells syndrome is caused by heterozygous missense mutations in the
SAM domain of p63, Hum. Mol. Genet. 10 (2001) 221–229.

[11] P. Ghioni, F. Bolognese, P.H. Duijf, H. Van Bokhoven, R. Mantovani, L. Guerrini,
Complex transcriptional effects of p63 isoforms: identification of novel
activation and repression domains, Mol. Cell. Biol. 22 (2002) 8659–8668.

[12] Y.P. Huang, Y. Kim, Z. Li, T. Fomenkov, A. Fomenkov, E.A. Ratovitski, AEC-
associated p63 mutations lead to alternative splicing/protein stabilization of
p63 and modulation of Notch signaling, Cell Cycle 4 (2005) 1440–1447.

[13] B. Testoni, R. Mantovani, Mechanisms of transcriptional repression of cell-
cycle G2/M promoters by p63, Nucleic Acids Res. 34 (2006) 928–938.

[14] M. Lo Iacono, A. Di Costanzo, R.A. Calogero, G. Mansueto, S. Saviozzi, S. Crispi,
A. Pollice, et al., The Hay Wells syndrome-derived TAp63alphaQ540L mutant
has impaired transcriptional and cell growth regulatory activity, Cell Cycle 5
(2006) 78–87.

[15] C. Coraux, C. Hilmi, M. Rouleau, A. Spadafora, J. Hinnrasky, J.P. Ortonne, et al.,
Reconstituted skin from murine embryonic stem cells, Curr. Biol. 13 (2003)
849–853.

[16] K. Gambaro, E. Aberdam, T. Virolle, D. Aberdam, M. Rouleau, BMP-4 induces a
Smad-dependent apoptotic cell death of mouse embryonic stem cell-derived
neural precursors, Cell Death Differ. 13 (2006) 1075–1087.

[17] O. Khalfallah, M. Rouleau, P. Barbry, B. Bardoni, E. Lalli, Dax-1 knock-down in
mouse ES cells induces loss of pluripotency and multilineage differentiation,
Stem Cells 27 (7) (2009) 1529–1537.

[18] A. Fomenkov, Y.P. Huang, O. Topaloglu, A. Brechman, M. Osada, T. Fomenkova,
E. Yuriditsky, B. Trink, D. Sidransky, E. Ratovitski, p63 alpha mutations lead to
aberrant splicing of keratinocyte growth factor receptor in the Hay-Wells
syndrome, J. Biol. Chem. 278 (2003) 23906–23914.

[19] J. Laurikkala, M.L. Mikkola, M. James, M. Tummers, A.A. Mills, I. Thesleff, p63
regulates multiple signalling pathways required for ectodermal organogenesis
and differentiation, Development 133 (8) (2006) 1553–1563.

[20] P.A. Pérez-Mancera, C. Bermejo-Rodríguez, I. González-Herrero, M. Herranz, T.
Flores, R. Jiménez, I. Sánchez-García, Adipose tissue mass is modulated by
SLUG (SNAI2), Hum. Mol. Genet. 16 (23) (2007) 2972–2986.

[21] J. Secombe, R.N. Eisenman, The function and regulation of the JARID1 family of
histone H3 lysine 4 demethylases: the Myc connection, Cell Cycle 6 (11)
(2007) 1324–1328.

[22] N. Wang, K.K. Lin, Z. Lu, K.S. Lam, R. Newton, X. Xu, Z. Yu, G.N. Gill, B. Andersen,
The LIM-only factor LMO4 regulates expression of the BMP7 gene through an
HDAC2-dependent mechanism, and controls cell proliferation and apoptosis of
mammary epithelial cells, Oncogene 26 (44) (2007) 6431–6441.

[23] J.M. Lambert, P. Gorzov, D.B. Veprintsev, M. Söderqvist, D. Segerbäck, J.
Bergman, A.R. Fersht, P. Hainaut, K.G. Wiman, V.J. Bykov, PRIMA-1 reactivates
mutant p53 by covalent binding to the core domain, Cancer Cell 15 (5) (2009)
376–388.

http://bioinfo.vanderbilt.edu/gotm

	Embryonic stem cells as an ectodermal cellular model of human p63-related dysplasia syndromes
	Introduction
	Materials and methods
	Cell lines and cell sorting
	Real-time quantitative RT-PCR
	Agilent microarray

	Results and discussion
	Conflict of interest
	Acknowledgments
	References


