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Abstract

Embryonic stem (ES) cells can be differentiated into many cell types in vitro, thus providing a potential unlimited supply of
cells for cognitive in vitro studies and cell-based therapy. We recently reported the efficient derivation of ectodermal and epidermal
cells from murine ES cells. These differentiated ES cells were able to form, in culture, a multilayered epidermis coupled with
an underlying dermal compartment, similar to native skin. We clarified the function of BMP-4 in the binary neuroectodermal
choice by stimulating sox-1+ neural precursors to undergo specific apoptosis while inducing epidermal differentiation through
�Np63 gene activation. We further demonstrated that �Np63 enhances ES-derived ectodermal cell proliferation and is necessary
for epidermal commitment. This unique cellular model further provides a powerful tool for identifying the molecular mechanisms
controlling normal skin development and for investigating p63-ectodermal dysplasia human congenital pathologies. To cite this
article: D. Aberdam et al., C. R. Biologies 330 (2007).
© 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

Les cellules souches embryonnaires comme modèle cellulaire de l’engagement neuroectodermal et de la formation cu-
tanée. Les cellules souches embryonnaires (ES) sont un formidable outil pour récapituler in vitro les étapes essentielles du
développement embryonnaire. Cela permet de produire des modèles cellulaires accessibles aux études moléculaires et génétiques.
Nous avons montré que les effets synergiques d’une matrice extracellulaire mésenchymateuse et du morphogène BMP-4 induisent
de manière significative la différenciation des cellules ES en kératinocytes capables de former in vitro un épiderme pluristratifié.
Nous démontrons, de plus, que BMP-4 induit l’apoptose, caspase-dépendante, de progéniteurs neuronaux sox-1+ au profit de l’en-
gagement épidermique. Ce résultat clarifie le rôle de BMP-4 dans l’inhibition neuronale embryonnaire et suggère l’existence de
précurseurs neuroectodermaux bipotents. �Np63 est activée par le BMP-4 au cours de l’engagement ectodermal des cellules ES,
et son expression exogène stimule la prolifération des précurseurs ectodermaux tout en induisant leur différenciation épidermique.
Ce modèle cellulaire permettra d’identifier les mécanismes moléculaires mis en jeu au cours de la formation normale de la peau et
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d’étudier le rôle de chaque isoforme de p63 dans les dystrophies ectodermales humaines. Pour citer cet article : D. Aberdam et al.,
C. R. Biologies 330 (2007).
© 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

During vertebrate embryogenesis, the epidermis de-
rives from the ectoderm while the underlying tissue, the
dermis, derives from the mesoderm. Both developing
tissues closely interact at the molecular level: the in-
structive effects of mesenchymal factors on epidermal
commitment correlates well with the induction role of
mesodermal cells on ectodermal fate during embryonic
skin development and in the adult [1].

Despite accumulating data on in vivo skin lineage
differentiation, mainly through transgenic mice technol-
ogy, the absence of an appropriate in vitro model sys-
tem has hampered the study of early events responsible
for epidermal and dermal commitment. Embryonic stem
(ES) cells are derived from the pluripotent cells of the
early mouse embryo. They can be expanded infinitely
in vitro while maintaining their potential to differenti-
ate spontaneously into any cell type of the three germ
layers, including epidermal cells. ES cells are thus an
effective tool to recapitulate in vitro the main steps of
embryonic normal and pathological development. Ac-
cordingly, we recently found a synergic effect of mes-
enchymal acellular extracellular matrix and BMP-4 to
induce efficiently mouse ES cells to differentiate into
keratinocytes [2,3]. It thus demonstrates the ability of
ES cells to recapitulate in vitro the reciprocal induction
of ectodermal and mesodermal cells to produce both
keratinocytes and fibroblasts [2,3]. We further show for
the first time that a pluristratified epidermis could be
generated in vitro from the committed ES cells, leading
to great perspectives for the cellular and tissular thera-
peutic potential represented by ES cells (Fig. 1).

2. Neural commitment and BMP-4

Epidermal and neuronal precursors are supposed to
derive from a common neuroectodermal precursor [4].
At the early gastrulation stage, the ventral ectodermal
area differentiates into epidermis, while the dorsal zone
eventually neuralizes. This separation is due to a gra-
dient of both the ventral morphogen BMP-4 (TGF-β
superfamily) and its dorsalizing antagonist factors (i.e.
Noggin, Chordin, Follistatin). In Xenopus embryos, the
embryonic epidermal commitment is induced by BMP4
in the ventral part of the egg, while its absence within
the dorsal part leads to a ‘default neural’ differentia-
tion process [5]. In Mammals, BMP-4 plays a simi-
lar critical role in epidermal commitment and displays
an inhibitory effect on neural induction [6]. We recently
clarified the role of BMP-4 in neural inhibition during
embryonic epidermal commitment by showing that the
Sox-1+ population derived from neural commitment of
ES cells is the direct target of a BMP-4-induced apop-
tosis [7] (Fig. 2). Sox-1 is the most early marker spe-
cific of neural precursor (NP) populations along the de-
velopmental pathway [8–10]. These cells could be of
particular interest to study neural cells in vitro and as
an unlimited source for cellular therapy of neurodefec-
tive diseases. Since purification of such progenitor cells
from adult or foetal tissues is hardly available, ES cells
may represent an alternative source of NP cells for clini-
cal use. Sox-1+ cells isolated from neural differentiated
ES cells display neuroepithelial morphology [11], are
able to differentiate into functional neurons in vitro [12]
and into other neural cell types [13]. Therefore, Sox-
1 has been considered as the most pertinent marker to
characterize/identify the earliest multipotent neural pre-
cursor cells. Interestingly, ES-derived Sox-1− cells are
also able to generate dopamine neurons [13], suggesting
that this population may also contain neural precursors.
Indeed, even if among the Sox-1− population, many
cells express markers of undifferentiated cells (Oct 4,
Nanog), as demonstrated by the production of teratoma
after in vivo grafting, the resulting tumours are much
smaller than those obtained from undifferentiated ES
cells.

According to its function during embryogenesis, we
further demonstrate that BMP-4 is a potent epidermal
inducer of ES cells [2,7]. While inducing apoptosis of
Sox-1-positive neural precursors, BMP-4 promotes epi-
dermal commitment of surviving cells, as evaluated by
a large increase in K8/K18+ ectodermal cells. Addition
of serum to the culture, five days after BMP-4 treat-
ment, leads to the production of K5/K14+ epidermal
cells [2,7]. Altogether, these results suggest the exciting
existence of bipotent ES-derived neuroectodermal pre-
cursors able to become either neurons or epidermal cells
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Fig. 1. In vitro differentiation of ES cells as described in [3]. To prepare mesenchymal acellular extracellular matrix (ECM), human normal
fibroblasts grown on glass coverslips are detached by EDTA/EGTA treatment at confluence. Undifferentiated ES cells are seeded on the ECM
and induced to differentiate by removal of LIF from the medium, exposed at day 4 to 0.5 nM of BMP-4 for 3–10 additional days. Presence of
ES-derived keratinocytes is scored using an antibody against the cytokeratin-14 intermediate filament. Then, the induced ES cells, harvested and
inoculated onto cellulose ester membranes for an additional week, are mounted on stainless-steel grids to allow the surface of the cultures to be
exposed to air. The cultures are incubated for an additional 14 days. Histological staining shows the different layers of epidermis, with a typical
cuboidal cell-shape stratum basal, stratified suprabasal layers including a stratum spinosum, a stratum granulosum, and a stratum corneum at the
top. An underlying dermal compartment is clearly identified below the basal layer. Bar: 11 µm.
depending on the presence or the absence of BMP-4 ac-
tivity, respectively (Fig. 2).

3. Epidermal differentiation and role of p63

p63, a member of p53 family, plays a pivotal role in
epidermal development [14,15]. The p63 gene encodes
for six distinct isoforms, due to two alternative promot-
ers (TA and �N) and alternative splicing. Mutations on
the p63 gene are responsible for severe human geno-
dermatoses with abnormalities in ectodermal structures
(including skin) and limb development [16]. Accord-
ingly, p63-deficient mice display absent limbs along
with a highly disorganized skin and other stratified
squamous epithelia that lead to newborn death because
of dehydration [14,15]. While the epidermal phenotype
of the two p63-deficient mice was identical, divergent
observations of the respective animals led each group
to suggest a distinct function for p63. During vertebrate
embryogenesis, the developing epidermis derives from
the ectoderm, which gives rise to the single-layer ec-
todermal cells expressing the cytokeratin K8 and K18
until day 8.5. The day after, the ectodermal cells are
committed to stratification, event marked by the onset
expression of cytokeratin K5 and K14. In D. Roop’s KO
mice, the p63-deficient epidermal cells still expressed
K8/K18 instead of K5/K14, strongly suggesting impair-
ment on epidermal commitment and stratification [14].
In the second study, the group of F. McKeon observed
sparse patches of pluristratified epidermis positive for
late differentiation markers like involucrin and filaggrin.
This observation strongly suggests that, in the absence
of p63, stratification and epidermal differentiation can
proceed for limited rounds because of a defect in the
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Fig. 2. Schematic representation of ectodermal commitment and epidermal differentiation of ES cells. (a) ES cells cultured on fixed NIH-3T3
cells under serum-free conditions efficiently differentiate into neural precursors (day 3) and neurons (day 7) positive for Sox-1 and β-III tubu-
lin/NeuN/Neurofilament, respectively. (b) When BMP-4 is added to the medium from day 3 to 5, neural commitment is totally prevented, while
ectodermal cells (K8/K18+) are produced in large numbers, some of them become keratinocytes (K5/K14+) after addition of serum. This sug-
gests that Sox-1− cells (and possibly a few remaining Sox-1+ cells, see broken arrow and question mark) are neuroectodermal precursors, which
are able to differentiate into neuronal or epidermal cells in the absence or presence of BMP-4, respectively. (c) Exogenous expression of �Np63
is sufficient to mediate efficiently both ectodermal and epidermal commitments of ES cells. (d) ES-derived ectodermal cell lines (K8/K18+) were
isolated by serial dilution cloning from committed ES cells. Exogenous expression of �Np63 is sufficient to mediate efficiently the differentiation
of ectodermal precursors into keratinocytes.
regeneration of the epidermis [15,17]. The authors thus
hypothesize that p63 must be necessary for the stem cell
maintenance and that its absence impoverishes the epi-
dermal stem cell pool. The two hypotheses, as well as
the nature of the p63 isoforms involved in these critical
embryonic steps, remain however highly controversial.

During ES differentiation, we show that the ecto-
dermal transition induced by BMP-4 occurs through
the activation of �Np63, whereas TAp63 is never ac-
tivated [2]. This is in accordance with in situ hybridiza-
tion studies made on mouse embryonic skin, which
demonstrate that �Np63, but not TAp63, is expressed
in ectodermal and epidermal cells [18]. BMP-7 and
FGFR2b have been recently identified as target genes
of �Np63 during mouse embryogenesis by the same
group [18] and, accordingly, we observe their activation
in differentiated ES cells following BMP-4 treatment.
Interestingly, the �Np63 gene activation occurs after
ectodermal commitment of ES cells and only a frac-
tion of the K8/K18 positive ectodermal cells produces
endogenous �Np63. In the course of ES-induced epi-
dermal differentiation and after serum addition, part
of K8/K18 ectodermal cells eventually becomes ker-
atinocytes (K5/K14), all positive for �Np63 (Fig. 2).
To better define the precise role of p63 in commit-
ment and differentiation, we isolated by serial dilu-
tion cloning ES-derived ectodermal cell lines (K8/18+).
Transcriptome analysis reveals that these ES-derived
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cell lines are potential precursors of epidermal cells and
not simple epithelia cells, which are also positive for
K8/K18 in adult. While these cell lines remain pheno-
typically stable, few of them become spontaneous epi-
dermal cells (K5/14+) at every passage. Furthermore,
exogenous expression of �Np63 into these ectodermal
cells efficiently differentiates them into keratinocytes
(Fig. 2). Moreover, the forced expression of �Np63
efficiently enhances ES-derived ectodermal cell prolif-
eration and cell survival. These data clearly demonstrate
that �Np63 is not required for ectodermal fate, but nec-
essary for either epidermal cell differentiation or pro-
liferation [2]. This observation seems in contradiction
with D. Roop’s group results; these authors reported
that TAp63 is able to force K8/K18 simple epithelia
cell lines to express de novo the keratinocyte-specific
K14 cytokeratin. They concluded that TAp63 must be
required for the epidermal commitment of ectodermal
cells [19]. We observed that the exogenous expression
of TAp63 is also able to force epidermal commitment of
ES-derived ectodermal cells, but to a much lesser extent
than �Np63. Since TAp63 is not expressed during the
early steps of epidermal formation in vitro (unpublished
data) and in vivo [18], this feature, which would be in
accordance with Roop’s data, might be not physiologi-
cal. Recent studies on transgenic mice expressing either
TA or �Np63 within a p63–/– background further con-
firm that �Np63, but not TAp63, partly restores a strat-
ified embryonic epidermis [20] and is able to activate
directly the K14 promoter. Moreover, in vivo inhibition
of �Np63 in zebrafish embryos disturbs skin formation
and AER maintenance [21,22]; on the contrary, its over-
expression is sufficient to block anterior neural specifi-
cation while promoting early steps of epidermal speci-
fication, even in zebrafish embryos lacking BMP-4 sig-
nalling [21,22]. These two studies suggest that �Np63
plays a dual role in the early steps of zebrafish epider-
mis formation: it acts as both an epidermal inducer and
an inhibitor of neuroectodermal formation [21,22], and
later on, it is required for epidermal cell proliferation
(Fig. 2). In our ES cellular model, �Np63 activation
was not responsible for the BMP-4-induced apoptosis
of the Sox-1+ neural precursor cells. It will be thus
interesting to define whether �Np63 may have an in-
hibitory effect on more committed ES-derived neural
cells. However, since no neural defect has been appar-
ently described in p63-deficient mice, it might reveal
differences in �Np63 role in zebrafish and mammals.

Many experiments remain to define the functions of
each p63 isoform in embryonic skin formation. It re-
mains to clarify whether �Np63 is directly involved
in epidermal commitment or in the proliferation and
cell survival of committed epidermal cells. We believe
that ES cells, along with functional genomic technol-
ogy including siRNA, will be a powerful tool to iden-
tify the function of each wild type and human ecto-
dermal dysplasia-derived mutated p63 isoforms in both
commitment and proliferation/self-renewal of epider-
mal stem cells.

The epidermis is in constant renewal due to the
presence of epidermal (keratinocyte) stem cells that re-
constitute not only the epidermis, but also the cuta-
neous appendages (hair follicles, sebaceous and sweat
glands) [23]. The skin is the target of many severe
hereditary and acquired pathologies, including genoder-
matosis, deep burns, skin carcinoma, alopecia, and acne.
Despite intense efforts, we still know very little about
epidermal stem cell fates and multipotency. The charac-
terization of epidermal stem cell markers and the iden-
tification of molecules that allow their maintenance and
guide their differentiation into one lineage (epidermis,
skin appendages) are of critical importance for the im-
plementation and improvement of novel strategies for
cutaneous therapies. The ability to maintain epidermal
stem cells in vitro has allowed engraftment of cultured
skin onto burned patients. This technology have saved
hundreds of severely burned patients around the world,
but is very expensive, time consuming, and skin ap-
pendages are not formed, while their presence is needed
to improve the functionality of the reconstituted skin
in terms of plasticity, thermoregulation, and long-term
graft survival. Therefore, the need for alternate sources
of epidermal stem cells must be addressed. In this per-
spective, the development of human ES cell-derived epi-
dermal tissues could be a major breakthrough for clin-
ical application. Furthermore, in cosmetology, in vitro
production of human follicular keratinocytes and se-
bocytes, derived from human ES cells, would provide
unique available models for the treatment of acne vul-
garis and alopecia. These cellular models would provide
alternatives to animal testing of drugs and toxins in the
pharmaceutical and cosmetological industries.
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