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INTRODUCTION
During development, the epidermis derives from the primitive
ectoderm, a single layer of epithelial cells that will differentiate into
epidermal keratinocytes, stratify and form the mature epithelium of
the skin. In the mouse embryo, the cells of primitive ectoderm
express keratin 8 (K8; Krt8 – Mouse Genome Informatics) and K18
and generate the periderm, an outer layer of epithelial cells that
expresses K6 and K17 (McGowan and Coulombe, 1998; Sanes et
al., 1986). Beginning at approximately embryonic day (E) 8.5, some
surface ectoderm cells activate expression of K5 and K14, an
indication of a commitment to the epidermal keratinocyte fate
(Byrne et al., 1994; Fuchs, 2007; Koster and Roop, 2007; Nagarajan
et al., 2008). After the formation of this epidermal basal layer,
asymmetric divisions (Lechler and Fuchs, 2005) form suprabasal
layers populated by terminally differentiated epidermal cells.
Around E18.5 the epidermis reaches full maturation, producing an
intact barrier (Candi et al., 2005). Although several studies have
identified the molecular mechanisms that regulate epidermal
formation following stratification (Blanpain and Fuchs, 2006), what
controls the initial commitment of surface ectoderm to the
epidermal lineage during embryogenesis is largely unknown.

The p53 homolog p63 is one of the earliest transcription factors
expressed during epidermal specification (Koster and Roop, 2007)
and is associated with ectodermal appendage specification,
epidermal cell proliferation and development (Koster, 2010;
Laurikkala et al., 2006; Lechler and Fuchs, 2005; Mills et al., 1999;
Truong and Khavari, 2007; Yang et al., 1999). Alternative splicing
of the p63 gene yields transcripts encoding two classes of p63
protein isoforms, TAp63 and ΔNp63. ΔNp63 isoforms lacking the
TA domain (Crum and McKeon, 2010; King and Weinberg, 2007)
are highly expressed in the early stages of epidermal development
and are maintained within the basal layer of the skin (Koster and

Roop, 2004; Laurikkala et al., 2006; Romano et al., 2007; Romano
et al., 2009). Complete ablation of all p63 isoforms during mouse
development leads to limb truncations, craniofacial malformations
and the lack of an intact and functional epidermis (Mills et al., 1999;
Yang et al., 1999). However, whether p63 controls epithelial
progenitor self-renewal and/or lineage commitment to an epidermal
fate remains controversial (Koster and Roop, 2004; Mills et al.,
1999; Romano et al., 2012; Yang et al., 1999).

Notch signaling has been implicated in controlling epithelial
development in a number of tissues (Blanpain et al., 2006; Bouras
et al., 2008). Activation of Notch signaling involves the
juxtaposition of Notch receptors and ligands on neighboring cells
and activation of proteolytic cleavage of the intracellular domain of
the Notch receptor (NICD) by the ADAM and γ-secretase complex.
NICD translocates to the nucleus, where it interacts with the DNA-
binding protein CSL/RBP-Jk and the coactivator Mastermind to
promote the transcription of Notch target genes (Kopan and Ilagan,
2009). In the skin, canonical Notch signaling is required for the
commitment of basal keratinocytes to terminal differentiation during
development (Blanpain et al., 2006; Moriyama et al., 2008; Nguyen
et al., 2006; Pan et al., 2004). However, whether Notch signaling
regulates epidermal keratinocyte specification directly is not known.

In this study, we used both embryonic mouse skin and human
embryonic stem cells (hESCs) to probe the mechanisms that
regulate the transition from ectoderm to keratinocyte fate. We
identified a previously unappreciated step of keratinocyte
specification involving the expression of p63 in ectodermal
progenitor cells. We found that Notch signaling is transiently active
in ectodermal cells before p63 or K14 expression. By inhibiting
Notch signaling pharmacologically in hESCs or genetically in
mouse embryos, we found that repression of Notch signaling
promotes p63 expression in ectodermal cells. Together, these results
reveal a novel molecular step controlling surface ectoderm
specification during the development of mammalian epidermis.

MATERIALS AND METHODS
Mice
K14-H2BGFP transgenic mice (Tumbar et al., 2004) and PS1−/−;PS2−/−

knockout mice (Pan et al., 2004; Saura et al., 2004) were described
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previously. PS1−/−;PS2−/− knockout mice were a generous gift from
Raphael Kopan’s laboratory at Washington University. All animals were
handled according to the institutional guidelines of Yale University and
Washington University.

Fluorescence-activated cell sorting and analysis
Embryos from K14-H2BGFP or wild-type littermates were minced and
incubated in trypsin-EDTA (0.25%; Gibco) for 7 minutes at 37°C. Single
cell suspensions were resuspended in fluorescence-activated cell sorting
(FACS) staining buffer (4% fetal bovine serum in PBS) and stained with
antibodies for E-cadherin (M108, rat, 1:400, Takara) and α6 integrin-PE
(555736, rat, 1:500, BD Pharmingen). Cells were stained with the
appropriate fluorophore conjugated secondary antibody and with propidium
iodide (1:2000, Sigma) and sorted using FACSAria Flow Cytometer
equipped with FACSDiva software (BD Biosciences). Cells were gated for
single events and viability and sorted according to E-cadherin, α6 integrin
and green fluorescent protein (GFP) expression. Sorted cells were collected
for RNA isolation or cytospun onto glass slides at 500 rpm for 5 minutes and
processed for immunofluorescence (see below).

Undifferentiated and differentiated hESCs were detached from culture
plates using Trypsin-EDTA (0.05%; Stem Cell Technologies). Sample
preparation was performed according to previously described protocols
(Metallo et al., 2008). Briefly, cells were fixed in 1% paraformaldehyde for
10 minutes followed by permeabilization with 90% methanol. Primary
antibodies for mouse keratin 14 (NCL-LL002, mouse, 1:100, Novocastra/
Leica Microsystems) and keratin 18 (MAB3234, mouse, 1:300, Millipore)
were incubated overnight in PBS supplemented with 2% FBS. After a 1-hour
incubation in secondary antibodies, cells were analyzed on a FACSAria Flow
Cytometer equipped with FACSDiva software (BD Biosciences).

hESC culture
H1 hESCs were cultured on Matrigel (BD Biosciences) in mTESR1
medium (Stem Cell Technologies) at 37°C, 5% O2 and 5% CO2 and
passaged every 5-6 days using dispase (Stem Cell Technologies).
Keratinocyte differentiation was performed according to previously
described protocols (Aberdam et al., 2008). Briefly, hESC colonies were
incubated for 3 days with 0.5 nM of human recombinant bone
morphogenetic protein 4 (BMP4) (R&D Systems). From day 4 to day 10,
BMP4 was removed and cells were incubated in medium supplemented
with 10% fetal calf serum (FCII; Hyclone). To abrogate Notch signaling, the
γ-secretase complex was inhibited with 5 μM DAPT (Sigma) in ethanol and
replaced daily at indicated time points. Human embryonic stem cell-derived
ectodermal cells were cultured on collagen-coated plates in defined
keratinocyte-SFM medium (Invitrogen/Gibco). Neural differentiation was
performed according to previously described protocols (Chambers et al.,
2009). Briefly, cells were plated as single cells and incubated for 3 days in
DMEM/F12 (Gibco), 20% Knockout Serum Replacement (Invitrogen),
0.1 mM β-ME (Sigma), 10 μM SB431542 (Tocris) and 500 ng/ml Noggin
(R&D Systems). To differentiate hESCs to endoderm lineages, we followed
previously described protocols (D’Amour et al., 2005). Briefly, hESC
colonies were incubated for 3 days in endoderm differentiation media A
containing DMEM/F12, 2 mM (1×) L-glutamine (Invitrogen) and 100 ng/ml
Activin A (R&D). At day 4, growth media was replaced by endoderm
differentiation media B containing DMEM/F12, 2 mM (1×) L-glutamine,
0.2% defined FBS (Hyclone) and 100 ng/ml Activin A. Finally, from day 5
to 7, colonies were incubated with endoderm differentiation media C
containing DMEM/F12, 2 mM (1×) L-glutamine and 2% defined FBS.
Mesoderm/trophectoderm differentiation was induced by incubating hESC
colonies with 0.5 nM BMP4 for 3 days.

Western blot analysis
Cellular protein was harvested using PARP buffer (8 M urea, 2 mM EDTA,
1% SDS, 50 mM Tris-HCl pH 6.8) and quantified using a BCA protein
assay (Thermo Scientific). Equal amounts of protein were resolved on an
8% polyacrylamide gel and transferred to PVDF membranes (Immobilon-
P, Millipore). The membranes were blocked for 1 hour at room temperature
in 5% milk in PBS supplemented with 0.1% Tween 20. After blocking, the
membranes were incubated overnight with a cleaved Notch antibody-

Val1744 (2421, rabbit, 1:1000, Cell Signaling) followed by incubation with
an appropriate secondary antibody conjugated to horseradish peroxidase
(Jackson ImmunoResearch). Immunocomplexes were visualized using an
enhanced chemiluminescence kit (ECL Plus Western blotting detection
system, GE Healthcare). Protein loading was verified by probing against
beta-actin (A5441, mouse, 1:5000, Sigma).

Indirect immunofluorescence microscopy
Embryos were embedded using optimal cutting temperature compound
(OCT; Tissue-Tek), frozen, sectioned and fixed in 4% formaldehyde
solution. Alternatively, embryos were fixed in Bouin’s solution, mounted in
paraffin, sectioned and antigen retrieved using 10 mM sodium citrate buffer
pH 6.0. hESCs were fixed using either cold methanol or 4%
paraformaldehyde. Sorted E11 K14H2-BGFP surface epithelium cells
(described above) were cytospun onto glass slides and fixed using 4%
paraformaldehyde. When applicable, the M.O.M. kit (Vector Labs) was used
to prevent nonspecific binding with mouse antibodies. The following
antibodies and dilutions were used for immunostaining: keratin 14 (rabbit,
1:1000, gift from J. Segre lab), keratin 14 (chicken, 1:500, gift from J. Segre
lab), keratin 18 (MAB3234, mouse, 1:100, Millipore), p63 (P3362, mouse,
1:300, Sigma), p63 (ab97865, rabbit, 1:250, Abcam), Notch1 (ab27526,
rabbit, 1:250, Abcam), Notch4 (N5163, rabbit, 1:250, Sigma), OCT4
(human, 1:300, Millipore) and pSMAD1/5/8 (9511S, rabbit, 1:100, Cell
Signaling). Cells were stained with the appropriate fluorophore conjugated
secondary antibody (Invitrogen) and mounted in ProLong Gold antifade
reagent with DAPI for DNA visualization (Invitrogen).

To detect cleaved Notch1 and p63 at E10/E11, embryos were processed
for immunocytochemistry using cleaved Notch1 (Val 1774-D3B8) (4147,
rabbit, 1:100, Cell Signaling) and p63 (described above) antibodies. Embryo
sections were fixed in 4% paraformaldehyde solution or Bouin’s solution,
blocked in TNB solution (TSA Fluorescence Systems Tyramide Signal
Amplification kit, PerkinElmer) and incubated overnight with primary
antibodies (described above). Primary antibodies were detected with
appropriate fluorophore diluted in Dako EnVision+ anti-rabbit labeled
polymer-HRP secondary antibody (Dako EnVision+ Dual Link System-
HRP kit, Dako). The samples were incubated in tetramethylrhodamine-
labeled tyramide reagent (PerkinElmer Life Sciences) and mounted as
previously described. Slides were analyzed using a Zeiss Imager.M1
fluorescent microscope (Zeiss) and images were acquired with a color
AxioCam MR3 camera (Zeiss).

Quantitative reverse transcription-PCR
Real-time PCR was performed as described (Festa et al., 2011). Briefly,
total RNAs were isolated with Trizol (Invitrogen) and RNeasy kit (Qiagen)
from FACS-sorted embryonic non-neural ectoderm, embryonic
keratinocytes and from plated undifferentiated or differentiated hESCs. To
generate cDNA, equal amounts of total RNA (500 ng) were added to reverse
transcriptase reaction mix (Stratagene) with oligo-dT(12) as primer.
Quantitative real-time PCR was conducted with a LightCycler system
(Roche Diagnostics, Basel, Switzerland) using the LightCycler DNA master
SYBR Green kit for 45 cycles. Primers used in these experiments are listed
in supplementary material Tables S1 and S2. LightCycler analysis software
was used for quantifications. The number of cycles required to reach the
crossing point for each sample was used to calculate the amount of each
product using the 2–ΔΔCt method. Levels of PCR product were normalized
to β-actin mRNA levels.

Statistics
To determine significance between groups, comparisons were made using
Students t-tests with GraphPad Prism version for Macintosh (GraphPad
Software). For all statistical tests, P<0.05 was accepted for statistical
significance.

RESULTS
Induction of ectoderm specification in human
embryonic stem cells
To define novel mechanisms that drive ectoderm development to
the keratinocyte fate, we used a previously defined protocol to
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generate ectodermal cells with the potential to form keratinocytes
from hESCs (Aberdam et al., 2008). We treated H1 hESCs with
BMP4 for 3 days followed by serum for 7 days (Aberdam et al.,
2008). The specification of hESCs to an ectodermal cell fate was
analyzed by immunofluorescence and revealed the transition of
undifferentiated cells, expressing the pluripotent marker OCT4
(POU5F1) at day 0 to differentiated K18-expressing cells
(Fig. 1A,B). Quantitative real-time PCR confirmed these results and
showed that the levels of OCT4 mRNA decrease following BMP4
and serum treatment and that the mRNA levels of K18 significantly
increased during differentiation (supplementary material Fig. S1).
Differentiation was also accompanied by an increase in the mRNA
levels of the ectodermal markers MSX2, GATA2 and GBX2
(Fig. 1D) (Davidson, 1995; Li et al., 2009; Orford et al., 1998;
Schlosser and Ahrens, 2004), further indicating that ectodermal fate
was induced in hESCs. At the end of the differentiation protocol, a
small percentage of cells differentiated to the epidermal keratinocyte
lineage, as indicated by the presence of K14+ cells (Fig. 1B)
(Aberdam et al., 2008) and by the increase in the levels of K14
mRNA (supplementary material Fig. S1). These results were further
confirmed by FACS and clearly show that the majority of
differentiated cells are K18+, whereas only 4% of the cells express
K14 (Fig. 1C).

To fully characterize hESC differentiation in the presence of
BMP4 and serum, we analyzed cell fates other than surface
ectoderm. Endoderm or neuroectoderm lineages were not specified
in BMP4/serum-treated hESCs as assayed by quantitative real-time
PCR for mRNA levels of key markers FOXA2 and SOX1,
respectively (Fig. 1E). BMP4 treatment also activated CDX2
mRNA and protein expression (Fig. 1E, Fig. 2C; supplementary
material Fig. S10A,B), indicative of mesoderm (Bernando et al.,
2011) or trophectoderm (Xu et al., 2002) specification. Taken
together these results suggest that this differentiation protocol

generates primarily ectodermal cells, including epidermal
keratinocyte progenitor cells.

p63 is expressed before K14 during ectoderm
development
To further characterize keratinocyte formation during hESC
differentiation, we analyzed the expression of P63, which is
expressed in stratified epithelial cells of the thymus and skin (Koster
and Roop, 2007; Senoo et al., 2007) and during ectoderm
specification in mouse ESCs (Medawar et al., 2008). A small
percentage of P63+ cells were present at the end of the
differentiation protocol (Fig. 2A). Quantitative real-time analysis
of mRNA expression of all P63 isoforms throughout the
differentiation protocol revealed a significant upregulation of P63
mRNA levels (Fig. 2B). Colocalization of P63 with K18, K14 and
CDX2 revealed that at the end of the differentiation protocol, almost
all of the P63+ cells are K18+ with only a small percentage of the
P63+ cells expressing K14 (Fig. 2C,D). As murine trophoblast
lineage cells can express p63 (Shih and Kurman, 2004), we
analyzed whether P63+ cells expressed CDX2. We did not detect
cells that co-express P63 and CDX2 in ectoderm-specified hESCs
(Fig. 2C,D). Taken together, these data indicate that during hESC-
induced ectoderm specification the majority of P63+ cells express
K18 and few cells express K14.

To test the ability of ectoderm-specified hESCs to generate
keratinocytes, we cultured hESCs after BMP4/serum treatment in
keratinocyte media and analyzed K14 and P63 expression by
immunofluorescence. As shown above, few differentiated hESCs
co-expressed P63 and K14 in BMP4/serum media (Fig. 2E,F). By
contrast, after transferring the cells to keratinocyte media, 80% of
P63+ cells express K14 after 16 days and ~100% express K14 after
23 days (Fig. 2E,F). In addition, the number of colonies expressing
P63 containing both K14+ and K14– cells decreased from 34% after
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Fig. 1. Ectoderm specification in hESCs.
(A) Undifferentiated hESCs are positive for OCT4 
(red) and negative for K18 as assayed by
immunofluorescence. (B) Following treatment of hESCs
with 0.5 nM BMP4 for 3 days and serum for 7 days, the
majority of the cells are positive for K18 (red) and a
small percentage of the cells are positive for K14
(green). (C) Analysis of K14 and K18 protein levels
during ectoderm specification of hESCs as assayed by
FACS (n=4-6 independent experiments for each bar).
(D) Quantitative real-time analysis of the levels of
several ectoderm markers after ectoderm specification
of hESCs (n=3 independent differentiation experiments
for each graph). (E) Ectoderm specification does not
induce endoderm or neuroectoderm lineage
specification as indicated by quantitative real-time PCR
analysis of FOXA2 or SOX1 expression, respectively.
Analysis of mRNA levels of CDX2 indicates that
mesoderm/trophectoderm development was initiated
(n=3 independent differentiation experiments for each
graph bar). All data are ± s.d. (***/****P<0.001,
**0.001<P<0.01, *0.01<P<0.05). Scale bars: 100 μm in A;
50 μm in B.
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16 days in keratinocyte media to 4% after 23 days (Fig. 2G). This
increase in epidermal keratinocyte specification was associated with
a corresponding increase in K14 mRNA when ectoderm specified
hESCs are cultured 16 and 23 days in keratinocyte media compared
with cells before culturing in KC media (Fig. 2H). These data
support the ability of ectoderm-specified hESCs to generate
epidermal lineages.

Our results examining ectoderm specification of hESCs suggest
that p63 may be expressed before K14 during epidermal
development, thus we analyzed p63 expression in vivo from E10
to E12 in wild-type murine ectoderm. At these developmental
stages, the percentages of p63+/K14+ cells increased from E10 to
E12. At E12 the majority of the p63+ cells express K14 (Fig. 3A),
indicating a full commitment to the epidermal lineage. A similar
sequence of p63 expression was seen in mouse embryos that
express the histone H2B tagged with GFP driven by the K14
promoter (K14-H2BGFP) (Tumbar et al., 2004) (Fig. 3B). By
contrast, we found that the majority of the p63+ cells also express
K18 throughout the embryo at E10 (Fig. 3C). As epidermal
development proceeds, the majority of p63+ cells lose K18
expression throughout the epithelium (Fig. 3C). These data further
indicate that p63 is expressed before final keratinocyte

commitment during murine development, similar to the sequence
of events during ectoderm specification of hESCs.

Notch signaling is inactivated during epidermal
development
Notch signaling is involved in cell-fate specification in many tissues
and has been shown to repress p63 expression in fully committed
epidermal keratinocytes (Nguyen et al., 2006). To determine
whether Notch signaling is involved in the early events of
keratinocyte specification in the developing ectoderm, we sought
to analyze mRNA expression of Notch signaling components and
target genes in developing keratinocytes of mouse embryos. To
purify developing keratinocytes from the surface ectoderm we
analyzed K14-H2BGFP mice, which displayed GFP+ and GFP–

cells in the developing epidermis (supplementary material Fig. S2).
At E11, a subset of GFP+ cells express K14 or K18 and the majority
of K18+ cells in the developing ectoderm are GFP– (supplementary
material Fig. S2B,C). To further characterize developing
keratinocytes in the surface ectoderm, individual cells were
dissociated from E11 K14-H2BGFP embryos and immunostained
with antibodies against α6 integrin and E-cadherin, which colocalize
in the surface ectoderm but not in other embryonic regions
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Fig. 2. P63 expression during ectoderm and
keratinocyte differentiation of hESCs.
(A) Ectoderm-specified hESCs express P63 (green)
(n=38 fields of view containing 1.65×104-2.0×104

cells from three independent experiments). (B) Real-
time PCR analysis of mRNA levels of P63 during
differentiation compared to undifferentiated hESCs
(n=9 independent differentiation experiments for
each bar). (C) Ten days after ectoderm specification
of hESCs, P63+ cells (green) express K14 (red) and
K18 (red) but are negative for CDX2 (red). 
(D) Quantification of the percentage of P63+ cells
that are positive for K14, K18 or CDX2 (n=38 fields of
view containing 1.65×104-2.0×104 cells from three
independent experiments). (E) Ectoderm-specified
hESCs after 10 days of differentiation were plated in
keratinocyte (KC) media for indicated time points
and assayed by immunofluorescence for the
presence of P63 (red) and K14 (green). 
(F) Quantification of the percentage of P63+/K14+

cells revealed an increase in the number of
keratinocytes after 16 and 23 days in culture with
keratinocyte medium (n=10 fields of view
containing 200-792 P63+ cells). (G) The number of
colonies containing 100% P63+/K14+ increased after
23 days in culture with keratinocyte medium (n=10
fields of view containing 200-792 P63+ cells). 
(H) Quantification of the mRNA levels of K14 after
plating ectoderm-specified hESCs in keratinocyte
medium. All data are ± s.e.m. (***/****P<0.001,
**0.001<P<0.01, *0.01<P<0.05). nd, not detected.
Scale bars: 50 μm.
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(supplementary material Fig. S3, Fig. S4A). Of the FACS-purified
GFP– cells, 100% expressed K18+ and lacked K14, whereas the
majority of FACS-purified GFP+ cells were K18– and expressed
K14 (supplementary material Fig. S4B). The GFP+ cell population
displayed elevated expression of K14 and p63 mRNAs, whereas the
GFP– population expressed higher levels of the ectodermal genes
Gata2, Gbx2 and Six1 (Li et al., 2009; Orford et al., 1998; Schlosser
and Ahrens, 2004) (Fig. 4A,B). Taken together, these data suggest
that GFP expression can be used to analyze different stages of
epidermal keratinocyte specification in E11 K14-H2BGFP mice,
with the GFP+ cells representing a more mature epidermal
keratinocyte population.

We then analyzed the expression of Notch receptors, ligands and
effectors in GFP– and GFP+ surface ectoderm cells from E11 K14-
H2BGFP embryos. Quantitative real-time PCR showed a significant
increase in the Notch receptor Notch4, several Notch ligands and the
Notch target genes Hey1 and Hes5 in GFP– cells compared with GFP+

cells (Fig. 4C-E). Immunostaining E10 embryos with antibodies
against Notch1 and Notch4 confirmed the expression of these
receptors in ectoderm progenitor cells (supplementary material Fig.
S5). To confirm that Notch signaling was active in immature
ectodermal cells, we immunostained E11 embryos with antibodies

against the NICD and K18 or K14. Consistent with the activation of
Notch target genes in GFP– cells in E11 K14-H2BGFP mouse
embryos, we found that activated NICD is present in K18+ cells
(Fig. 4F) but absent in the majority of K14+ keratinocytes (Fig. 4G).
Furthermore, the majority of p63+ cells are NICD– at E10 and E11
(Fig. 4H,I), suggesting that Notch signaling is not activated after p63
expression is initiated in the developing ectoderm.

To determine whether Notch pathway components were expressed
during ectoderm specification of hESCs, we analyzed the levels of
Notch receptors and ligands by real-time PCR and found that the
expression of all four Notch receptors, NOTCH1-4, moderately
increased (~2-fold) in BMP4/serum treated cells compared with
undifferentiated hESCs (Fig. 5A). The expression of the Notch
ligands Jag1, Jag2, Dll1 and Dll4 was also elevated following
differentiation (Fig. 5B). Notch signaling target genes Hes1, Hey1
and Hes5 were also upregulated at the end of BMP4/serum-induced
differentiation of hESCs (Fig. 5C). Furthermore, analysis of NICD
levels by western blotting supported the activation of Notch signaling
during ectoderm specification of hESCs (Fig. 5D). Taken together,
these results demonstrate that Notch signaling components are present
and active during ectoderm specification of hESCs similar to surface
ectoderm development in vivo.
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Fig. 3. p63 expression during murine
keratinocyte development. (A)
Immunofluorescence analysis of K14 (red) and p63
(green) expression during murine skin development
at E10-E12. Quantification of the percentage of p63+

cells that are K14+ or K14– at E10-E12 in indicated
regions of the embryo (n=3 embryos per bar). 
(B) Immunofluorescence analysis of p63 (red)
expression in K14-H2BGFP mice during murine skin
development at E10-E12. Quantification of the
percentage of p63+ cells that are GFP+ or GFP– at
E10-E12 in indicated regions of the embryo (n=3
embryos per bar). (C) Immunofluorescence analysis
of K18 (red) and p63 (green) expression during
murine skin development at E10-E12. Quantification
of the percentage of p63+ cells that are K18+ or K18–

at E10-E12 in indicated regions of the embryo (n=3
embryos per bar). The dotted line indicates surface
epithelium boundary. nd, not determined. Scale
bars: 50 μm.
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Inactivation of Notch signaling promotes p63
expression in developing ectoderm
To define the role of Notch signaling during ectoderm specification,
we inhibited Notch signaling with N-[N-(3,5-difluorophenacetyl)-
1-alanyl]-S-phenylglycine t-butyl ester (DAPT), an inhibitor of γ-
secretase, during ectoderm specification of hESCs (Dovey et al.,
2001). In the presence of DAPT Notch signaling was inhibited, as
indicated by the lack of NICD expression during differentiation
(Fig. 6A). The inactivation of the Notch pathway was further
confirmed by real-time PCR showing a significant decrease in the
mRNA levels of Hes5 in DAPT-treated cells compared with vehicle-
treated cells (Fig. 6B).

To analyze ectoderm specification in DAPT-treated cells, we
analyzed mRNA expression of K18 and Cdx2 by real-time PCR. The
expression of K18 mRNA or protein was not significantly altered
during differentiation in the presence of DAPT (supplementary
material Figs S6, S7, S9). Despite previous reports that inhibition of
Notch signaling can promote trophoblast differentiation of hESCs in
embryoid bodies (Yu et al., 2008), trophoblast differentiation was not
altered by DAPT treatment of hESCs during ectoderm specification
as indicated by similar levels of CDX2 protein and mRNA levels in
DAPT-treated hESCs compared with untreated or vehicle-treated cells
(supplementary material Fig. S10A,B).

Next, we examined the effect of inhibiting Notch signaling on
epidermal keratinocyte specification in hESCs. DAPT-treated
hESCs displayed significantly elevated levels of P63 mRNA at 6, 8
and 10 days following differentiation (Fig. 6B). Immunostaining
with antibodies against P63 confirmed an increase in the number of
P63+ cells in DAPT-treated cultures compared with those treated
with a vehicle control (Fig. 6C,D). To determine whether the
increase of P63+ cells with DAPT treatment was due to the
promotion of committed trophoblasts or fully committed epidermal
keratinocytes, we analyzed whether the increased number of P63+

cells also expressed CDX2 or K14, respectively. After DAPT
treatment, we did not detect CDX2+/P63+ cells (supplementary
material Fig. S10A) and the percentage of K14+/P63+ cells was not
changed (Fig. 6D; supplementary material Fig. S8). Moreover, K14
mRNA expression was not altered by DAPT treatment of hESCs
during ectoderm specification (supplementary material Fig. S6).
However, DAPT-treated cultures displayed an increase in the
percentage of K18+/P63+ cells (supplementary material Fig. S9),
indicating that Notch signaling represses P63 expression in
ectodermal cells.

To determine whether Notch signaling plays a role in p63
expression in developing ectoderm in vivo, we examined mice
lacking expression of presenilin 1 and 2 (Psen1 and Psen2 – Mouse
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Fig. 4. Notch signaling is activated in
ectodermal progenitor cells during
development. (A) Quantitative real-time PCR
analysis shows upregulation of the ectoderm
markers Gata2, Gbx2 and Six1 mRNA levels in E-
cadherin+, α6 integrin+, GFP– cells (n=3
independent FACS-purified cell populations for
each bar). (B) Quantitative real-time PCR analysis
shows upregulation of K14 and p63 mRNA
expression in FACS purified E-cadherin+, α6
integrin+, GFP+ (n=8 independent FACS-purified
cell populations for each bar). (C) Quantitative
real-time PCR analysis of the mRNA levels of
Hey1 and Hes5 shows an upregulation in E11 E-
cadherin+, α6 integrin+, GFP– cells (n=8
independent FACS purified cell populations for
each bar). (D,E) Quantitative real-time PCR
analysis reveals an upregulation of mRNA levels
of the Notch4 receptor (D) as well as the Notch
ligands Jag1, Jag2, Dll1, Dll3, Dll4 and DNER (E) in
E-cadherin+, α6 integrin+, GFP– cells at E11 (n=4
independent FACS-purified cell populations for
each bar). (F) Notch signaling pathway is
activated in K18+ cells (green) as shown by
immunofluorescence for the NICD (red) at E11.
Asterisks indicate K18+/NICD+ cells. (G) At E11
K14+ cells (green) are negative for NICD (red).
(H,I) Immunofluorescence analysis of NICD (red)
and p63 (green) expression during murine skin
development at E10 (H) and E11 (I).
Quantification of the percentage of p63+ cells
that are NICD+ or NICD– at E10 (H) or E11 (I) in
indicated regions of the embryo (n=3 embryos
per bar). All data are ± s.d. (++++P<0.001,
***P<0.001, **0.001<P<0.01, *0.01<P<0.05). The
dotted line indicates surface epithelium
boundary. Scale bars: 50 μm.
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Genome Informatics; PS null mice), which produces the catalytic
site of γ-secretase (Mizutani et al., 2001; Pan et al., 2004; Saxena et
al., 2001). PS null mice lack Hes5 expression, supporting the
abrogation of Notch signaling, and display several developmental
defects resulting in embryonic lethality after E9.5 (Donoviel et al.,
1999). Thus, we analyzed whether the loss of Notch signaling in PS
null mice at E9.5 results in precocious expression of p63. In control
embryos (PS1f/f;PS2−/−), few cells express p63 at E9.5; however,
PS null mice display a significant upregulation of p63 expression in
the surface ectoderm (Fig. 6E,F). We did not detect elevated K14
expression (data not shown), which indicates that loss of Notch did
not accelerate complete epidermal commitment at E9.5. Taken
together, these data are consistent with our results in hESCs and
suggest that Notch signaling in vivo represses the expression of p63
during the development of surface ectoderm.

To determine whether Notch signaling represses P63 expression
during active BMP signaling or following BMP4-mediated
ectoderm induction, we treated hESCs with DAPT either during
BMP treatment (days 1-3) or following BMP4 addition (days 4-10)
(supplementary material Fig. S11A) and analyzed HES5 and P63
expression by quantitative real-time PCR. Inhibition of Notch
signaling reduced HES5 mRNA levels at either treatment time point
(supplementary material Fig. S11B) and did not alter
phosphorylated SMAD levels during ectoderm specification
(supplementary material Fig. S11D). DAPT treatment during the
BMP4 treatment but not following BMP4 addition significantly
increased P63 levels (supplementary material Fig. S11C). These
data suggest that P63 expression is induced by inhibition of Notch
signaling and active BMP4 signaling, which is consistent with the
upregulation of P63 mRNA after BMP4 addition (Medawar et al.,
2008) and the inability of p63 overexpression to induce keratinocyte

formation in the absence of BMP4 addition in mouse ESCs
(Medawar et al., 2008).

DISCUSSION
Based on the timing of p63 expression in the developing ectoderm,
we propose that p63 is expressed in pre-epidermal keratinocytes
that will generate bona fide K14+ epidermal keratinocytes in the
developing surface ectoderm (Fig. 7). Our model is consistent with
the ability of p63 to directly regulate K14 expression (Romano et al.,
2009), the absence of K14 expression in mice and hESCs lacking
p63 isoforms (Mills et al., 1999; Romano et al., 2012; Shalom-
Feuerstein et al., 2011; Yang et al., 1999) and the expression of p63
as early as E9.5 in mouse embryos (Koster and Roop, 2004). Given
the predominant expression of ΔNp63 in physiologically normal
epidermal tissues and the requirement of ΔNp63 for epidermal
development (Romano et al., 2009), ΔNp63 is likely to be the
isoform expressed in the surface ectoderm. Future studies analyzing
p63 isoform expression in the surface ectoderm and the lineage
commitment of p63-expressing ectodermal cells will further reveal
the contribution of these cells to keratinocyte formation.

Notch signaling has been shown to be important for the
commitment of basal keratinocytes to terminal differentiation
during development (Blanpain et al., 2006; Moriyama et al., 2008;
Nguyen et al., 2006; Pan et al., 2004). Although several groups
have deleted Notch signaling components and analyzed
keratinocyte defects, alterations in epidermal specification have
not been noted to date. As the four Notch receptors and ligands are
redundant (Kitamoto et al., 2005; Krebs et al., 2000; Pan et al.,
2004), several receptors or ligands must be deleted simultaneously
to generate phenotypes in many systems. Additionally, conditional
deletion of Notch components within the skin has been performed

3783RESEARCH ARTICLENotch maintains ectoderm fate

Fig. 5. Notch signaling is activated during ectoderm specification in hESCs. (A,B) Quantitative real-time PCR analysis of mRNA levels of all four
Notch receptors (NOTCH1-4) and ligands JAG1, JAG2, DLL1, DLL3, DLL4 and DNER in differentiated hESCs at indicated days after induction compared with
undifferentiated cells. (C) Quantitative real-time PCR analysis of mRNA levels of HES1, HES5 and HEY1 indicates activation of Notch signaling in
differentiated hESCs. (D) Notch signaling pathway is activated during ectoderm specification of hESCs as shown by western blot for NICD. Western blot
for β-actin was carried out as a loading control. The positive control sample is protein from P0 murine kidney (all quantitative real-time PCR analyses are
n=6 independent differentiation experiments for each bar). All data are ± s.d. (++++/****P<0.001, **0.001<P<0.01, *0.01<P<0.05).
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using keratin promoters, which act after p63 expression is initiated
(Blanpain et al., 2006; Demehri and Kopan, 2009). Interestingly,
Presenilin genes have been conditionally deleted in a mosaic
pattern within the surface ectoderm using mice expressing Cre
driven by the Msx2 promoter, which is active around E9.5, but the
expression of p63 was not examined in these mice (Pan et al.,
2004). Whether the activity of the Msx2 promoter would allow
manipulation of genes in the pre-keratinocyte phase of surface

ectoderm development will be an interesting avenue of future
investigation.

By taking advantage of the specification of hESCs to ectodermal
lineages and complete ablation of Notch signaling within embryos,
we were able to identify a role for Notch signaling in the regulation
of p63 expression during ectoderm specification. Our data are
consistent with the ability of activated Notch1 to repress p63
expression in fully committed keratinocytes (Nguyen et al., 2006).

RESEARCH ARTICLE Development 140 (18)

Fig. 6. Inactivation of Notch signaling
promotes p63 expression during ectoderm
specification. (A) hESCs were treated with the
γ-secretase inhibitor DAPT during ectoderm
differentiation. Inactivation of the Notch
signaling pathway was confirmed by the
absence of NICD by western blot analysis.
Western blot for β-actin was carried out as a
loading control. (B) Quantitative real-time PCR
analysis of mRNA levels of HES5 and P63 in
untreated, vehicle- or DAPT-treated hESCs
during ectoderm differentiation (n=5
independent differentiation experiments for
each graph bar). (C) Untreated, vehicle- and
DAPT-treated hESCs after 10 days of ectoderm
specification were immunostained for P63
(green). (D) Quantification of the number of
P63+, K14+ cells or P63+/K14+ cells in untreated,
vehicle- and DAPT-treated hESCs after 10 days of
ectoderm specification (n=38 fields of view
containing 1.65×104-2.0×104 cells from three
independent experiments). ns, not significant.
(E) Sections of control (PS1f/f;PS2−/−) or PS null
(PS−/−;PS2−/−) embryos at E9.5 were stained with
antibodies against p63. (F) Quantification of p63
cells per field of view (n=3-5 embryos per bar).
For B, data are ± s.d.
(**0.001<P<0.01,*0.01<P<0.05), for D and F data
are ± s.e.m. (****P<0.001,*0.01<P<0.05). The
dotted line indicates the surface epithelium
boundary. Scale bars: 50 μm.

Fig. 7. Model for keratinocyte specification during
epidermal development. Keratinocyte specification occurs in
multiple steps during (A) in vitro differentiation of hESCs and
during (B) in vivo murine skin development. Surface ectoderm
progenitor cells express K18 and display activated Notch
signaling. Upon release of Notch signaling, K18+ cells
upregulate p63 expression to initiate keratinocyte lineage
commitment. p63+ cells express K14 to generate a fully
committed keratinocyte, which upon later Notch signals
promote stratification and the formation of the mature
epidermis.
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The inhibition of p63 expression in ectoderm progenitors suggests
that, like in muscle, neuron and hepatocyte fate decisions, Notch
signaling represses keratinocyte fate during development (Han et
al., 2011; Lai, 2004). This idea is consistent with previous studies
in Xenopus embryos demonstrating that activated Notch expression
can inhibit epidermal keratin gene expression (Coffman et al.,
1993). As this previous study expressed activated Notch in 2- to 8-
cell embryos, the direct role of Notch signaling in surface ectoderm
was not defined. Our data extend this finding to implicate Notch
signaling in keratinocyte specification in higher vertebrates, and
demonstrate that Notch signaling acts in surface ectoderm cells to
repress p63 expression.

Notch signaling may activate p63 expression via several
mechanisms. NICD activation could activate RBP-Jk to directly
activate the p63 promoter, which contains putative RBP-Jk binding
sites (data not shown). Alternatively, non-canonical Notch signaling
may be involved by interacting with alternative signaling pathways
such as FGF, Shh and Wnt signaling (Sanalkumar et al., 2010). Non-
canonical Notch signaling in the skin occurs given the different
phenotypes of conditional genetic mouse models lacking a
functional γ-secretase complex (presenelin 1/2; PS1/PS2), the Notch
receptors (Notch1/2; N1/N2) or the RBP-Jk transcriptional repressor
(Demehri and Kopan, 2009). In a similar fashion, p63 may
negatively regulate Notch signaling pathway. In fact, mouse
embryos lacking ΔNp63 display defects in Notch signaling, and
ΔNp63 directly binds to the promoters of Notch1 (Nguyen et al.,
2006) and Notch3 (Romano et al., 2012). Identification of the cell
types that express Notch ligands and whether the downstream
targets of Notch signaling, such as Rbp-Jk or Hes5, directly control
p63 expression will be an avenue of future investigation.

The influence of Notch signaling on the timing of surface
ectoderm specification may act in coordination with BMP and Wnt
signaling. Our data suggest that epidermal keratinocyte specification
requires active BMP4 signaling and inhibition of Notch signaling.
This observation is consistent with previous studies showing that
p63 induction of epidermal keratinocyte fate in mouse ESCs
requires BMP4 signaling (Medawar et al., 2008). Additionally,
BMP signaling can induce ectodermal fate in hESCs (Aberdam et
al., 2008; Harvey et al., 2010) and in surface ectoderm progenitors
of Xenopus embryos (Wilson and Hemmati-Brivanlou, 1995). Wnt
signals can also promote surface ectoderm fate and repress
neuroectoderm fate (Wilson et al., 2001). Thus, Wnt signaling may
coordinate with BMP signaling to specify the surface ectoderm,
whereas Notch signaling may laterally inhibit keratinocyte fate,
similar to the sequence of events that control Drosophila peripheral
nervous system development (Hayward et al., 2008). Studies to
further define the timing and interactions between these signaling
pathways may reveal novel aspects of the developmental sequence
of keratinocyte formation.

In conclusion, our data highlight the utility of using hESCs as a
model for ectoderm development. Our works supports the parallels
between hESCs and ectoderm specification in murine embryos. Our
concurrent analysis of developing murine embryos and ectoderm
specification in hESCs allowed us to identify a novel role for Notch
signaling in ectoderm specification and to further define the
sequence of events that occur during keratinocyte development.
Future work will show whether manipulation of Notch signaling
can enhance keratinocyte formation in hESCs for therapeutic use
in skin diseases and disorders.
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