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General introduction

Pluripotent stem cells and early embryonic development

Pluripotent stem cells (PSC) have revolutionized the current understanding of human
development and disease because they allow investigating embryonic processes and
biological phenomena in possibly all cell types. Nowadays, the stem cell field has grown
tremendously concomitant with advances in molecular biology, computational
modelling, 3D organoid systems and bioengineering (Dutta et al., 2017; Herberg and
Roeder, 2015; Kumar et al., 2017; Tewary et al., 2018). The current status of stem cell
research is worthy of its excitement. Yet, new research suggests that the sophistication
of the field will keep bringing significant contributions to society. In this section,
important advances are summarized.
In the late nineteenth century, the term “stem cells’ started to emerge in the scientific
community when Ernst Haeckel referred it to denote also to a fertilized egg (Haeckel,
1868). Later, Haeckel updated his own coined term to denote also to the unicellular
ancestor of all multicellular organisms (Haeckel, 1887; Ramalho-Santos and Willenbring,
2007). By definition, stem cells have the capacity of either self-renew or give rise to a
differentiated cell through asymmetric cell division (Morrison et al., 1997). Stem cells
can be classified according to their differentiation capability. In mammals, cells derived
from the fertilized egg can differentiate into all cell types in an individual, as well as
extra-embryonic tissues. The cells from the inner cell mass, on the other hand, can form
cells in all three germ layers but not those in extra-embryonic tissues. Cells in a fertilized
egg and those in the inner cell mass are therefore defined as totipotent and pluripotent,
respectively (Wolpert and Tickle, 2011). The pluripotent stage can be achieved naturally
such as in a fertilized egg, or artificially via nuclear transfer (Gurdon et al., 1958) or more
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recently through genetic and chemical manipulation of fully differentiated cells
(Takahashi and Yamanaka, 2006). In 2012, the pioneers of this research, John Gurdon
and Shinya Yamanaka shared a Nobel Prize in Physiology or Medicine “for the discovery
that mature cells can be reprogrammed to become pluripotent.”
From a developmental perspective, the totipotent stem cells from the fertilized egg or
zygote, undergo successive rounds of cell divisions that intermediately give rise to the
extraembryonic structures as well as the inner cell mass. The three germ layers endoderm, mesoderm and ectoderm are derived from the inner cell mass and will
ultimately gives rise to all cell types and tissues in an individual. These events obey a
similar morphological and temporal pattern across different species including mammals
(Cao et al., 2014; Niakan et al., 2012; Roberts et al., 2018; Zhao et al., 2016)
It is well known that transcriptional changes as well as chromatin remodelling events
prime cell fate transitions during development (Ho and Crabtree, 2010). For example,
the transition from totipotent state to pluripotency involves not only transcriptional
activation of pluripotency factors but also epigenomic modifications at the levels of
DNA methylation, histone mark deposition, chromatin accessibility, expression of
retrotransposons (Ishiuchi and Torres-Padilla, 2013). Yet, the transcription circuitry and
regulatory mechanisms related to the transition from pluripotency towards either a
multipotent or unipotent state have mainly been explored in animal models. Only in the
last decades, studies on these mechanisms in humans started to take off, thanks to the
advent of human pluripotent stem cells including embryonic stem cells, discovered in
1998, and human induced pluripotent stem cells, achieved in 2007 (Takahashi et al.,
2007; Thomson et al., 1998).
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Pluripotent Stem Cells: origins and applications

Having its origins in the early embryo, specifically in the inner cell mass of the blastocyst,
embryonic stem cells (ESC) were first derived for mice (mESC), in 1981. mESC cells can
differentiate into a wide-ranging variety of cell types in vitro and can form
teratocarcinoma, a tumour containing derivatives of all three primary germ layers when
injected subcutaneously in mice (Martin, 1981). Moreover, mESC can support complete
fetal development when injected into the blastocyst, morula, or 8-cell-stage. Given this
fact, mESC can be used for the introduction of targeted mutations or other genetic
alterations, and later injected into the recipient blastocyst, generating transgenic mouse
strains (Kulkarni and Karlsson, 1993; Nagy et al., 1990, 1993).
In 1998, human embryonic stem cells (hESC) were identified and isolated, causing great
excitement in the scientific community. hESC can differentiate into all three germ layers
upon different signalling cues (Amit et al., 2000; Warmflash et al., 2014). Following these
findings, many groups described diverse in vitro methods to prolong the
undifferentiated phenotype of ESC, as well as to differentiate ESCs towards diverse
lineages (Amit and Itskovitz-Eldor, 2006).
Although ESC can mimic important events of development, there is still a long-standing
ethical debate related to the use of discarded human embryos that are used for the
generation of hESC. These issues were solved nine years later, with the advent of human
induced pluripotent stem cells (hiPSC). The breakthrough of Yamanaka and Takahashi
that mouse and human somatic adult cells can be reprogrammed backwards and primed
into a pluripotent state revolutionized the stem cell field (Takahashi and Yamanaka, 2006;
Takahashi et al., 2007). hiPSC were shown to be highly comparable to hESC, in terms of
14
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morphology and capacity to differentiate into cells in the three different germ layers
(Takahashi et al., 2007; Yu et al., 2007). Moreover, several groups showed that different
hiPSC and hESC lines show comparable epigenetic and transcriptomic profiles
(Mikkelsen et al., 2008; Okita et al., 2007; Wernig et al., 2007). The generation of
patient-specific lines by somatic reprogramming of patients cells or genetic
manipulation of established PSC lines can facilitate the elucidation of disease
mechanisms and gene function that are not yet understood.
Mouse and human PSC can form structures that can recapitulate critical developmental
events. Recently researchers were able to generate blastocyst-like structures, called
‘blastoids’. These researchers report that although the blastoids cannot develop into
embryos, they do induce the formation of a trophectoderm state, which triggers
changes in the endometrium, like a nascent embryo (Rivron et al., 2018). Later in
development, the blastocyst of triploblastic organisms undergoes gastrulation to form
the gastrula, which contains cells from the ectoderm, mesoderm and endoderm. This
process has been successfully reproduced in vitro, and these aggregates referred as
‘gastruloids’ can recapitulate key developmental features of gastrulation (Van Den Brink
et al., 2014; Etoc et al., 2016; Munsie et al., 2017; Simunovic and Brivanlou, 2017).
Overall, the rapid development of three-dimensional (3D) culture systems has opened
new avenues to recapitulate key events of organogenesis, such as the primitive human
streak, in vitro and the generation of transplantable tissues (Assawachananont et al.,
2014; Huch and Koo, 2015; Martyn et al., 2019).
Besides addressing developmental and clinical issues, iPSC hold promise for
evolutionary issues and conservational purposes. For example, brain organoids from
iPSC derived from monkeys, apes and humans have been used to dissect evolutionary
features of human brain development (Kanton et al., 2019). Moreover, germline cells
15
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from endangered species such as the drill, Mandrillus leucophaeus, and the nearly
extinct northern white rhinoceros, Ceratotherium simum cottoni, were generated from
iPSC. These efforts could facilitate the reintroduction of genetic material into breeding
populations and perhaps change its conservation status (Ben-Nun et al., 2011).
Due to their intrinsic properties, pluripotent stem cells (PSC) including both ESC and
iPSC can be cultured indefinitely in vitro in an undifferentiated state. Considering the
ethical implications in the use of human embryonic tissues for research, the use of hiPSC
represents a significant advance towards mimicking human development and diseased
phenotypes in vitro and designing innovative therapeutic approaches.

Epithelial and mesenchymal interactions during development

During gastrulation in early embryonic development, the mesoderm and endoderm are
generated from the ectoderm in a process called epithelial-mesenchymal transitions
(EMT) (Nakaya and Sheng, 2008). Throughout the complete embryogenesis and post
postnatal life, in situations such as wound healing, the epithelial and mesenchymal cell
phenotype are reversible, leading to either EMT or mesenchymal-epithelial transitions
(MET). These processes are also relevant in diseases such as cancers (Acloque et al.,
2009).
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EMT is essential for reorganizing germ layers and tissues through the course of
embryonic development (Shook and Keller, 2003). During this transition, epithelial cells
(explained in details in the following section) progressively downregulate the expression
of typical epithelial markers, such as keratins, and gain expression of typical
mesenchymal markers, including vimentin. Even though the term EMT was coined in
1968 to describe cell movements in the embryo, the relevance of this physiological
transition was ignored until its significance in cancer was established (Hay, 1968; Nieto,
2011; Polyak and Weinberg, 2009; Tarin, 2005; Thiery, 2002). In cancer, EMT is
commonly associated with a more invasive behaviour and as a consequence, poor
prognosis in cancer patients, due to the resistance of these invasive cells to
chemotherapy and immunotherapy (Lu and Kang, 2019).
It is established that, during development, the majority of post-natal tissues form as the
result of one or several rounds of EMT or MET. For instance, during gastrulation
epithelial cells from the primitive epiblast layer undergo EMT to give rise to the
mesoderm and endoderm (Ohta et al., 2007). Importantly, these changes tend to be
reversible, which enables cells to respond to changing environmental cues during
development (Hugo et al., 2007). Interestingly and logically, EMT and MET are also
reported to be associated with reprogramming of somatic cells to pluripotency (Li et al.,
2010; Liu et al., 2013; Samavarchi-Tehrani et al., 2010).
Several pathways including fibroblast growth factor (FGF), Hedgehog (Hh), Notch,
transforming growth factorβ (TGFβ) and Wnt signalling pathways are important for EMT
(Basu et al., 2018; Shirakihara et al., 2011; Wang et al., 2010). TGFβ superfamily of
signalling molecules has been shown to orchestrate the EMT process (Bhowmick et al.,
2001; Kovacic et al., 2012; Valcourt et al., 2002; Zeisberg et al., 2007, 2003). Moreover,
it has been suggested that downstream receptors of the TGFβ signalling molecules,
17
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such as the Smad transducers, are responsible for activating EMT programs (Kovacic et
al., 2012; Valcourt et al., 2002). In 2001, Zavadil et al. investigated the TGFβ-induced
EMT in cultured human keratinocytes. In their microarray analysis, the authors reported
that the TGFβ-induced EMT promotes changes in genes involved with cell-matrix
interactions, cell motility, and endocytosis in human keratinocytes (Zavadil et al., 2001).
At the molecular level, these cell fate transitions mediated by signalling molecules are
crucial for organogenesis. Later in development, the interaction between the epithelium
and the mesenchyme is critical for proper development of craniofacial or skeletal
structures, for example (Finch et al., 1995; Itoh, 2016; Mason et al., 1994; Moosa and
Wollnik, 2016; Ohuchi, 2012).

Types of epithelial tissues

There are four types of basic tissues in humans: connective, muscular, nervous and
epithelial tissues. The embryonic origins of these tissues can be attributed to the three
embryonic germ layers: endoderm, mesoderm and ectoderm (Griffith et al., 1992;
Hoehn and Marieb, 2012). The rich diversity of cell types in the human body is a
consequence of different regulatory mechanisms during development that give cells
specific identities (Goldberg et al., 2007).
Epithelial tissues can be found either on the body surface or internally. As examples, the
epidermis and corneal epithelial cells are derived from the surface ectoderm and are
located externally, playing the role of a selective barrier between the organism and its
18
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environment. The epithelia of the bladder or prostate, on the other hand, are on the
internal cavities and are derived from the endoderm. Table 1 summarizes epithelial
types, functions, involved organs and important marker genes (Cunha et al., 2017;
Edmondson et al., 1990; Matsukuma et al., 2017; Qu et al., 2018; Villasenor et al., 2010;
Wan et al., 2018; Zuo et al., 2014).
Based on their morphology, epithelial tissues can be divided into simple, stratified and
pseudostratified (Platzer, 2016), and ultimately classified as simple squamous, simple
cuboidal, simple columnar, stratified squamous, stratified cuboidal, stratified columnar
and pseudostratified columnar (Table 1). Different types of epithelia are correlated with
distinct physiological activities. For instance, while simple and pseudostratified epithelia
are related to either secretory, absorptive or excretory functions, stratified epithelia
protect against physical and chemical injuries (Hoehn and Marieb, 2012). The stratified
squamous epithelium is the most common type of stratified epithelium in the human
body, and it is present in the skin or lines the mouth cavity. Whereas in the skin the
epithelium is keratinized, it is unkeratinized in the mouth cavity or the epithelial layer of
the cornea (Presland and Dale, 2000; Squier and Kremer, 2001; Sridhar, 2018). The
transitional epithelium is another type of stratified epithelium, and it is found in the
urinary system, specifically the ureters and urinary bladder (Hoehn and Marieb, 2012).
Studies on stratified epithelia have answered many questions about epithelial stem cell
populations, and their response to tissue stresses, such as wound healing (Aragona et
al., 2017; Byrd et al., 2019; Ge and Fuchs, 2018). In cases of the epidermis and the
mammary epithelium, the single-layered ectoderm (simple squamous) enlarges to
develop a functional tissue (stratified squamous) throughout development (Inman et al.,
2015; Shalom-Feuerstein et al., 2011; Soares and Zhou, 2018). During oesophageal
development, a simple columnar epithelium gives rise to a multilayered squamous
epithelium. A stratified epithelium comprises several stacked layers of cells, resembling
19
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‘bricks and mortar’’ model (Elias, 1983; Nemes and Steinert, 1999; Wickett and Visscher,
2006).
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Table 1: Types of epithelium, their physiological functions, tissue constitution and expressed markers,
modified based on Hoehn and Marieb, 2012.
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The epidermis of the skin is one of the most studied epithelial tissues and is composed
of 4-5 layers (with variation among species and anatomic locations): stratum basale,
stratum spinosum, stratum granulosum, (stratum lucidum) and stratum corneum (Baroni
et al., 2012). The skin epidermis as well as the epithelium from the oesophagus, oral
cavity or corneal epithelium are types of stratified epithelia, and only the basal layer of
cells is mitotically active. In the upper layers of the epidermis, when cells withdraw from
the cell cycle, they suppress the expression of basal integrins, extracellular matrix (ECM)
proteins, p63, and keratins K5/K14, and start a process called epidermal stratification,
where markers such as keratins K1/K10, involucrin, filaggrin and transglutaminases are
upregulated (Fuchs and Raghavan, 2002). Similar to the skin epithelium, the oral
epithelium expresses integrin β1 and K5/K14 in the basal layers and K1/K10 in cornified
epithelia, but keratins such as K4/13 in the non-cornified suprabasal parts of the oral
epithelium (Barakat and Siar, 2015; Kasai et al., 2016; Presland and Jurevic, 2002). The
corneal epithelium also expresses keratins, such as K5/14 in basal cells, but K3/12 at the
non-cornified suprabasal layers (Dhouailly et al., 2014; Tanifuji-Terai et al., 2006).
Stratification of these epithelia occur throughout life and are essential for the
establishment of the barrier function that is characteristic of stratified epithelia.

The role of p63 for stratified epithelial specification

The development and homeostasis of stratified epithelia are highly dependent on the
regulation of the transcription factor (TF) p63. The p63 protein, encoded by the TP63
22
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gene, is expressed in two main N-terminal isoforms, depending on the usage of
alternative promoters, a longer TAp63 and a shorter ΔNp63. The ΔN isoform is
predominantly expressed in epithelial cells (Candi et al., 2006; Truong et al., 2006) and
the TA isoform is detected in other tissues such as the brain or muscles (Bamberger et
al., 2005; Dugani et al., 2009). In addition, different splicing events can give rise to
different C-terminal isoforms, for both TA and ΔNp63: α, β, γ, δ and ε (Mangiulli et al.,
2009; Soares and Zhou, 2018; Yang et al., 1998). While the α isoform contains all the 3’
exons, the β, γ, δ and ε are shorter transcripts, lacking one or more exons. In both TA
and ΔNp63-expressing cells, the α isoform is the most abundant. At the protein level,
the α isoform encompasses a sterile alpha-motif (SAM) domain that might be important
in protein-protein interactions (Yang et al., 1998) and a Transactivation Inhibitory
Domain (TID) that inhibits the activity of the transactivation domain (TA1) (Serber et al.,
2002).
P63 null mice lack structures such as limbs and stratified epithelia (Celli et al., 1999).
Besides, TP63 mutations are associated with several human malformation syndromes
that show defects on stratified epithelia, similarly to but less severe than p63 null mice
(Mills et al., 1999; Rinne et al., 2007; Shalom-Feuerstein et al., 2011; Soares and Zhou,
2018; Yang et al., 1999). These human disorders include ectrodactyly, ectodermal
dysplasia and cleft lip/palate syndrome (EEC, OMIM 604292), ankyloblepharonectodermal defects-cleft lip/palate syndrome (AEC, OMIM 106260), limb mammary
syndrome (LMS, OMIM 603543),acro-dermato-ungual-lacrimal-tooth syndrome (ADULT,
OMIM 103285) and Rapp Hodgkin syndrome (RHS, OMIM 129400) (Rinne et al., 2007),
where ectodermal dysplasia is one of the common features. In addition, mutations in
p63 are also associated with non-syndromic forms of cleft lip with or without cleft palate
(CL/P) (Conte et al., 2016; Khandelwal et al., 2019; Soares and Zhou, 2018).
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Ectodermal dysplasia stands for defects in the epidermis and related epidermal
appendages. Among these defects, dry skin, sparse hair, dystrophic nails, or hypoplastic
teeth, and lacrimal duct obstruction are most prominent (Gorlin et al., 1990). EEC is a
type of ectodermal dysplasia syndrome that has been linked to mutations in the DNA
binding domain of p63. Besides to the epidermal phenotype, EEC patients are affected
with malformation of the limbs, namely ectrodactyly, and of craniofacial structures, such
as CL/P (Rinne et al., 2007; Soares and Zhou, 2018). Yet, molecular mechanisms
underlying EEC and other p63-related disorders are still elusive.
P63 is expressed during the early stages of embryonic development, and it is essential
for the commitment of the epidermal fate. During mouse embryonic development,
protein expression of p63 first appears near the newly formed somites and the posterior
part in the developing mouse embryo and subsequently expands to the whole
embryonic surface with particular enrichment in the first branchial arches and the limb
buds (Zhao et al., 2015). Several studies have shown that p63 is essential for the switch
from K8/K18 simple epithelial cells towards K5/K14 basal stratified epithelial cells in a
process called epidermal commitment (Mills et al., 1999; Shalom-Feuerstein et al., 2011;
Soares and Zhou, 2018; Yang et al., 1999; Zhao et al., 2015). Therefore, p63 has been
attributed to be an “gatekeeper of the epidermal morphogenesis” (Shalom-Feuerstein
et al., 2011). It is important to highlight that ΔNp63α is the predominant p63 isoform in
the stratified squamous epithelium; within the epidermis, its expression is localized to
the proliferative basal layer and declines in the course of epidermal stratification (Parsa
et al., 1999). Besides the fact that p63 is essential during the transition from simple to
stratified epithelium, the regulatory mechanisms underlying this physiological transition
were not systematically investigated before this thesis.
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From

PSC

to

keratinocytes:

lessons

about

epithelial

development

Although animal models are essential for studying development, the obtained
information cannot always be easily translated to humans, given the interspecific
distinctions. Thus, robust human cellular models, especially differentiation of human
PSC towards a stratified epithelial fate is crucial and can provide novel and valuable
information for understanding human embryonic epithelial development. There are
many cellular systems available for studying epidermal stratification, a process that
represents homeostasis of the epidermis, in 2D and 3D cultures such as calcium-induced,
serum, growth factors. However, reproducible cellular models for studying commitment
of stratified epithelial lineage are still scarce. So far, most studies have reported the
generation of epithelial-like cells from PSC using a combination small molecules with
recombinant proteins under feeder-based conditions, either for culturing PSC or
enrichment of induced keratinocytes (Bagutti et al., 2001; Bilousova et al., 2011; Coraux
et al., 2003; Guenou et al., 2009; Itoh et al., 2013; Ji et al., 2006; Schuldiner et al., 2000;
Shalom-Feuerstein et al., 2013; Troy and Turksen, 2005). In general, these studies have
identified that an initial population of K8/18+ cells are generated, early during
differentiation. As differentiation proceeds, p63 is activated, giving rise to K5/14+ cells
that are specific for basal stratified epithelial cells. More recently, complete feeder-free
protocols for derivation of epithelial-like cells have been developed (Kogut et al., 2014;
Soares et al., 2019). These protocols are based on the combination of activation by
retinoic acid (RA) and neuronal inhibition via bone morphogenetic protein 4 (BMP-4)
(Gambaro et al., 2006). Feeder-free based methods represent a significant advance
towards reproducibility and translational applications.
25
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A compilation of important studies in optimizing and understanding epithelial
commitment of PSC, more specifically epidermal commitment, in health and disease is
summarized in Table 2.
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Table 2: Summary of studies focused on the PSC differentiation towards the epithelial of somatic cells
into the epithelial lineage.
Stem cell
types

Designed
term achieved cell
type

Cultured
conditions

Epithelial markers
evaluated

Remarks

Reference

mESCs WT
and Itgb1-null
ES cells

Keratinocytes

Undifferentiated
mESCs were
cultured on MEFs.
EBs were induced
from hanging
drops of mESCs,
for 2 days. The
EBs were cultured
in suspension for
5-9 days.
Adherent EBs
were grown until
day 12 and
harvested

Krt19, Krt8, Krt18,
Krt14, Krt1, Krt10,
Ivl, Itgb1, Itga3,
Itgb4, Itga6

(Bagutti et
al., 1996)

mESCs WT
and Itgb1-null
ES cells

Keratinocytes

Described above
in Bagutti et al
(1996)

Krt14, Krt10

mESC

Keratinocytes

mESC were
seeded on
extracellular
matrix (ECM)
supplemented
with BMP-4 or
ascorbate. At the
air-liquid interface
the epidermal
equivalent formed
a stratified

Krt14, Krt10, Cdsn,
Flq, Lamb1, Itga6,
Itgb4, Col7a1, Fn1,
Nid1, Col4a1

Keratinocyte
markers (Itga6
and itgb4) were
not expressed in
Itgb1-null
cultures. Itgb1null KCs injected
subcutaneously
on mice did not
express the
epidermal
markers Krt14,
Krt1 and Ivl
compared to the
WT
Fibroblastconditioned
medium
stimulated the
emergence of
Krt14-positive
cells in wild-type
and integrin
Itgb1- null
embryoid bodies.
Among different
growth factors,
Kgf, Fgf10, and
Tgfα all
stimulated
differentiation of
Krt14-positive of
Itgb1-null cells
The differentiated
cells were able to
form an epidermal
equivalent of a
stratified
epithelium on an
air-liquid
interface, similar
to the native skin

(Bagutti et
al., 2001)

(Coraux et
al., 2003)
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mESC

Epidermal
cells

hESC (H1 &
H9)

KeratinocytePrecursors

hESC (H1 &
H9)

hESC cellderived
keratinocyte
progenitors
(hEK)

28

epithelium, similar
to the native skin
mESC were
cultured on MEFs.
EBs were induced
according to
Keller et al.
(1993). EBs were
dissociated and
seeded on
Matrigel coated
plates to induce
dEBs. After 4 days
dEBS were
dissociated to
form EPCs, that
were maturated
for more 16 days
Undifferentiated
hESC were
cultured on MEFs.
EBs were induced,
and 11-days-old
EB were
dissociated and
resuspended in
defined
keratinocyte
serum-free
medium (DSFM),
keratinocyte
serum-free
medium (SFM), or
FAD medium* on
plates coated with
0.1% gelatin
solution, Matrigel,
10% FBS, collagen
I, or no coating.
Supplementation
with
Hydrocortisone
was made at 0.4
µg/mL 4 days
after EB
dissociation
MEFs coated
plates with
DMEM/Ham's F12
plus supplements
to induce EB
formation. Later
cells were
cultured in gelatin

Krt8, Krt19, Krt17,
Krt114, Krt1, Cldn1,
Dsp, Cdh1, Ivl, Flg,
Lor, Dlx3, Sprr1a/b,
Sprr2a, Klf4

Krt14+ early
epidermal cells
differentiated
further into to
Krt1+ producing a
cornified layer

(Troy and
Turksen,
2005)

TP63, KRT14, IVL,
FLG

Functionality was
assessed by IVL
and FLG
expression on
confluent
Keratinocyteprecursors
supplemented
with 1 mM Ca+2

Lin et al
(2006)

KRT18, TP63,
KRT14

hEK are able to
respond to
environmental
stimuli such as
Ca2+, serum, and
culture at the air–
liquid interface
and stratify in

(Metallo
et al.,
2008)
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coated plates in
DSFM medium
containing RA and
BMP-4

hESC (H9 &
SA01)

Keratinocytes

mESC and
miPSC

Keratinocytes

hiPSC (1&2) &
hiPSC-RDEB
(1&2 -

Keratinocytes

ESC were grown
in inactivated
mouse fibroblasts.
For induction
clumps of hESCs
were seeded on
3T3 and
culturered on
FAD* medium
supplemented
with 0·5 nmol/L
human
recombinant bone
morphogenetic
protein 4 0·3
mmol/L ascorbic
acid and later
transfred to
collagen I coated
plates in KGM2
medium (Lonza)
mESC were
cultured on MEFs.
EBs were formed
on ESCs without
LIF. Two days
later, EBs were
transferred to ESC
medium (-LIF) +
RA for three days.
Later these cells
were plated on
ColIV coated
plates and
cultured on ESC (LIF) + 25ng/ml
BMP-4 for three
more days. Later
these cells were
cultured on
DKSFM until a
total of 40 days
hiPSC were
maintained on
MEFs. For
differentiation

KRT8, KRT18,
KRT5, KRT14,
ITGA6, ITGB4

vitro. Microarray
suggests that
hEKs and primary
foreskin
keratinocytes
have similar gene
expression
profiles
Generated basal
keratinocytes are
able to construct
a pluristratified
epidermis that
could meet some
criteria of a
complementary
skin substitute

(Guenou
et al.,
2009)

Krt18, Krt18, Tp63,
Krt14, Krt5, Krt1,
Krt71, Lor

Keratinocytes
derived from iPSC
show gene
and protein
expression similar
to primary
keratinocytes, and
ability to stratify
in vitro and to
reconstitute
normal skin and
its appendages,
such as hair
follicles, in an in
vivo assay.

(Bilousova
et al.,
2011)

KRT14, TP63,
DSG3, COL7A1,
KRT1, LAMA5,
COL7A1, LOR

The keratinocytes
from both normal
and iPSC were
characteristically

(Itoh et
al., 2011)
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COL7A1
mutations)

small clumps of
hiPSC were
seeded on
Matrigel coated
plates with MEFconditioned ESM,
hiPSC were
incubated in three
different induction
media
supplemented
with 1 μM all-trans
RA and 10 ng/mL
BMP4 for 4 days.
After the
induction, the
media were
changed to KSFM,
and iPSC were
maintained in
culture until day
30
Same as Itoh et al
(2011), with the
modification of
KSFM to CnT-07,
from day 4
onwards

hiPSC

WT hiPSC,
p63R204W/+
&
p63R304W/+

30

Epidermal
cells/ Corneal
epithelial cells

Epidermal
induction was
performed in
Greens medium
supplemented
with BMP-4
(25ng/mL) and
ascorbic
acid (0.3 mM), and
SB431542 (10 μM)
until day 30

similar to normal
keratinocytes, but
not as the ones
with COL7A1
mutations of the
RDEB patients,
that failed to
express Collagen
VII in a 3D skin
equivalent assay.

KRT14, CSAG2,
COL7, KRT1, LOR

KRT18, PAX6, K14,
TP63, KRT3, KRT12,
CDH1, TP63 targets
(KDAP, GJB6,
CJA1, CDH3, DLX5,
DLX6)

In vitro 3D skin
equivalents were
generated
exclusively from
human iPSCderived
keratinocytes and
fibroblasts
EEC-iPSC from
patients showed
simple epithelial
commitment into
KRT18+ cells but
failed differentiate
into mature
KRT14+ cells
(epidermis/limbus)
or KRT3/KRT12+
cells (corneal
epithelium).
Treatment with
the small
molecule APR-246
(PRIMA-1MET)
could revert
corneal epithelial
lineage
commitment and
stablish a normal
TP63-related
signaling
pathway.

(Itoh et
al., 2013)

(ShalomFeuerstein
et al.,
2013)
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hESC/hiPSC

Human
epidermal
equivalents
(HEE)

WT hiPSC

Functional
keratinocytes

hiPSC were
KRT14, ITGB4,
differentiated in
TP63
collagen coated
plates with TeSR
medium + BMP-4
+ RA (d0-d7),
DMEM-F12 (3:1) +
BMP-4 + RA
growing on 3D
HDF ECM (d7d14), DKSFM +
RA on collagen IV
coated plates
(d14-d21) and
EpiLife + S7
supplement (d21d28)
Differentiated in
collagen/geltrex
coated plates in
DKSFM medium
containing RA and
BMP-4
Abbreviations and descriptions

Whole-Genome
Gene-Expression
Array was
performed
focusing on TP63
transcriptional
network. HEEs are
able to stratify in
vitro

(Petrova
et al.,
2014)

ColII/ColIV coated
plated contributes
for the
enrichment of
epidermal
equivalents

(Kogut et
al., 2014)

COFs

Corneal Fibroblasts

3D HDF ECM

3D decellularized human dermal fibroblast

BMP-4

Bone Morphogenetic protein 4

RA

All trans retinoic acid

*FAD medium description

2.5% fetal clone II, 3 parts F12:1part DME, 0.4 g/mL hydrocortisone, 8.4
ng/mL cholera toxin, 5 g/mL insulin, 24 g/mL adenine, 10 ng/mL epidermal
growth factor, and pen/strep
human ES cell medium (ESM: KO DMEM supplemented with 20% KO
serum replacement, 1% GlutaMAX-I, 1% nonessential amino acid, 1%
penicillin-streptomycin, and 4 ng/mL basic FGF

**ESM medium description

Lately, the complexity of iPSC-derived skin models has increased. In 2013, Itoh et al.
launched a 3D Skin model combining fibroblasts and keratinocytes derived exclusively
from hiPSC (Itoh et al., 2013). This co-culture approach was beneficial for modelling
diseases such as recessive dystrophic epidermolysis bullosa (RDEB), in which patients
show defects at the epidermal-dermal junction of the skin, causing blistering. The
abnormal phenotype observed in EB-patients can also be reverted through gene
editing-techniques, such as zinc-finger nucleases (ZNFs), transcription activator–like
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effector nucleases (TALENs) and Crispr-Cas9, targeting mutations in COL17A1 (Jackow
et al., 2019; Sebastiano et al., 2014; Umegaki-Arao et al., 2014). Umegaki-Arao et al.
(2014) demonstrated that patient-derived revertant iPSC could be differentiated into
keratinocytes with similar molecular profile as normal induced keratinocytes (iKCs). In
addition, revertant iKCs can generate a multilayered 3D skin equivalents with the
expression of suprabasal markers such as desmoplakin, desmoglein 3, keratin 1 and
loricrin (Umegaki-Arao et al., 2014). Although cell therapy for patients with EB was
successfully conducted through the genetic manipulation in epidermal keratinocytes in
holoclones (Hirsch et al., 2017), that were later transplanted above the dermis of the
patient, there is no report of cell therapy using iKCs until now.
Beyond generating the epidermis, research groups are pursuing the creation of more
sophisticated artificial models to study epithelial tissues in health and disease. For
example, hair-bearing skin organoids generated from mouse PSC has been grown on a
3D scaffold to mimic the hair follicle niche. These skin organoids contain not only
epidermal cells but also dermal layers of fibroblasts, which in combination are able to
produce hair follicle, sebaceous glands and dermal layers (Lee et al., 2018). The newly
described 3D methods are highly complex and more heterogeneous compared with 2D
techniques. While they offer an opportunity to evaluate complex biological processes.,
they require specific analysis tools at the single cell level.
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The “-omics” era for dissecting mechanisms of development
and disease

Over the last decades, advances in sequencing technologies evolved fast, and have
opened new avenues for the study of development and disease. The coverage of
sequencing technologies has changed from sequencing short oligonucleotides to
millions of bases in a time- and cost-effective manner (Heather and Chain, 2016). The
fast development of next-generation sequencing (NGS) technologies results in the
development of “-omics” techniques, such as genomics, transcriptomics and
epigenomics. In addition, non-NGS-based “-omics” technologies, as proteomics and
metabolomics, followed the recent advances observed for NGS-technologies in terms
of cost-effectiveness (Johnson et al., 2007; Jothi et al., 2008; Mardis, 2013; Mortazavi et
al., 2008; Nagalakshmi et al., 2008; Robertson et al., 2007; Schmid and Bucher, 2007;
The International Human Genome Mapping Consortium, 2001). The integration of data
from different “-omics” platforms constitutes what is called as multi-omics (Bersanelli et
al., 2016; Meng et al., 2014; Vilanova and Porcar, 2016). Nowadays, multi-omics
approaches have contributed significantly to improve the understanding of molecular
mechanisms of development and disease, and become an integral component of
biomedical studies.
As an example of the current application of multi-omics approaches, the abnormal
transcriptomic or protein expression in diseased samples, as compared to healthy
individuals, has started to clarify the pathogenesis of different diseases (Berglund et al.,
2018; Chung and Kang, 2019; Desmedt et al., 2017; Lal et al., 2017; Lambert et al., 2009;
Singhania et al., 2018). Clinically, all this information has allowed significant advance in
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drug treatment, leading to the discovery of novel drug targets for different diseases
(Betts, 2002; Hedl et al., 2019). Additionally, multi-omics data have allowed the
development of computational methods to predict cellular responses in relation to
different drug-like compounds (Iorio et al., 2010; Pabon et al., 2018). Most importantly,
the information derived from multi-omics technologies are now publicly available and
accessible worldwide in platforms such as GenBank and Ensembl (genome and
transcriptome), Global Proteome Machine Database (GPMDB) or Global Proteome
Machine (GPM) (Proteome), Multi-Omics Profiling Expression Database (MOPED)
(multi-omics), among others (Benson et al., 2013; Birney, 2004; Craig et al., 2004;
Higdon et al., 2014; Hubbard et al., 2005; Kolker et al., 2012). Altogether, these
databases allow further exploration of multi-omics data at different levels of gene
regulation, for the most diverse purposes.
At the genomic level, high throughput data generated from NGS studies have allowed
the identification of gene variations such as SNPs, splice-site variants or coding indels
as causative of many disorders (Boyd, 2013). The in-depth coverage in viral, bacterial
or protozoan genomes has allowed the identification of different type variants of various
infectious diseases via whole-genome sequencing (WGS). Furthermore, by sequencing
bacterial genomes, low levels of drug-resistant variants to avoid bacterial or viral
resistance can be identified before it becomes clinically relevant for the patients (Witney
et al., 2015). WGS of different infectious diseases provides information to identify linked
infections for public health and infection control purposes (Gire et al., 2014; Houldcroft
et al., 2017; Paraskevis et al., 2020; Smith et al., 2009).
The recent outbreak of the “coronavirus disease 2019” (COVID-19) gave us a clear
example of the application of NGS tools for public health. Unbiased sequence-based
analysis of isolates from patients with pneumonia caused by COVID-19 have identified
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Sars-CoV-2, first named as 2019-nCoV, as a novel coronavirus (Zhu et al., 2020).
Furthermore, the comparison of viral RNA-genome from bats and human isolates have
confirmed the bat origin of the virus (Li et al., 2020; Shereen et al., 2020).
All cells of the human body contain the same set of genes. However, different cells
express different sets of these genes at different physiological conditions. Therefore,
different transcriptomes can be related to specific cellular phenotypes and can be used
as a predictor of the cellular function. Transcriptome stands for the complete set of
transcripts expressed in a cell for a specific developmental stage or physiological
condition (Wang et al., 2009). Over the last years, transcriptomic technologies have
evolved from hybridization-based approaches, such as microarray, to sequencing-based
methods such as Sanger cDNA or expressed sequence tag (EST) sequencing (Boguski
et al., 1994; Gerhard et al., 2004) libraries, and more recently to NGS-based approaches
such as RNA-sequencing (RNA-seq). In the past years, RNA-seq has become the most
widely used transcriptomic technique. It offers significant advantages when compared
to other transcriptomic methods (Wang et al., 2009). Besides the lower background
noise of RNA-seq compared to hybridization-techniques (Mortazavi et al., 2008), RNAseq offers the possibility of detecting transcripts that do not correspond to the probe
sequence, allowing the discovery of new transcripts.
Moreover, RNA-seq can reveal single nucleotide polymorphisms (SNPs) in coding
regions of the genome. Along with other approaches for studying transcriptional
regulation such as serial analysis of gene expression (SAGE) (Velculescu et al., 1995),
massively parallel signature sequencing (MPSS) (Brenner et al., 2000) and cap analysis
of gene expression (CAGE) (Shiraki et al., 2003), RNA-seq has brought significant
knowledge to understand transcription. However, transcription studies alone cannot
clarify all different aspects of gene regulation. Other methods for measuring chromatin
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accessibility, histone mark or transcription factor (TF) deposition and DNA methylation
are crucial in the dissection of gene regulatory mechanisms.
As the chromatin needs to be accessible for the protein machinery to regulate
transcription, techniques to dissect chromatin accessibility are essential in the
understanding of gene regulation. Among the NGS-based chromatin accessibility
techniques, the most widely used are as DNase I hypersensitive site sequencing (DNaseseq) (Boyle et al., 2008), Formaldehyde-Assisted Isolation of Regulatory Elements
sequencing (FAIRE-seq) (Giresi and Lieb, 2010), Micrococcal Nuclease sequencing
(MNase-seq) (Mieczkowski et al., 2016), Assay for Transposase-Accessible Chromatin
using sequencing (ATAC-seq) (Buenrostro et al., 2013) and Nucleosome Occupancy and
Methylome sequencing (NOMe-seq) (Taberlay et al., 2011) approaches (reviewed in
Klemm et al., 2019; Tsompana and Buck, 2014). In addition to chromatin accessibility,
ChIP-seq analyses of histone marks and TFs and DNA methylation analyses are also
important for understanding and identifying important factors and DNA elements in
gene regulation. Altogether, the genomic information that indicates gene regulation is
often referred to as the epigenome.
Recent efforts to assign biological functions to the complete genome has driven the
Encyclopedia of DNA Elements (ENCODE) project. ENCODE has mapped regions of
transcription, TF association, chromatin structure and histone modifications. As a part
of the ENCODE project, the GENCODE was developed to identify and map all proteincoding gene within the ENCODE platform. Platforms such as GENCODE can be applied
to improve and validate prediction investigations, in addition to annotations of the
complete transcriptional landscape from the ENCODE mapped regions (Harrow et al.,
2006). So far, a function for 80% of the genome can be assigned, especially for those
outside of the well-studied protein-coding regions (Dunham et al., 2012).
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Other consortia, such as the International Human Epigenome Consortium (IHEC)
dissects high-resolution reference epigenomes of major primary human cell types,
revealing properties of coding and noncoding regions (Fernández et al., 2016;
Stunnenberg et al., 2016). Epigenomic features such as deposition of histone markers
or TFs, methylated regions besides gene or transcript expression values are covered in
both ENCODE and IHEC. BLUEPRINT is an initiative within the IHEC and stands for the
European consortia to establish epigenomic maps (histone modifications, DNA
methylation, DNaseI-seq analysis) of a wide variety of cell types from the blood (Martens
and Stunnenberg, 2013). Chromosome conformation capture experiments, on the other
hand, have revealed interactions between genomic loci in a 3D space (Denker and De
Laat, 2016). Altogether, these unique resources greatly enhance the interpretation of
developmental or disease-associated variations either in coding or noncoding regions
of the genome.
Although numerous multi-omics studies have provided several insights into biological
processes at the bulk level, these studies have their own limitations, such as averaging
the heterogeneity of a group of cells. For heterogeneous populations like differentiated
PSC or tissues, the use of single cell-based technologies is crucial to understand the
dynamics and the precise cell fates of healthy and diseased models.
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Single cell approaches to dissect development and disease

It is becoming evident that even seemingly homogeneous cell populations of in vitro
cell cultures or in vivo can show significant heterogeneity in transcriptional profiles. To
characterize cell heterogeneity during cell fate transitions in development and in disease,
technologies that allow us to make gene expression measurements of many single cells
are required (Kumar et al., 2017). Single cell transcriptomics enables the measurement
of unique cellular signatures of every single cell that is in a heterogeneous cell
population.
The use of single cell transcriptomics to resolve biological questions started in 1990,
when different groups managed to amplify cDNA from neurons and hematopoietic cells
(Brady et al., 1990; Eberwine et al., 1999). Subsequently, single cell approaches were
adapted to microarray chips (Kurimoto et al., 2006; Tietjen et al., 2003). Only in 2009,
the single-cell transcriptomics was successfully adapted to an NGS platform (Tang et al.,
2009). Since then, the field of single cell transcriptomics has advanced tremendously
(reviewed in (Hwang et al., 2018). One crucial characteristic of single cell transcriptomics
(scRNA-seq) is its ability to detect rare and new cellular types (Baron et al., 2016; Tang
et al., 2017; Villani et al., 2017).
A typical scRNA-seq workflow includes cell dissociation, single cell capture, genomic
amplification, sequencing and data analysis (Figure 1). The starting material for all
single-cell transcriptomic assays is a cell suspension that can be derived either from fresh
or frozen tissues and cells. When applied fluorescence-activated cell sorting (FACS)based scRNA-seq to muscle stem cells, van den Brink et al (2017) observed that a
subpopulation of these stem cells was strongly affected by their dissociation protocol.
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However, this noise generated by the experimental dissociation could be removed via
in silico analysis (Butler et al., 2018). Nevertheless, methods that do not affect the
transcriptional signature of the examined cells are necessary to get precise snapshots
of the transcriptional state of the cells. Until now, the main methods used for single cell
capture are manual picking, Fluidigm 1 system, plate-based FACS sorting or Dropletbased methods (Figure 1). Systematic comparisons of the advantages and limitations of
these methods have been reported in literature (Hu et al., 2016).
For mRNA capturing and genomic amplification, Smart-seq2 full-length method and 10x
Genomics Chromium are currently the two most frequently used scRNA-seq platforms.
Droplet-based scRNA-seq methods such as 10x Genomics Chromium have gained
popularity over the last years due to the possibility of profiling a large number of cells
at a lower coverage per cell when compared to other methods. In this droplets-based
scRNA-seq, cells are lyzed inside the droplets and mRNA is released to generate
barcoded cDNA libraries (Macosko et al., 2015; Zheng et al., 2017; Zilionis et al., 2017).
This method is preferred to analyze a large number of cells. However, higher noise for
mRNA at the low expression level was reported for 10x Genomics compared to Smartseq2 full-length. Smart-seq2 full-length methods can detect more genes per cell,
especially low abundance transcripts, as well as alternatively spliced transcripts. On the
other hand, this method can capture a higher proportion of mitochondrial genes (Wang
et al., 2019). In this thesis, we applied a modified Smart-seq2 protocol (STRT-seq) (Gao
et al., 2018) that is manual picking-based.
In general, recent technical advances related to cell or tissue dissociation, single cell
capture and genomic amplifications have enabled genome-wide profiling of thousands
of individual cells quantitatively and comprehensively. However, the integration and
normalization of highly heterogeneous datasets from scRNA-seq or different single cell
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“omics” platforms, are still a challenge. Therefore, computational methods to analyze
datasets generated from different protocols have also been explored. Methods based
on Canonical Correlation Analysis (CCA, Seurat3) (Stuart et al., 2019) have been
developed to integrate molecular data types from different platforms. In addition, nonnegative matrix factorization methods have been used to integrate scRNA-seq and
single cell Assay for Transposase-Accessible Chromatin (scATAC-seq) (Welch et al.,
2019).
An example of the application of scRNA-seq and other single cell “omics” approaches
to the understanding of human development and disease is the Human Cell Atlas (HCA).
In short, HCS aims to generate comprehensive molecular maps of all human cells. This
information can be used as a resource for diagnosing, monitoring, and treating diseases
(Regev et al., 2017). All these techniques represent a significant step towards the
understanding of development and disease. Single cell RNA-seq was chosen as the
method of the year 2013. In 2019, the single cell multimodal omics was selected as the
method of the year (Teichmann, 2020). The field has evolved fast, and these advances
represent a significant improvement in resolving important biological questions that
could not be addressed at the bulk level.
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Figure 1 Single-cell RNA-seq pipeline requires adaptation on dissociation methods. Advances in single
cell capture, genomic amplification and data analysis are essential for data interpretation
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Thesis outline

This thesis comprises six chapters. In addition to the general introduction that
covers different aspects of epithelial development and cellular models (Chapter 1), a
detailed literature review about the “Master regulatory role of p63 in epidermal
development and disease” is presented (Chapter 2). This review describes the major
p63 isoforms and how p63 mutations manifest human diseases that show epidermal
defects. The regulatory roles of p63 in epidermal keratinocyte differentiation and
homeostasis is described, focusing on the control of gene expression and the epigenetic
landscape that delineate epidermal state. Mechanisms orchestrated by p63 during
epidermal commitment and transdifferentiation towards epithelial lineages are
discussed. Current therapeutic development strategies for p63 mutation-associated
diseases are also described.
In order to dissect mechanisms by which p63 controls the stratified epithelial fate
specification, an efficient feeder-free protocol for PSC epithelial differentiation is
described (Chapter 3). Furthermore, I have also generated a cellular system to track
epidermal commitment based on p63 expression (Chapter 4). Using the efficient
feeder-free PSC differentiation protocol, I characterized the epidermal commitment of
normal PSC. Furthermore, I compared transcriptional states of iPSC-derived iKCs in our
in vitro system to epidermal tissues during in vivo mouse embryonic development as
well as to human primary keratinocytes (Chapter 5). Subsequently, I used iPSC lines of
patients carrying mutations in the DNA binding domain of p63 (R204W and R304W
mutations) to dissect the detects in epidermal commitment caused by p63 mutations.
To detect cell fate transitions and heterogeneous cell populations of iPSC-derived iKCs
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in normal and diseased cells, I performed single cell RNA-sequencing (Chapter 5). The
Information derived from transcriptomic data suggested mechanisms and allowed me
to select small molecules to rescue the abnormal phenotype observed in patient cells,
paving the way for new therapeutic approaches. Conclusions and future perspectives in
the field are discussed at the end (Chapter 6).
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Master regulatory role of p63 in epidermal development and disease

Abstract

The transcription factor p63 is a master regulator of epidermal development. Mutations
in p63 give rise to human developmental diseases that often manifest epidermal defects.
In this review, we summarize major p63 isoforms identified so far and p63 mutationassociated human diseases that show epidermal defects. We discuss key roles of p63 in
epidermal keratinocyte proliferation and differentiation, emphasizing its master
regulatory control of the gene expression pattern and epigenetic landscape that define
epidermal fate. We subsequently review the essential function of p63 during epidermal
commitment and transdifferentiation towards epithelial lineages, highlighting the
notion that p63 is the guardian of the epithelial lineage. Finally, we discuss current
therapeutic development strategies for p63 mutation-associated diseases. Our review
proposes future directions for dissecting p63-controlled mechanisms in normal and
diseased epidermal development and for developing therapeutic options.

Keywords Epidermis · Gene regulation · Ectodermal dysplasia · Epidermal cell
identity · Epigenetics
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Introduction

The transcription factor p63, encoded by the TP63 gene, belongs to the p53 gene family.
Distinct from the leading member of the gene family, p53, that plays an important role
in tumor suppression, the role of p63 in cancer is not fully understood. However, p63
has been shown to be a key regulator of epidermal development. This has been
demonstrated in various animal models and by p63 mutation-associated human diseases.
For example, complete deletion of p63 in mice results in the absence of the epidermis
and epidermal related appendages, as well as defects in other epithelial-related tissues
[1–3]. In humans, heterozygous mutations in TP63 cause several developmental
disorders, and many of these diseases manifest skin abnormalities [4–7]. Classical studies
showed that p63 is an important player in embryonic epidermal development and in
epidermal keratinocyte proliferation and differentiation, where it directly regulates
numerous target genes involved in cell proliferation, differentiation and adhesion [8–10].
Several recent studies demonstrated that p63 also plays a role in the modulation of the
epigenetic and chromatin landscape in epidermal keratinocytes by directly regulating
chromatin factors and by engaging and opening chromatin regions [11–16]. Among
these studies, those using unbiased genome-wide approaches convincingly established
that p63 is a key regulator controlling the enhancer landscape. These recent findings
suggest a more sophisticated model of the master regulatory role of p63 and reveal
additional layers of complexity in p63-orchestrated gene regulation of epidermal
development and related diseases.
Different p63 isoforms have been shown to play roles in various cells and tissues, such
as the epidermis, oocytes, muscles and cochlea. As such, this review discusses p63
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isoforms identified so far, with a focus on isoforms that are expressed in epidermal cells.
Subsequently, we dedicate most of this review to the most studied topic in p63 biology:
the role of p63 in epidermal development and related diseases. Specifically, we provide
an overview of p63 mutation-associated developmental diseases with epidermal
phenotypes. We discuss in-depth key molecular and cellular mechanisms by which p63
controls gene regulation to define epidermal identity, and speculate that the affected
cell fate contributes to various disease states. Finally, we review current efforts and
future perspectives in developing therapeutic strategies for treating these diseases.

p63 isoforms and their expression

The transcription factor p63 was initially described as keratinocyte transcription factor
(KET) in 1997, as it is homologous to p53 in rat epithelial tissues [17]. One year later, it
was denoted as one of the p53 gene family members in a comprehensive cloning study
[2]. In this study, six isoforms resulting from two alternative promoters (TA and ΔN) and
three different splicing routes (α, β, γ) were identified from mouse E15 embryos and a
human neuroepithelioma cell line [2], indicating that these isoforms were expressed in
those cells and tissues. The TA isoform contains three TA-specific exons, exon 1, 2 and
3, and encodes a transactivation domain (TA1) that is homologous to the transactivation
domain of the p53 protein (Fig. 1). Another promoter is used to produce a shorter
isoform denoted ΔN, and its starting exon, named as exon 3′, is specific to the ΔN
isoform. Initially, the ΔN isoform was considered transcriptionally inactive, functioning
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as a dominant negative variant towards the TA isoform, because it lacks the typical
transactivation domain TA1. However, it has since been recognized that the N-terminal
region of the ΔN isoform also possesses transactivation activity, and therefore it is
termed as TAΔN (Fig. 1). At the C-terminus, the longest isoform is the α isoform that
contains all 3′ exons 11–14 (Fig. 1). At the protein level, the α isoform contains a sterile
alpha-motif (SAM) domain that is thought to be involved in protein–protein interactions
[2] and a Transactivation Inhibitory Domain (TID) that inhibits the activity of the TA1
domain [18]. Two other isoforms, β that lacks the exon 13 and γ that does not have
exons 11–14 but has a γ-specific exon 10′, do not contain the SAM and TID domains.

Fig. 1 Gene and protein structures of p63 and mutations involved in developmental syndromes with
epidermal phenotypes (ectodermal dysplasia). Two promoters resulting in N-terminal TA and ΔN isoforms
are indicated with arrows. Exons and protein domains are numbered and color-coded as indicated. p63
mutation-associated ectodermal dysplasia syndromes are marked in round-edge rectangles and the
locations of their associated hotspot mutations are indicated by black lines. The main phenotypes related
to the syndromes are shown near the rectangles.
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In recent years, several novel isoforms have been reported. At the N-terminal end of the
p63 protein, an alternative translational start site located in the 4th exon gives rise to a
ΔΔN isoform that lacks the first 26 amino acids of the ΔN isoform in epidermal
keratinocytes (Fig. 1). This isoform was identified by Rinne et al. [19]. In their study on
AEC/RHS syndrome, stop mutations were found within the first 26 amino acids of p63
in several AEC/RHS patients. To the surprise of the authors, the TP63 transcript was
detected, rather than being degraded completely via the nonsense-mediated decay
mechanism that is common for stop mutations. This incidental observation led to the
identification of an alternative translational start site downstream of all stop mutations.
This alternative translational start site gives rise to the ΔΔN protein variant in AEC/RHS
patient keratinocytes, and it is also present in keratinocytes of healthy controls, although
at a lower level than the ΔN isoform. At the C-terminal end, two other isoforms, δ and
ε, were identified by bioinformatic analyses using the Alternative Splicing Prediction
Data Base, ASPicDB (http://www.caspur.it/ASPicDB/index.php) and validated by
reverse transcription quantitative PCR (RT-qPCR) in several cell lines including
keratinocytes, HEK293 cells and in some tissues, such as the muscle and the brain [20].
The δ isoform is an alternatively spliced variant that lacks exon 13. The ε isoform is
generated by a premature stop codon that is located in exon 10. These isoforms were
later validated by an RNA-seq analysis in mouse keratinocytes [21]. In the same mouse
keratinocyte RNA-seq study, the authors additionally identified a slightly shorter isoform
that lacks four amino acids encoded by nucleotides located in exon 8. Furthermore, in
a p63 isoform analysis using RNA-seq data from squamous cell carcinoma (SCC) cell
lines and from publically available data from cells of all three germ layer origins, Sethi
et al. confirmed all previously reported p63 isoforms in different cell types [22]. Isoforms
identified so far all contain the DNA-binding domain (DBD) and the oligomerization
domain (OD) (Fig. 1).
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Expression patterns and functions of TA and ΔN isoforms during epidermal commitment
and subsequent stratification have been under debate, although it is generally agreed
that the ΔN isoform is highly expressed in basal epithelial cells. One report showed that
the TA isoform was expressed first and subsequently required to initiate epidermal
stratification, but it was counter-balanced by the ΔN isoform during stratification [23].
In contrast, another study showed the ΔN isoform was required for the proliferation of
epidermal cells in the basal layer, while the TA isoform was required for activating genes
during stratification [24]. These studies proposed an interesting switch of the two
isoforms during epidermal development. However, these observations have not been
confirmed by other studies. The majority of current literature agrees that the ΔN isoform
is the major functional isoform in epithelial cells and tissues, such as oral and dental
tissues, corneal tissues and lung epithelial cells [1, 3, 25–28]. This scenario is supported
by phenotypes presented in ΔNp63-specific knockout mouse models that, similar to
mice that lack all p63 isoforms, showed defects of the skin, oral epithelium, mammary
glands, limb and craniofacial regions [27].
As recently developed genomic approaches allow detecting active promoters and
expressed exons, these techniques greatly facilitate the identification of isoform
expression at the transcript level. Several independent analyses using RNA-seq, ChIPseq of RNA polymerase II, DNA hypersensitivity sites (DHS)-seq and cap analysis gene
expression (CAGE) [14, 22, 29] showed that the ΔN promoter is the only active promoter
and the 3′ exon is the first expressed exon detected in epidermal cells throughout
epidermal stratification. Furthermore, in line with the current literature mentioned
above, Sethi et al. reported that the ΔN isoform is the only abundantly expressed
isoform in many epithelial cells, such as those from oral tissues and the mammary gland
among 40 human cell types [22]. In contrast to the abundant expression of the ΔN
isoform in epithelial cells, the TA isoform is generally expressed at a low level in a range
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of non-epithelial cells. It is expressed at a low to moderate level in Burkitt Lymphomas
(BL) cell lines and the lymphoblastoid cell line GM12878 [22]. Although the findings from
novel genomic analyses [14, 22, 29] do not exclude the possibility that the TA isoform is
expressed at a very low level below the detection threshold, they do cast doubts on the
importance of the TA isoform is in epithelial cells, given that its expression is at least
several magnitude lower than the ΔN isoform. Interestingly, the TA isoform has been
shown to play roles in various organs and tissues other than the epidermis. TAp63 is
expressed in oocytes and plays an important role in controlling apoptosis in response
to DNA damage [28]. In the cochlea, the TA isoform is also expressed and regulates the
Notch signaling pathway, which is required for proper cochlea development [30].
Additionally, TAp63 has been found to be expressed in late-stage myogenesis [31] and
in cardiomyocyte development [32]. In general, the TA isoform seems to play a role in
stress- or condition-induced response and in senescence, aging and metabolism
[20, 27–30]. Many of these reported functions of the TA isoform are consistent with
phenotypes observed in TA-specific mouse models [33–35], and accordingly, these
phenotypes of TA-specific mouse models are distinct from the strong epidermal,
orofacial and limb phenotypes of the p63 ΔN-specific or complete knockout mouse
models [1, 3, 27].
As for p63 C-terminal isoforms, the α isoform is the predominant one in most p63expressing cells [22], although β, δ and ε isoforms are also expressed at a low level
[20, 22]. The γ isoform is reported to be expressed in muscle cells [20, 31], immortalized
cancer cells, such as MCF7 [20] and squamous cell carcinoma cell lines [22]. As the α
isoform is by far the most abundant isoform in cells detected so far, it has been
proposed that the bulk of the p63 functional activity is driven by the α isoform [22].
Further biochemical and functional in vivo analyses of other isoforms will be important
for dissecting their function.
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p63 mutation-associated diseases with ectodermal dysplasia

Although p63 isoforms are expressed in a range of tissues of different germ layer origins,
germline mutations of TP63 have until now only been associated with ectodermalrelated disorders manifested with three hallmark defects: ectodermal dysplasia, limb
malformation and orofacial clefting [5]. These diseases include Ectrodactyly, Ectodermal
Dysplasia, and Cleft lip/palate syndrome (EEC, OMIM 604292), AnkyloblepharonEctodermal defects-Cleft lip/palate (AEC, OMIM 106260), Limb Mammary Syndrome
(LMS, OMIM 603543), Acro-Dermato-Ungual-Lacrimal-Tooth syndrome (ADULT, OMIM
103285), Rapp–Hodgkin Syndrome (RHS, OMIM 129400). There is good genotype–
phenotype correlation in p63 mutation-associated syndromes. For examples, p63
mutations associated with EEC syndrome are exclusively found in the DNA-binding
domain of the protein, and those associated with AEC or RHS syndrome are located
either at the N-terminal TAΔN domain or C-terminal TID or SAM domain of the ΔNp63α
isoform [5] (Fig. 1).
Among these disorders, EEC syndrome is the prototype of p63 mutation-associated
disorders, as it exhibits defects of all three hallmarks. About 30% of EEC patients have
skin defects, and the skin is often thin and dry and sometimes resembles dermatitis.
Other affected tissues with ectodermal origin include hair, teeth, nails, and lacrimal
ducts (Table 1). These phenotypes are reminiscent of those of p63 ΔN-specific or
complete knockout mouse models [5], although in less severe forms. More than 90% of
EEC syndrome patients carry heterozygous mutations in the p63 DNA-binding domain
with a few hot spots of amino acids residues R204, R227, R279, R280, and R304.
Transient transfection assays and in vitro DNA-binding assays have shown that these
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mutations disrupt p63 binding to DNA and act in a dominant negative fashion [36–38].
Two other syndromes with p63 mutations in the DNA-binding domain are LMS and
ADULT syndromes. Both syndromes have mammary gland hypoplasia (Table 1).
However, LMS patients rarely have defects in their skin and hair phenotypes, whereas
ADULT patients have skin, nail and teeth defects. LMS mutations are also found in Nterminal TAΔN and C-terminal SAM domains of p63. For ADULT syndrome, the amino
acid R298 in the DNA-binding domain is the most significant hot spot of mutations [39].
Rather than the dominant negative model that is proposed for EEC mutations, R298
mutations implicated in ADULT syndrome are proposed to be gain-of-function [36].
Another reported ADULT syndrome mutation is N6H, located in the ΔN-specific domain
of p63 (Fig. 1) [5].

Table 1: Phenotypes of skin and ectodermal-derived appendages in p63 mutation-associated syndromes

EEC syndrome

Limb

mammary

Skin

Ectodermal-derived appendages

Mild phenotype—dry

Hair, nails, teeth and glands defects- highly variable

and thin skin

severity

Rarely detected

Nails and lacrimal ducts defects, hypohydrosis, nipple

syndrome (LMS)
ADULT syndrome

hypoplasia and orofacial clefting
Dry skin—milder than

Teeth, nail and lacrimal duct defects

EEC
AEC syndrome

Severe skin erosions

Eyelid fusion, teeth and hair defects and/or alopecia,
lacrimal duct obstruction and orofacial clefting

Rapp-Hodgkin
syndrome (RHS)
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Severe skin erosions

Teeth and hair defects and/or alopecia, lacrimal duct
obstruction and orofacial clefting
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Among all p63 mutation-associated syndromes, the most severe skin phenotypes are
observed in AEC/RHS syndromes (Table 1). About 70–75% patients have severe skin
erosions that sometimes resemble second-degree burns [40]. Defects of nails and teeth
are also common phenotypes in AEC/RHS patients. In general, the ectodermal dysplasia
phenotypes are milder in RHS, compared to AEC. Mutations involved in AEC/RHS
syndromes, either in the N- or C-terminal region of the ΔNp63α, have been shown to
disrupt the transactivation activity of the ΔNp63α isoform in a dominant fashion.
It is generally believed that dominant negative or gain-of-function is the disease
mechanism of TP63 mutations. This notion is supported by several lines of evidence.
First, TP63 mutations associated with human syndromes are heterozygous, and mostly
missense mutations [5]. In a disease case where the complete TP63 gene was lost in a
larger genomic deletion region, the patient did not present any ectoderm dysplasia
phenotype [41]. Second, studies using in vitro biochemical methods, such as transient
transfection, DNA-binding assays and molecular structure modeling demonstrated that
mutant p63 has dominant negative or gain-of-function effect towards the wild-type p63
[36, 38, 39]. Third, heterozygous p63 knockout mouse models do not exhibit any
epidermal phenotype. To model the dominant negative or gain-of-function effect
of TP63 mutations in human disease, two knock-in mouse models carrying Trp63
(encoding p63 in mice) mutations recapitulating EEC (R279H in human) [42] and AEC
(L514F in human) [43] were reported. In the EEC knock-in model, one mouse allele
carried a floxed neomycin cassette, and is herein referred to as Trp63R279HN.
Heterozygous Trp63R279HN mice exhibited phenotypes that are similar to those observed
in EEC syndrome patients. This includes cleft palate, anomalies of the distal limbs,
defective tooth morphogenesis, and dystrophic nails. Although no major skin
abnormalities were detected in Trp63R279HN mice, primary keratinocytes from these mice
exhibit reduced proliferation and increased senescence. Furthermore, an increased level
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of p63 mRNA and protein was detected in Trp63R279HN mice, which is consistent with
observations reported in the epidermis of p63 EEC patients [38]. The heterozygous AEC
L514F mouse model presents hypoplastic and fragile skin, ectodermal dysplasia and
cleft palate, resembling defects observed in AEC syndrome patients [5]. These
phenotypes probably result from impaired FGF signaling, as two p63 direct target genes
Fgfr2 and Fgfr3 showed reduced expression [43].

p63-dependent gene regulation in epidermal keratinocytes
Due to the striking epidermal phenotype of p63 knockout mouse models and of p63
mutation-associated human diseases, the molecular and cellular role of p63 in epidermal
keratinocytes has been extensively studied. It has been shown that p63 is important in
both keratinocyte proliferation and differentiation [10, 44]. Higher p63 expression level
is found in more proliferative cells, such as holoclones that represent epidermal stem
cells [9], indicating that p63 is important for keratinocyte proliferation. Many studies
have used siRNA knock-down approaches to investigate the role of p63 in proliferation
and differentiation. Knock-down of p63 in primary keratinocytes gives rise to hypoplasia,
hypoproliferation, cell cycle arrest [10] and abnormalities in cell adhesion [8].
Furthermore, downregulation of p63 prevents cells from differentiating and stratifying
in both 2D and 3D keratinocyte differentiation models [10]. Although proliferation and
differentiation are related, p63 seems to have independent roles in both processes. This
was supported by a study where p63 knock-down caused both hypoplasia and
differentiation defects, and concomitant p53 knock-down can rescue only the
hypoplasia deficiency but not differentiation defects [10]. At the molecular level, knockdown of p63 induces genes that control cell cycle arrest, such as p21 (CDKN1A)
[10, 45, 46], and genes that negatively regulate cell proliferation, such as JunB [47]. At
the same time, knock-down of p63 downregulates genes that can positively regulate
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cell proliferation, such as Fos and c-Jun [47], and genes that are important for epidermal
differentiation, such as Perp and K14 [48, 49]. Consistently, many genes that are
involved in cell proliferation, cell cycle control, and keratinocyte differentiation have
been shown to be direct target genes of p63 (see review [50]). In addition to controlling
cell cycle genes, p63 is shown to directly regulate genes involved in glycolytic
metabolism in human keratinocytes, such as hexokinase 2 (HK2) and 6-phosphofructo2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3) [51, 52]. HK2 phosphorylates glucose
to produce glucose-6-phosphate, representing the first rate-limiting step in glucose
metabolism pathways [53]. PFKFB3 is a key regulator that promotes glycolysis.
Downregulation of p63 resulted in reduced expression of HK2 and PFKFB3 and
concomitant decrease of glycolysis and cell proliferation. These data showed that p63
plays a role in keratinocyte metabolism, a novel mechanism to maintain high
proliferation in keratinocytes [54].
The identification of p63 target genes has been a major effort in the field, either through
dedicated candidate gene studies or through genome-wide explorative approaches.
These studies identify the genomic binding regions of p63 and of p63-regulated genes
most often by either knock-down or overexpression of p63 [47, 55], as discussed
previously in this review. Some target genes are identified in the context of p63
mutation-associated diseases [56]. It should be noted that p63 binding in human and
mouse keratinocytes shares only limited conservation [57]. Epidermal developmentrelated genes seem to be regulated by conserved p63-bound genomic regions, whereas
divergent p63-bound regions are involved in metabolic pathways. The distinct
regulation controlled by p63 in human and mouse keratinocytes probably reflects the
anatomical differences between human and mouse skin.
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As a master regulator of epidermal development, p63 regulates transcriptional
programs not only through its target genes but also via higher order regulation. In
recent years, a number of studies have shown that p63 plays a role in epigenetic
regulation in epidermal keratinocytes via several independent mechanisms. p63 can
recruit HDAC1/2 to control the repression of cell cycle arrest genes, such as p21 and
14-3-3σ [46]. p63 was shown to be a repressor rather than an activator for cell cycle
arrest genes, consistent with positive regulation controlled by p63 in keratinocyte
proliferation. Furthermore, several chromatin factors are direct p63 target genes [11–
13]. Among these factors, SATB1 regulates large-scale chromatin remodeling in specific
cell types [58, 59]. In keratinocytes, SATB1 binds to the Epidermal Differentiation
Complex (EDC) locus and compresses the conformation of EDC where many epidermal
terminal differentiation genes are located [11]. In mice, overexpression of Satb1 can
partially rescue the phenotype of p63-deficient mouse skin [11]. Another p63 direct
target, BRG1, is an ATP-dependent chromatin remodeler. In keratinocytes, BRG1
promotes relocation of the EDC locus from the nuclear periphery towards nuclear
interior, which is associated with upregulation of genes in the EDC locus [12]. A
chromobox protein, CBX4, that is a component of Polycomb Repressive Complex 1
(PRC1), is also regulated directly by p63 [13]. CBX4 seems to mediate the p63dependent repression of non-epithelial genes, and overexpression of CBX4 can rescue
p63 deficiency in keratinocytes. Chromatin remodelers that are direct p63 targets also
include LSH, which regulates DNA methylation and transcriptional silencing [60]. LSH
seems to act in p63-mediated senescence. Recently, p63 was shown to regulate the
expression of nuclear envelop-associated components (Lamin B1, Lamin A/C, SUN1,
Nesprin-3, Plectin) [16]. Several nuclear shape-associated genes, such as Sun1, Syne3
and Plec, were shown to be p63 direct targets. In the epidermis of p63 complete
knockout mice, these genes were downregulated, and skin epithelial cells displayed an

76

Chapter II
altered nuclear shape. Consistently, keratinocyte-specific gene loci were relocated away
from sites of active transcription toward the heterochromatin-enriched repressive
nuclear compartments in p63 depleted cells.
In addition to regulating chromatin factors and nuclear envelop-associated components
involved in higher order gene regulation in keratinocytes, it has become evident that
p63 plays a master role in regulating enhancers. It should be noted that many studies
discussed below took unbiased genomic approaches rather than p63-centered
approaches, yet they came to the conclusion that p63 is the most significant
transcription factor that controls epidermal enhancers. Bao et al. showed that genomic
regions of p63-bound enhancers detected in keratinocytes are nucleosome-enriched
and inaccessible in cells where p63 is not expressed (Fig. 2a), and the cooperation of
p63 and BAF is required for opening chromatin (Fig. 2b, c) [61]. This suggests that p63
and probably its co-regulators have a pioneer factor-like function during epidermal
development. Pioneer factors are a class of transcription factors that are the first to
engage compact chromatin and to create an accessible chromatin and epigenetic
environment for other TFs to be recruited to enhancers [62–64]. They bind to target
DNA sites before the onset of transcription, and often pioneer factor-bound regions are
open chromatin regions in cells where these factors are expressed and are otherwise
closed in cells where they are not expressed. Pioneer factors have been shown to be
important for cell identity and commitment. Consistent with this notion, another study
on p53 reported that, in addition to binding to the usual active promoters and enhancers
of p53-regulated genes, p53 can also bind to inaccessible regions of the chromatin in
lung fibroblasts [65]. Interestingly, these inactive regions in lung fibroblasts are
seemingly active in two epithelial cells, normal human epithelial keratinocytes (NHEK)
and human mammary epithelial cells (HMEC), but are repressed in other cell types. As
p63 and p53 share high sequence and structure homology in their DNA-binding
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domains, and they bind to essentially the same binding motifs on DNA, it has been
argued that these ‘proto-enhancers’ bound by p53 can be active enhancers regulated
by p63 or by both p53 and p63 in epithelial cells. Therefore, p53 and p63 may function
as pioneer factors. In agreement, epigenomic profiling analyses by ChIP-seq of histone
enhancer marks and p63 [14, 29] and by mapping of DNA (hydroxy)methylation sites
[15] during keratinocyte differentiation showed that epidermal enhancers are most
significantly enriched for p63-binding motifs and that p63 binds mainly to enhancers.
p63-bound enhancers are not always active in regulating nearby genes (Fig. 2b). It has
been proposed that these p63-bound genomic loci are bookmarked by p63. In
particular epithelial cell types or at developmental stages, p63 cooperates with specific
transcription factors to activate gene expression in a cell type- and developmental
stage-specific manner (Fig. 2c) [14, 50]. Taken together, these observations support an
appealing model where p63, probably together with co-regulating transcription and
chromatin factors, such as BAF [61], acts as a pioneer factor to open chromatin in
epithelial cells and shapes the enhancer landscape.
In summary, p63 is likely to regulate gene expression in epidermal keratinocytes at
several levels: it regulates direct target genes involved in keratinocyte proliferation and
differentiation; it directly regulates chromatin and epigenetic factors; and it might act
as a pioneer factor to shape the chromatin and enhancer landscape, and thereby
regulate global gene expression.
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Fig. 2 The bookmarking role of p63 in epithelial cells. a In the absence of p63, either in embryonic stem
cells before epidermal commitment or in non-epithelial somatic cells, loci of p63-dependent genes remain
closed and are occupied by nucleosomes. b, c In epithelial cells where p63 is expressed, p63 and coregulators such as BAF can engage closed chromatin and promote its opening. In specific (embryonic)
epithelial cell types, some genomic loci are bookmarked by p63 but nearby genes are not activated by
p63. These open chromatin sites are marked by H3K4me1 (b). Other loci and genes are bookmarked and
activated by p63. These regions are marked by active enhancer mark H3K27ac (c).
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p63 is essential for proper epidermal commitment
Consistent with the recent proposed pioneer role of p63 in epidermal development,
classical studies in mice nearly two decades ago showed that p63 is essential for proper
epidermal commitment [1, 3]. Two different groups reported that mouse models lacking
p63 show striking defects of the epidermis including either partial [1] or complete [3]
absence of stratified epithelia. During early vertebrate development, the surface
epithelium is composed of a single layer of K8/K18-positive ectodermal cells [66]. This
single-layered epithelia is functionally important for cellular diffusion, secretion or
absorption, but not directly relevant for barrier function [67]. As development proceeds,
these ectodermal cells develop into keratinocytes that have high expression of mature
epithelial markers, such as K5/K14 and can further develop to the epidermis that has a
barrier function. This physiological transition is called epidermal commitment. During
this process, proper p63 expression and function is essential for correct commitment by
activating epidermal genes and repressing genes of other lineages, and therefore p63
has been proposed to be the ‘gatekeeper’ of the epithelial lineage [68]. Studies using
in vivo and in vitro models and p63-regulated genes are discussed here.
Recently, spatio-temporal expression of p63 during normal mouse embryonic
development was analyzed [26]. p63 expression was detected in ectodermal cells near
the newly formed somites and the posterior part of the E8.5 embryo, preceding
epidermal commitment. Subsequently, p63 expression was enriched at branchial arches
and the limb buds, and then expanded to the whole surface of the embryo. The
embryonic expression pattern of p63 correlates remarkably well with affected structures,
such as the epidermis, orofacial regions and limbs in p63 knockout mice and in p63
mutation-associated human diseases. In normal mice, the single-layered epithelium
eventually develops into stratified epithelium, whereas the surface ectoderm of p63 null
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mouse strains remains a monolayer of non-proliferating cells expressing K8/K18 [68].
Interestingly, genetic complementation with ∆Np63 in p63 null mice rescues the
development of the skin through activation of epidermal genes, such as the direct p63
target K14 [69], emphasizing the important role of ∆Np63 in epidermal development.
Consistently, in vitro studies using mouse embryonic stem cells (mESCs) showed that
p63 expression is detected before expression of the epidermal marker K14 [70–73]. p63
deficiency in mESCs impedes progression towards the stratified epithelial fate, and p63deficient cells have abnormally upregulated mesodermal genes [6, 73], indicating loss
of the epithelial cell fate. Furthermore, ectopic expression of ΔNp63 in mESC-derived
p63-deficient ectodermal cells can induce epidermal commitment and lead to
differentiation into keratinocytes [6, 70]. It has become evident that p63 induces
expression of many epidermal genes, such as K14, K17 and S100A11, by directly binding
to these gene loci [68]. However, it is also important to investigate whether repressed
expression of genes from other lineages is directly regulated by p63 or through p63related higher order regulation. In summary, these in vivo and in vitro studies support
the master regulatory role of p63 in epidermal commitment.
Although the essential role of p63 in epidermal commitment has been established, the
gene networks and regulatory mechanisms of epidermal commitment that are upstream
and downstream of p63 are not yet fully understood. A closer look into molecular
pathways during epidermal development reveals the interaction of p63 and bone
morphogenetic protein (BMP) signaling [74]. The ΔNp63 isoform activates BMP
signaling through direct binding in conserved regulatory regions on the Smad7
promoter, thereby repressing its expression. p63 sustains Bmp7 expression in the
epidermis and indirectly controls Bmp4 expression in the dermis. Equally important,
during early embryonic development, BMP signaling acts as an epidermal inducer by
suppressing the neural fate, probably via p63-regulated gene expression [66, 75, 76].
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Furthermore, p63 expression is regulated in a positive autoregulatory manner through
a long-range enhancer (p63LRE) [77]. This enhancer is conserved in both human and
mouse and is also bound by several other transcription factors including AP2, Cebpa,
Cebpb and the POU domain-containing protein Pou3f1. Among them, Cebpa, Cebpb
and Pou3f1 repress p63 expression [77]. It has also been reported that Cebpb binds to
the p63 promoter to repress its expression [78]. These studies help unravel the p63related regulatory network controlling epidermal cell fate. However, continuing efforts
to comprehensively and systematically identify p63-dependent transcriptional networks
are warranted.
Taken together, in vivo and in vitro studies have demonstrated that p63 is essential for
epidermal commitment. The molecular pathways and gene regulatory mechanisms that
act during epidermal commitment remain to be elucidated. It will be particularly
interesting to investigate whether p63 functions as a pioneer factor during this process,
either alone or most probably together with other co-regulators, and how p63 mutations
affect this process.

p63 in cellular reprogramming
Somatic cell transdifferentiation is a process in which transient ectopic expression of
lineage master regulators can induce conversion into a different somatic cell fate
without passing through a pluripotent configuration [79–81]. Given the master
regulatory role of p63 for proper epidermal commitment and maintenance, hypotheses
have arisen that its ectopic expression in non-epithelial cell types might be sufficient to
convert these cells to the epidermal fate. This has been demonstrated in a report where
the combination of KLF4 with ΔNp63 could induce the conversion of human fibroblasts
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to keratinocyte-like cells [82] (Fig. 3a). The transdifferentiated cells showed positive
staining for the basal marker K14 and were negative for fibroblast markers, such as MME
and COL11A1. In the same study, cancer cells could also be converted to keratinocytes
using KLF4 and p63, suggesting that these two transcription factors are capable of
reprogramming cells to the epidermal fate even in different epigenetic backgrounds.
Another example is the cooperation between p63 and PAX6 in driving limbal stem cell
(LSC) commitment [83] (Fig. 3b). p63 is expressed in both epidermal keratinocytes and
LSCs, whereas PAX6 is specific for LSCs. Epidermal keratinocytes and LSCs undergo
distinct transcriptional programs during terminal differentiation, with an induction of
K1/10 or K3/12 expression for epidermal keratinocytes or LSCs, respectively. Ouyang et
al. showed that p63 was essential for both epidermal keratinocyte and LSC fates, and
the combination of p63 and PAX6 defined the LSC fate, consistent with expression
patterns of these two genes. Interestingly, LSCs with knock-down of PAX6 acquired the
epidermal keratinocyte property of K1/K10 induction during terminal differentiation; in
contrast, ectopic expression of PAX6 in epidermal keratinocytes gave rise to LSC-like
cells. This report is in line with previous studies where reported mutations in either in
PAX6 [84] or p63 [85] lead to blindness resulting from limbal stem cell deficiency.
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Fig. 3 p63-dependent transdifferentiation. a Human fibroblasts can be reprogrammed into Keratinocytelike cells through ectopic expression of p63 and KLF4. b Keratinocytes that have high endogenous p63
expression can be reprogrammed into limbal stem cells by ectopic PAX6 expression.

Potential therapeutic approaches

Other than cosmetic surgery and correction [88], there is no cure for p63 mutationassociated disorders. Recent improvements in modeling human diseases have opened
new perspectives on amelioration of these diseases.

84

Chapter II
Initially designed to treat cancers, the small compound APR-246/PRIMA-1MET was shown
to interact with the mutant p53 core domain and promote its folding to the wild-type
conformation [89, 90]. This compound has been tested in a phase I/II clinical trial in
patients with either hematological malignancies or hormone-refractory prostate cancer
[91]. Given the high degree of homology in the DNA-binding domain between p53 and
p63 [92], the potential of APR-246 for restoring mutant p63 conformation and function
was tested in two cellular models: epidermal stratification and corneal commitment
[73, 93]. Shen et al. reported that APR-246 rescued differentiation defects of
keratinocytes established from EEC patients carrying p63 mutations R204W and R304W
in the DNA-binding domain, specifically in terms of cell morphology and gene
expression in 2D and 3D epidermal stratification models [93]. A set of epidermal
differentiation markers, such as K10, TGM, CysME, LCE2, and Filaggrin, were efficiently
induced in APR-246-treated p63 mutant keratinocytes, approaching similar expression
levels as observed in wild-type p63 keratinocytes. In addition, p63 target genes, such as
ADH7 and Claudin-1, which were downregulated in p63 mutant keratinocytes, were
upregulated upon APR-246 treatment. Another report using human-induced
pluripotent stem cells (hiPSCs) established from the same EEC patients showed corneal
epithelial cells derived from these patient hiPSCs responded to APR-246, and impaired
corneal epithelial differentiation was rescued [73]. As p63 EEC mutations likely have a
dominant negative effect towards the wild-type protein (Fig. 4a, b), APR-246 can
probably restore mutant p63 to the wild-type conformation, thereby rescuing p63 DNAbinding and target gene activation (Fig. 4c). Further in-depth cellular and molecular
analyses, such as RNA-seq and ChIP-seq, should be performed to comprehensively
evaluate the effect and underlying mechanism of APR-246 on cell differentiation.
Ultimately, in vivo studies and clinical trials are necessary to explore the therapeutic
potential of APR-246.
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Fig. 4 Potential therapeutic approaches targeting p63 mutations. a In normal epidermal cells, p63 can
bind to promoter and enhancer regions in the genome and regulate expression of its target
genes. b Mutations in the DNA-binding domain of p63 (EEC syndrome mutations) disrupt p63 DNAbinding, thereby deregulating its target genes. c Silencing the mutant allele of EEC syndrome mutations
by mutation-specific siRNAs allows wild-type p63 binding and activation of p63 target genes. d The use
of the small molecular compound APR-246/PRIMA-1MET1 possibly changes the conformation of mutant
p63 protein and restores its ability to bind and activate its target genes
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In addition to small compounds, small interfering RNAs (siRNA) have also been explored
for their therapeutic potential in treating p63 mutation-associated diseases. Novelli et
al. reported the identification of a panel of siRNAs specifically targeting the p63 EEC
R304W mutant transcripts. These R304W-targeting siRNAs can rescue defects during
corneal epithelial differentiation of hiPSCs carrying the R304W mutation [94]. Similarly,
the siRNA approach has also been applied to specifically target the p63 EEC R279H
transcripts in oral mucosa epithelial stem cells (OMESCs) from EEC patients. Treatment
with these siRNAs restored the epithelial differentiation capacity of these patient cells
[95]. The success of these siRNA approaches also confirms the dominant negative model
of p63 EEC mutations and demonstrates that degrading the mutant allele alone is
sufficient to rescue the epithelial defects caused by these mutations (Fig. 4d).
In addition to approaches discussed in this review, rapidly emerging technological tools,
such as genome editing, have provided new possibilities for developing therapeutic
options for p63 mutation-associated diseases. Further in vivo studies and clinical trials
are necessary to validate these therapeutic options and eventually to treat patients.

Conclusions and future perspectives

Since the discovery of the transcription factor p63 nearly two decades ago, its master
regulatory role in the development of the epidermis has been extensively studied in
cellular and animal models and at normal and diseased states. Although many isoforms
have been identified for the p63 protein, the ΔNp63α is the most abundant isoform in
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epidermal cells and is probably responsible for the bulk of the functional p63 activity.
p63 plays its key role in epidermal commitment and terminal differentiation, not only by
regulating its direct target genes, but also by shaping the chromatin state, in particular,
the enhancer landscape. Recent in-depth molecular analyses suggest that p63 functions
as one of the pioneer factors for epidermal cell identity. This model is supported by
classical cellular and in vivo studies as well as recent transdifferentiation studies where
p63 is required for epithelial cell lineages. Testing this pioneer factor model during
epidermal commitment at the molecular level and identifying key regulators that
cooperate with p63 are critical topics for future research. It is plausible that p63
mutations involved in human disorders may deregulate gene expression by disrupting
the pioneer factor function and thereby the epithelial epigenetic landscape,
subsequently giving rise to epidermal phenotypes. Current and ongoing efforts to
understand the role of p63 in normal and diseased conditions are not only important for
the fundamental insights into gene regulation and epidermal development, but also for
the development of novel therapeutic strategies to treat patients with p63 mutationassociated and other related diseases. Although therapeutic development for these
diseases is still at its infancy, encouraging results of small molecule compounds and
siRNA approaches have opened new possibilities, and should be extended further to
eventually benefit patients.
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Abstract

In this chapter an efficient feeder-free protocol of differentiating human
pluripotent stem cells (hPSC) towards the epidermal lineage to generate induced
epidermal keratinocytes (iKCs) is described. The iKCs are able to terminally differentiate
supra-basally. This hPSC-to-iKC differentiation can serve as a useful model to study
epidermal development and disease as well as for t applications.

Key Words hPSCs, keratinocytes, BMP-4, Retinoic acid, single cell passaging,
differentiation
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1. Introduction

Pluripotent stem cells (PSCs) have been extensively used to model development and
disease [1]. Given that PSCs can be frozen, expanded and genetically modified, they
offer great potential to generate transplantable tissues such as the epidermis. In
addition, the dissection of molecular mechanisms underlying abnormal epidermal
commitment and differentiation can serve as reference to the design of therapeutic
options for patients with epidermal abnormalities [2]. So far, the use of hPSCs as a
research tool to understand epidermal diseases has made a tremendous impact on the
dermatologic field, paving the way for alternative disease treatments. For examples, the
use of the small molecule APR-246 and mesodermal inhibitors (Suramin, Valproic acid
and Heparin) can enhance epithelial differentiation of hPSCs carrying p63 mutations [2–
4]; and the use of gene editing, via TALEN or CRISPR/Cas9, has been also explored to
correct COL7A1 mutations in hPSCs and corresponding iKCs derived from patients with
epidermolysis bullosa (EB) [5, 6].
To this end, we and other several groups have used mouse or human PCS to establish
and study epidermal commitment (3-12). In the early attempts, feeder layer of mouse
embryonic fibroblasts (MEFs) have commonly been applied in the differentiation
procedures [7–13]. Recent protocols have used more chemically controlled conditions
[14–16], facilitating epigenomic analyses and increasing reproducibility and the
translational potential.
This chapter will describe in details a reproducible feeder-free protocol for the
generation of iKCs (Fig. 1a). Morphological and molecular properties of iKCs are shown
to be very similar to primary skin keratinocytes (Figs. 2 and 3). In addition, this chapter
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also describes an approach of using a number of small molecules to enhance
commitment and differentiation of iKCs. Finally, a method to assess the epidermal
potential of iKCs in a functional 2D model is shown.

2. Materials

All complete media (Table 2) should be stored in 4 OC, not longer than 15 days, induction
medium should be light protected. Reagents such as BMP-4, BPE, EGF, FBS, Suramin,
Valproic acid, Heparin and retinoic acid should be stored in -20OC (Table 3) and light
protected for retinoic acid. Make sure that stock solutions of the final media are sterile.
Compound diluted in DMSO can be weighted outside of safety cabinet. Compounds
diluted in sterile media should be weighted inside of safety cabinet or filtered in a 0.2µm
filter.
Prepare all working media and supplements inside a flow hood (FH) in sterile conditions.
Follow all waste disposal regulations when disposing biological samples and materials.
A detailed list of materials necessary for this protocol are lined in table 1.
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3. Methods

Carry out all the steps at room temperature and in sterile conditions, mostly in a flow
hood. The step-wise procedure is described below.

3.1Coating
Coat the culture plates with a Geltrex solution 1:100 dilution (Geltrex in DMEM F12).
Pipet 1.5mL of Geltrex solution per well in a 6-well plate (adjust the Geltrex amount
according to surface area used for culture) for 1 hour at RT (or 30 min at 37°C);

3.2Single cell seeding
1. Select colonies in hPSC cultures that are at least at least 60% confluent. The hPSCs
colonies should be compact, homogeneous and do not show signs of differentiation
(Fig. 2b).
2. To obtain a single cell suspension, wash hPSCs on plates twice with 2 mL of 1X DPBS.
After the second wash remove the DPBS and add 1 mL/well (6-wells plate) of StemPro™
Accutase™ Cell Dissociation Reagent (Accutase, GIBCO). Incubate the plates for 510min in the incubator at 37°C and 5% CO2.
3. Tap the plate few times after 5 min. When small clumps of cells start to detached
from the culturing plates, gently pipet up and down the cell suspension in Accutase for
10-20x using a 1mL pipet. After this step, check under the microscope whether cells are
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in single-cell suspension (no more clumps in the suspension); if not, gently pipet up and
down additional times.
4. Next, add the single cell suspension to 5 mL DMEM/F12 (GIBCO) and centrifuge for
at 5 min at 300 x g. Afterwards, remove the supernatant, repeat the washing step with
5 mL DMEM/F12. After centrifugation for 5 min at 300 x g, gently resuspend the pellet
in 2 mL E8 Flex++ (Table 2) medium supplemented with 1X RevittaCell supplement
(GIBCO). Seed cells at a density of approximately 2000/cm2 in culture dishes coated
with GeltrexTM LDEV-Free Reduced Growth Factor previously incubated for 1 hour (see
Note 1).

3.3. Simple epithelium induction
1. One or two days after seeding the iPSCs, E8 Flex++ (Table 2) medium should be
replaced with keratinocyte induction medium (keratinocyte serum free medium (KSFM,
GIBCO) + 0.2 ng/mL Epidermal Growth Factor (EGF) + 30 µg/mL Bovine Pituitary Extract
(BPE) (both on GIBCO cat#17005-042) + 1% Penicillin Streptomycin (GIBCO) + 10
ng/mL Bone Morphogenetic Protein-4 (BMP-4, PromoKine) + 1uM all-trans retinoic acid
(RA, Sigma –Aldrich) (Fig. 1b) (Table 2 and 3);
2. Refresh the cells with the induction medium every other day;

3.4 Passaging differentiated cells
1. After 7 days the cells are approximately 100% confluent and thus should be passaged
into newly Geltrex-coated plates (see Note 1). At this point 1:10-1:20 dilution is
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recommended. Keep culturing the cells in the induction medium until day 15 (see note
7). IMPORTANT: Alternately, mesodermal inhibitors 1mg/mL Heparin Sodium Salt
(Heparin, Sigma-Aldrich), 0.25µM Valproic Acid (VA, Sigma-Aldrich)] or 100µM Suramin
(Table 2 and 3) can be added to the induction medium from this point onwards to
improve differentiation;
2. From day 15 to day 30 cells are cultured in KSFM (GIBCO) + 0.2 ng/mL EGF + 30
µg/mL BPE (both on GIBCO cat#17005-042) + 1% P/S (GIBCO), with or without small
molecule inhibitors (Fig. 2b). Refresh the medium every other day and dishes are
incubated at 37°C and 5% CO2. At this stage iKCs show similar morphology to pKCs
(Figs. 2b and 2c) and are positive for the basal keratinocyte marker KRT14 (Figs.2d and
2e)

3.5 2D stratification of iKCs
Epidermal stratification of iKCs at day 30 (at 60-80% confluent) can be induced by
adding 10% Fetal Bovine Serum (FBS) to KSFM medium (Table 2). Successful induction
can be assessed by the downregulation of basal keratinocyte markers (KRT5/14) and
upregulation of suprabasal keratinocyte markers (INVL, FIL, CYSME) (Fig. 3)
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4. Notes
1.

Differences between hPSCs lines might require adjustments regarding seeding

and passaging densities. Either for seeding or for passaging it might useful to test
different cell densities.
2.

After day 15, the number of KRT5/14 + cells increases, meaning that they already

have stratification potential. At this point, it is recommended that cultured plates are
not over 80% confluency. Otherwise the increase in number the basal epithelial K14+
cells will spontaneously differentiate into stratum granulosum of K1/10 + cells (data not
shown).
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Figure 1 (a) The in vitro commitment of PSCs towards the stratified epithelia fate involves initial induction
towards simple epithelium, subsequent basal epithelium maturation and formation of a stratified epithelium
(b) Schematic view of the in vitro commitment of PSCs towards the stratified epithelia fate, small molecules
are indicated in the figure.
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Figure 2 (a) Bright field pictures of normal PSC colonies (b) induced keratinocytes (iKCs) (c) primary
keratinocytes (pKCs) (Scale bar = 100µm) (d) Immunofluorescence staining of the basal epithelial marker
KRT14 (green) in iKCs (e) and pKCs. Cell nuclei are stained with DAPI (blue) (Scale bar = 50µm).
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a

b

Figure 3 (a) Relative gene expression of the basal epithelial markers TP63 (b) and KRT14 in iKCs (two different
cell lines WT-iPSC1/2) and human pKCs.
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Figure 4 (a) Immunofluorescence staining of the stratified epithelium marker TGM1 in iKCs at (a) day 36 (b)
48 hours after induction (c) 72 hours after induction (Scale bar = 50µm) (d) RT-qPCR analysis of (d) the basal
epithelium marker KRT5, (e) the suprabasal epithelial marker IVL and (f) CYSME for PCS, iKCs and iKCs after
48 and 72 hours of induction of stratification.
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Tables

Table 1- List of reagents
Reagent

Vendor

Catalog number

DMEM/F12

GIBCO

cat# 31966-021

Essential 8™ Flex Medium GIBCO

cat # A2858501

RevittaCell supplement

GIBCO

cat# A1517001

GeltrexTM

GIBCO

cat# A14132-01

KSFM

GIBCO

cat#17005-042

BMP-4

PromoKine

cat# C-67313

RA

Sigma-Aldrich

cat# R2625

Heparin

Sigma-Aldrich

cat# 84020

Valproic Acid

Sigma-Aldrich

cat# P4543

Suramin

Santa Cruz

cat# sc-200833
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Table 2 - Culture media
Reagent

Amount
Essential 8 ++

Basal E8

49mL

E8 supplement

1mL

Pen Strep

500µL
Basal KSFM

KSFM (1X)

500mL

BPE

1.056mL (final 30 µg/mL BPE)

EGF

2.9µL (final 0.2 ng/mL EGF)

Pen Strep

5mL
Induction Medium

Basal KSFM

40mL

RA (1mM)

10uL (final 1uM)

BMP-4 (40µg/mL)

40µL (final 40ng/mL)
Maturation Medium

Basal KSFM

40mL
Stratification Medium

Basal KSFM

40mL

FBS

4mL
Induction/EMT inhibitor Medium

Basal KSFM

40mL

RA (1mM)

10uL (final 1µM)

BMP-4 (40µg/mL)

40µL (final 40ng/mL)

Heparin Sodium Salt (5mg/mL) or

4mL (final 1mg/mL)

Suramin (10mM) or

400µL (final 100µM)

Valproic Acid (250µM)

40µL (final 0.25µM)
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Table 3 - Solutions of components

Reagent

Amount

Reconstitute

Stock solution

Storage
method

BMP-4

40µg

1mL of 4 µg M 40 µg/mL

-20OC

HCl + 0.1% BSA
Retinoic

acid 3.0044mg

10 mL DMSO

1mM

(light protected)

(light

protected)

Heparin Sodium 5mg

1mL Basal KSFM

1mL

Salt
Suramin

-20OC

-20OC

(light

protected)
50mg

14mL Basal KSFM

14mL

-20OC(light
protected)

Valproic Acid

0.072g

5mL Basal KSFM

5mL

-20OC(light
protected)

115

Pluripotent stem cell differentiation towards functional basal stratified epithelial cells

116

Chapter IV

Chapter IV
Tracking the development of basal cells in
stratified epithelia based on p63 expression

Eduardo Soares, Gaonan Zhang, Willem M. R. van den Akker, Huiqing Zhou

MANUSCRIPT SUBMITED

117

Pluripotent stem cell differentiation towards functional basal stratified epithelial cells

Abstract

Human induced pluripotent stem cells (iPSCs) that can be differentiated to virtually all
cell types and tissues are important tools for modelling human development and disease,
and for high throughput drug screenings. A model to track iPSC differentiation with
readily measurable readouts is therefore in demand for these applications. Transcription
factor p63 is a key regulator for the development and homeostasis of stratified epithelial
tissues. It is activated during embryonic development and its expression is regulated by
a long-range enhancer (p63LRE) that is composed of two evolutionary conserved
modules. Here we sought to generate iPSC cellular models with the green fluorescent
protein (GFP) as the reporter, to track epidermal commitment based on p63LREcontrolled expression. p63LRE-GFP was introduced into iPSCs by lentiviral transduction.
iPSC lines carrying integrated p63LRE-GFP were differentiated towards the epidermal
lineage under feeder-free conditions, generating iKeratinocytes (iKCs). At the final stage
of differentiation, GFP expression was monitored and observed by immunostaining and
fluorescence-activated cell sorting (FACS), consistent with up-regulated expression of
epidermal markers including p63 and KRT14. The iPSC-derived iKCs carrying p63LREGFP showed the capacity of terminal epidermal differentiation. These data
demonstrated that the established iPSC lines are good models to track epidermal
commitment and p63 expression. They are excellent tools for fundamental studies as
well as compound screening strategies related to epidermal development and p63related conditions.
Keywords: human induced pluripotent stem cells, p63, epidermal commitment
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Abbreviations

iPSC: Induced pluripotent stem cell
iKC: induced keratinocytes
E8: medium Essential E8 medium
GFP: Green Fluorescent Protein
FACS: Fluorescence-activated cell sorting
RT-qPCR: Quantitative reverse transcription PCR
DMEM: Dulbecco’s Modified Eagle’s Medium
FBS: Fetal bovine serum
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1.

Introduction

Since the discovery of induced pluripotency of human cells, human induced pluripotent
stem cells (iPSCs) have widely been applied in fundamental studies on human
development and disease as well as in translational medical research. These cells can be
generated from somatic cells of specific individuals and differentiated into virtually any
cell type or tissue in the human body (1). Many differentiation protocols have been
developed to produce either a specific (directed differentiation) or broad subset
(organoid differentiation) of cells types (2, 3). Epithelial tissues obtained from the
differentiation of iPSCs can serve as platforms for understanding development and
pathological aspects of epithelial-related diseases. Previous culture conditions to derive
epithelial cells from iPSCs include xenogeneic and undefined components (4–11). We
recently developed a fully xeno-free and feeder-free protocol that differentiates iPSCs
to epidermal keratinocytes (iKCs) (12). Up to now, heterogeneity has been observed for
epithelial cells derived from of iPSCs (12–14). This observed heterogeneity might be due
to a mix of cells with different degrees of epidermal maturation. Our recent work indeed
suggested that an activated mesodermal program during the transition from
pluripotency to the simple epithelial stage can remain active in later stages of epithelial
differentiation and can partially explain the heterogeneity. We have also shown that the
transition between simple and stratified epithelium is tightly regulated by the
transcription factor p63 (12).
p63 is a master regulator of epidermal development, and lack of functional p63 protein
can lead to epidermal related defects (15–17). It is known that p63 is expressed early
during embryonic development. In mouse E8.5 embryos, p63 expression is detected at
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branchial arches, limb buds, to the whole surface of the embryo (18). In adult tissues,
p63 is highly expressed in basal cells of stratified epithelia, either in surface epithelial
tissues, such as skin and corneal epithelium (15, 19, 20) or in internal epithelial tissues,
such as prostate and bladder (21). Therefore, the emergence of p63-positive cells is
associated with epithelial specification (22). Moreover, p63 null mice do not develop
basal stratified epithelia, and p63 has therefore been regarded as 'the gatekeeper of
the epithelial morphogenesis' (Shalom-Feuerstein, 2011).
Antonini et al. (2011) showed that p63 is able to regulate its own expression in an
autoregulatory loop. Two enhancer elements, namely C38 and C40, are important
components of this loop. These are conserved sequences in intron 5 of the p63 gene in
human and mice (23). Because these regions have strong transactivation activities when
bound by p63, they are considered as p63-bound long-range enhancer-elements
(p63LRE) (23). Given the role of p63 in epithelial commitment and its gene expression
regulated by p63LRE, we hypothesized that we can track properly committed basal
epithelial cells through the p63LRE activity and thus p63 expression.
The green fluorescent protein (GFP) is a protein composed of 238 amino acid residues
(26.9 kDa) and commonly used as a reporter gene. It can give rise to green fluorescence
at a wavelength of 502 nm when exposed to light in the blue to the ultraviolet range
(24, 25). GFP can be visualized by fluorescence microscopy, and GFP-positive cells can
be sorted by fluorescence activated cell sorting (FACS). Therefore, it is straightforward
to follow GFP expression over time without the need to destroy the cells (26).
Despite the progress in strategies of differentiating iPSCs towards the epithelial lineage,
there is no cellular system to track differentiation in the heterogeneous cell population
and to enrich populations of committed epithelial cells. Here we created iPSC cellular
models that carry GFP reporters controlled by the upstream p63LRE to monitor the
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commitment of basal epithelial cells. This approach can be used to study epithelial
development and related diseases, as well as to identify compounds for improving
epithelial commitment by high throughput screening.

2. Material and methods

2.1 Vectors and Gateway cloning. MultiSite Gateway 3-Fragment Recombination
Reaction (Thermo Fisher Scientific) was used for cloning. The turboGFP gene was
amplified from a pGIPZ plasmid (Addgene) via PCR and then cloned into a pDONR201
vector to create the entry clone pENTR201-GFP. The p63 enhancer region, p63LRE,
consisting of the regions C38 and C40, was a gift from the Missero Lab (23). p63LRE
was inserted into a pDONR221-P4P1r vector to create the entry clone pENTR-P4P1rp63LRE. Subsequent, 3-fragment recombination reaction was performed for the LR
recombination reaction using the vectors 2K7neo and 2K7bsd with pENTR201-GFP and
pENTR-P4P1r-p63LRE to generate expression vectors (27). PCR was performed with a
Phusion High-Fidelity DNA Polymerase (M0530L, New England Biolabs). PCR reactions
were performed in a T100 Thermal Cycler (Bio-Rad) according to the following protocol.
For the initial denaturation, the sample was kept at 98°C for 1 minute. In 30 cycles the
DNA was denatured at 94°C for 30 seconds. The temperature was lowered to 58°C for
30 seconds for primer annealing. Synthesis of new strands was achieved by bringing the
temperature up to 72°C for 3 minutes. After the 30 cycles, the samples were kept at
72°C for another 5 minutes before cooling them down to 16°C. For PCR primers, see
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Table 4. Gateway recombination reactions were performed according to the
manufacturers’ protocols using 5X BP Clonase Reaction Buffer, BP Clonase Enzyme Mix
provided with 5 the Gateway Cloning System Kit (Thermo Fisher Scientific). For the BP
reaction, 50 femtomoles (fmoles) of the attB PCR products and 50 fmoles of the donor
vector were used for each reaction. To perform multisite LR reactions with three vectors,
LR Clonase II Plus Enzyme Mix was used. For each LR recombination 25 fmol of the
pENTR-P4P1r- p63LRE and 25 fmoles of pENTR201-GFP where added to 13.8 fmol of
2K7neo or 2K7bsd.
2.2. Transformation of chemically competent cells. After Gateway recombination, DNA
was transformed into chemically competent DH5α cells, and into DH10β E. coli cells for
2K7 plasmids. First, 5-10 μL ligation mixture was added to 50-100 μL E. coli cells. This
mixture was kept on ice for 20 minutes before heat shocking the cells at 42 °C for 50
seconds. Then cells were transferred onto the ice for two minutes. 950 μL SOC medium
was added and cells were grown for 1 hour at 37 °C at 220 rpm. The transformed cells
were then grown on kanamycin or ampicillin LB-plates, depending on the resistance
marker, and cultured in 150 mL LB medium overnight. For isolation of plasmid from
bacterial colonies on LB-plates individual cells were picked, brought into 3-4 mL
antibiotic containing LB-medium and cultured overnight.
2.3 Isolation of DNA and selection of clones. PCR product was purified using the
QIAquick Purification Kit, according to the manufacturer’s instructions. To extract
plasmids from bacterial cultures, we used the Wizard Plus SV Minipreps DNA Purification
System (A1460, Promega). Correct clones were screened by restriction enzymes. Most
enzymes and corresponding buffers were from New England BioLabs and the enzyme
SacI from Thermo Scientific. Gel electrophoresis was performed using 1X TAE buffer
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adding 0.8% to 1.5% agarose. The 1 Kb Plus DNA Ladder (Invitrogen (10787-018)) was
used as a base pair marker.
2.4 Lentivirus Preparation. A construct, pEXP2K7bsd-p63LRE-GFP, containing the p63
enhancer driving GFP expression was isolated using a Maxiprep kit (Thermo Fisher
Scientific). The restriction enzyme EcoRI (EcoRI-HF®, New England Biolabs) was used to
confirm this vector. The digestion products were analyzed on 1% agarose gel. HEK
293T cells were seeded on 10 cm plates. When cells got 60-80% confluency, 1 ml of
calcium phosphate–DNA precipitate was added slowly and evenly over the cells in the
culture dish. The calcium phosphate–DNA precipitate was prepared by combining 5 μg
of lentivector pEXP2K7bsd-p63-GFP, 3.2 μg of psPAX2 and 1.8 μg of pMD2.G in buffer
2xCaCl2, 2xHBS, and 1/10 TE. A second incubation of 5 to 8 hours after transfection
was done and then the medium was replaced with 10 ml of HEK 293T cell culture
medium. The medium containing viral particles was collected 48 hours after transfection.
The presence of viral particles was tested using Lenti-X GoStix (Clontech), 48 hours after
transfection produced lentivirus were concentrated using 21,000 rpm centrifugation for
3h at 4°C. After removing all supernatant, viral pellets were resuspended in filter sterile
Hanks balanced salt solution without calcium (Ca2+) and magnesium (Mg2+) medium
(ThermoFischer).
2.5 Cell Culture. Two induced pluripotent stem cell lines, niPSC1 and niPSC2 (derived
from healthy donors fibroblasts, described in Soares et al., 2019), were cultured under
feeder-free conditions in Essential 8TM Medium (E8 medium, Invitrogen) with BSD, only
for the first weeks, penicillin and streptomycin (Pen/Strep) at 37°C, 5% CO2. The plates
were coated with 1:100 diluted vitronectin (VTN, Invitrogen). iPSCs were passaged every
3-4 days. Normal adult skin keratinocytes were maintained in KGM Bullet Kit medium
(Lonza) with Pen/Strep, BPE, hydrocortisone, insulin and EGF.
124

Chapter IV
2.6 Cytotoxicity Test for Lentivirus. Cytotoxicity was tested using different lentivirus
amounts on both niPSC1 and niPSC2 cell lines before transduction. Two series of
different amount of lentivirus were tested, 1 μl, 0.1μl, 0.01 μl, 0.001 μl, and 0.0001 μl
concentrated virus; and 1.25 μl, 1 μl, 0.75 μl, 0.5 μl, and 0.25 μl of the concentrated virus
that were added to 1mL of culture medium.
2.7 Blasticidin Tolerance Test. Different Blasticidin (BSD) concentrations, 2 μg/ml, 4
μg/ml, 6 μg/ml, 8 μg/ml, and 10 μg/ml, were applied on both niPSC1 and niPSC2 cell
lines, without the integration of p63LRE-GFP. By counting the extended dates that
iPSCs survived, 6 μg/ml BSD was chosen as final concentration to select infected iPSCs.
2.8 Transduction and selection for integration. niPSC1 and niPSC2 were seeded in E8
medium in 12-well plates. When the cells reached 30% confluency, 1 μl of concentrated
lentivirus was added to each well. After transduction, different BSD concentrations (2
μg/ml, 4 μg/ml, 6 μg/ml) were tested into each well to select infected iPSCs, the medium
containing BSD was changed every 24 hours. Both iPSC lines were dissociated in 0.5μM
EDTA and seeded into new 6-well plate 5 days later and the second selection was
performed using different BSD concentrations (2 μg/ml, 4 μg/ml, 6 μg/ml). Next, the
infected iPSCs that survived from double BSD (6 μg/ml) selections were seeded into
new 6-well plates and cultured in E8 medium containing 6 μg/ml BSD for at least 20
daysand passaged every 3-4 days. Transduction of keratinocytes was performed using
the same amount of lentivirus, without BSD selection.
2.9 iPSC Differentiation. iPSC differentiation towards keratinocytes was carried out as
described previously (12). iPSCs (niPSC1 and niPSC2) were seeded in single cells in 6well plates coated with Geltrex [1:100 diluted in Dulbecco’s Modified Eagle Medium
(DMEM) F12] and maintained in E8 medium. After 48 hours, the induction medium, a
combination of basal keratinocyte serum-free medium (KSFM) with epidermal growth
125

Pluripotent stem cell differentiation towards functional basal stratified epithelial cells
factor (EGF), BPE, Pen/Strep, 10ng/ml bone morphogenetic protein 4 (BMP4) and 1μM
retinoic acid (RA), was added to induce epidermal differentiation. The differentiation
medium was refreshed every other day until day 25. Samples were harvested or fixed at
day 0, day 4, day 7, day 15 and day 25. RNA from basal human primary keratinocytes,
day 0 (KCs, basal state), were included in our analysis.
2.14 RT-qPCR. Total RNA was purified from cell lysates using a NucleoSpin RNA Midi
Kit (Macherey-Nagel) according to the manufactures’ instructions. cDNA was
synthesized using 250 ng of total RNA using the iScript cDNA Synthesis Kit (Bio-Rad)
(appendix V) according to the manufacturer’s instructions. qPCR was performed and
analyzed with Bio-Rad CFX96 ® Real Time system (Bio-Rad CFX Manager 3.1). All
reactions were performed using Power SYBR Green PCR Master Mix (Bio-Rad) and
specific primers (See Table 5). Each reaction contained 12.5 μl SYBR Green PCR Master
Mix, 5 μl cDNA and 2 μl primer mix (5 μM), adjusted to 25 μl reaction volume. The follow
protocol was used: step 1, 95°C for 3 min; step 2, 95°C for 15 sec; step 3, 58°Cfor 45
sec; step 4, 95°Cfor 1 min; step 5, 65°Cfor 1 min; step 6, 65°C for 10 sec; repeat step 2
and 3 for 39 cycles. All samples were run in duplicates and normalized against the
housekeeping gene GUSB.
2.15 FACS. On day 25, iKCs cells derived from, niPSC1 and niPSC2-BSD, and primary
keratinocytes (KCs) were dissociated to single cells as previously described (12), fixed
and stained with primary β1 integrin antibody (1:250; A-4, sc-374429), followed by
incubation with the secondary antibody, Alexa Fluor 568 Goat-anti-Mouse (1:1000).
Single cells were run in a flow cytometry Cytoflex (13-colors). After scatter discrimination
to remove doublets and cellular debris, positive cells for β1 integrin and GFP were
plotted as the signal above the background unlabeled control.

126

Chapter IV

3. Results

3.1 Construction of plasmids. The starting plasmids, namely, pGL3-basic with the C38
and C40 regions (C38C40-Luc) and the lentiviral 2K7bsd and 2K7neo vectors were first
confirmed by restriction analysis (Table 1, Figure S1(a, b)). For establishing the iPSC
cellular models that can track differentiation, we chose to use two reporter genes GFP
that can be visualized in live cells, and luciferase (Luc) that can be measured
quantitatively. To generate expression vectors carrying these reporter genes controlled
by p63LRE, we decided to use the MultiSite Gateway 3-Fragment Recombination
Reaction (Thermo Fisher Scientific), as this system allows easy combinations of different
DNA fragments into various vectors. After the BP reaction to generate pENTR-P4P1rp63LRE, pENTR201-Luc and pENTR201-GFP, clones were selected based on the
restriction digestions (Table 2, Figure S2(a, b, c)). Subsequently, the MultiSite Gateway
3-Fragment Recombination Reaction for the LR recombination was performed to
generate expression vectors containing p63LRE-Luc or p63LRE-GFP into two lentiviral
plasmids with different selection markers, the 2K7bsd and 2K7neo vectors. Selected clones
were then screened by restriction digestions (Table 3, pEXP2K7bsd-p63-GFP in Figure
1(a), pEXP2K7bsd-p63-Luc in Figure 1(b), pEXP2K7neo-p63-GFP and pEXP2K7neo-p63-Luc
in Figure 1(c). For subsequent tests of these plasmids and for establishing cellular
models, we chose to use pEXP2K7bsd-p63-GFP as the first example.

3.3 Lentiviral transduction in primary keratinocytes. To confirm the constructed plasmids
and the virus carrying p63LRE-GFP (Figure 2(a)), we first transduced a primary
keratinocyte line (KCs) (Figure 2(b)) derived from a skin biopsy (12). Given that KCs
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shows high p63 expression (Figure 2(d)), we could confirm whether GFP expression is
under the control of p63. Indeed, we observed GFP signals in the cytoplasm and
sometimes in the nucleus of infected cells at 24 hours after transfection (Figure 2(e)). To
further confirm the epidermal identity of the transduced GFP-postive KCs, we examined
the cells with the epidermal transmembrane protein β1 integrin (ITGB1) (Figure 2(g)).
GFP-positive cells also showed positive signals for β1 integrin. The infection efficiency
of the virus was evaluated, and 7.5% of the KCs was GFP-positive, as quantified by FACS
(Figure 2(f)).

3.4 Cytotoxicity Test. Before lentiviral transduction, we tested the cytotoxicity of the
virus carrying p63LRE-GFP for normal iPSCs. First, we seeded the same number of
normal iPSCs, niPSC1 and niPSC2, (300000 cells/cm2) into each well and tested different
amounts of concentrated virus, 1 μl, 0.75 μl, 0.5 μl, or 0.25 μl, into cells cultured in 1 ml
medium (Figure 3(a)). The toxic influence was assessed by measuring the number of live
cells. The produced lentivirus was toxic to iPSCs, compared with a control sample
(without lentivirus) (Figure 3(a)). However, there was no clear correlation between the
cellular toxicity and the amount of virus, and even at 1 μl of the concentrated virus, there
was a sufficient number of live cells. Therefore, we decided to use 1 μl of concentrated
virus per ml of medium for transduction (Fig 3(b)).

3.5 Blasticidin Tolerance Test. As the generated lentiviral expression vector
pEXP2K7bsd-p63LRE-GFP contains the Blasticidin (BSD) selection marker, we first
tested the concentration of BSD that is sufficient to exclude iPSCs without the
integrated pEXP2K7bsd-p63LRE-GFP construct. The same number of normal iPSCs was
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seeded into each well, and different concentration of BSD was added to the iPSC
medium. All niPSC2 cells died within 9, 5, 4, 3, and 2 days at concentrations of 2, 4, 6,
8, and 10 μg/ml (Figure 3(c)), respectively. niPSC1 cells were more resistant to low BSD
concentrations, for example, cells survived longer in 2 and 4 μg/ml BSD for more than
11 days and 7 days, respectively. Cells under the concentrations of 6, 8, and 10 μg/ml
BSD died within 4, 3, and 2 days, which was similar to the niPSC2 line (Figure 3(d) and
(e)). Hence, 6 μg/ml BSD was used as the maximum for both cell lines to keep infected
cells in the 2nd round of selection (Figure 2(b); 3(d) and (e)).

3.6 Stable iPSC lines carrying p63LRE-GFP. We applied the concentrated virus carrying
p63LRE-GFP to infect iPSCs. iPSCs were then incubated twice with 2, 4, and 6 μg/ml of
BSD to select infected iPSCs (Figure 3(d) and (e)). For the niPSC2-BSD cell line, first
selections using 2 and 4 μg/ml BSD seemed to be sufficient to exclude all uninfected
iPSCs, as most cells survived during the second BSD selection using 6 μg/ml BSD (Figure
3(e)). For niPSC1, the first selection with low BSD concentrations (2 and 4 μg/ml)
appeared less efficient (Figure 4(d)). Only when BSD concentration is raised to 6 μg/ml,
a dramatic decrease of live cell was observed (Figure 4(d)). In addition, only cells
selected under the concentration of 6 μg/ml BSD showed a stable number of survived
cells during the second round of selection. Consequently, infected iPSCs grown with 6
μg/ml BSD selection were further used for subsequent analyses after transduction.

3.7 Characterization of differentiation of iPSCs with p63LRE-GFP into the epithelial
lineage. After 20 days of BSD selection, single cells from both niPSC1-BSD and niPSC2BSD cell lines were seeded on Geltrex (Gibco) coated plates in E8 medium (Gibco). Two
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days later, the iPSC medium was changed to the induction medium of the epithelial
lineage (Soares et al. 2019). Four days after induction, the morphology of both cell lines
was significantly changed, as compared to the undifferentiated state (Figure S3(a) and
(b)). Day 25 cells showed a morphology that closely resembles KCs, and therefore they
are referred to as induced keratinocytes (iKCs) (Figure S3(a) and S3(b)). Single cells from
both niPSC1-BSD and niPSC12-BSD cell lines were also seeded on coverslips following
the same differentiation protocol, for immunostaining. On day 4, both differentiated
niPSC1-BSD and niPSC2-BSD started expressing GFP in the cytoplasm, and the signal
became stronger from day 15 onwards (Figure S3(c)). We assessed differentiation by
analyzing lineage specific markers throughout the time points day 0, 4, 7, 15 and 25.
OCT4 that is a pluripotency marker was highly expressed in iPSCs but not in KCs. From
day 4 of differentiation (Figure 4(a)), the differentiated cells already had a much reduced
level of OCT4 expression, which was comparable to the primary KCs (Figure (a)). KRT18
together with its filament partner KRT8 is known to be expressed in simple epithelial
tissues of the body, but not in basal cells in stratified epithelia (28) . During iPSC-BSD
cell differentiation, the expression of KRT8/18 was upregulated on the first days, and
then downregulated towards the last day of differentiation, day 25. The pattern of
expression showed subtle differences between the different cell lines (Figure 4(b)).
KRT14 forms the cytoskeleton of basal stratified epithelial cells, which has a high
expression level in mature epidermal KCs (29, 30). In Figure 4(c), both niPSC1-BSD and
niPSC2-BSD cell lines showed increased KRT14 expression during differentiation, with
the highest signals on day 25; however, the KRT14 expression level in KCs was still 100fold higher than in differentiated day 25 cells. p63 is known to mark the cell commitment
from simple epithelial to stratified basal epithelial fate and a marker for KCs (15, 31–33).
Shown in Figure 4(c) and S3(b), p63 was induced at day 4, and slightly increased until
day 25. At the end of differentiation, the p63 expression level in both iKCs derived from
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niPSC1-BSD and niPSC2-BSD cells was comparable to KCs (Figure 4(c)). These results
are consistent to what we observed by tracking GFP expression by immunofluorescence
(Figure S3(c)). The differentiation efficiency was also analyzed by FACS. First, we
investigated the amount of both β1 integrin-positive cells in both KCs and iKCs. We
observed that the percentage of β1 integrin-positive cells in KCs was 99.6% (Figure 4(d)),
and was 99.6% for iKCs derived from niPSC1-BSD, and 98.6% from niPSC2-BSD (Figure
4(e), Figure 4(f)). Thereafter, we analyzed the amount of double-positive cells for β1
integrin and GFP in niPSC1-BSD-iKCs and niPSC2-BSD-iKCs. We observed that the
amount of GFP-positive cells was lower than β1 integrin-positive cells for both cell lines
(Figure 4(g) and (h)). Almost all p63-positive cells were β1 integrin-positive (Figure 4(g)
and (h)).
Immunofluorescence confirmed iPSC differentiation revealed by the RT-qPCR and FACS
analyses. For the niPSC1-BSD and niPSC2-BSD lines (Figure 4(a) and (b), respectively),
we observed the emergence of GFP-positive cells from day 4 onwards. Differentiated
cells were negative for OCT4 expression since day 4. KRT18-positive cells were
observed from day 4 and persisted until day 25. However, the downregulation was less
pronounced, as compared to qPCR analysis (Figure S3(c) and (d)). For the basal stratified
epithelial marker KRT14, few positive cells could be observed on day 4 (Figure S3(c) and
(d)). As differentiation proceeded, the number of positive cells increased, colocalizing
with GFP expression controlled by p63LRE. For β1 integrin, the detection of positive
cells could be observed on day 4 and persisted until day 25. The detection of this marker
also overlapped with GFP expression (Figure S3(c) and (d)).
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4. Discussion

We hypothesized that commitment towards an epithelial lineage could be followed by
p63 expression that is driven by p63LRE, and that this can be analyzed and tracked by
the use of reporter genes. Here, we integrated a reporter gene GFP under the control
of p63LRE into the genome of iPSCs via lentiviral transduction. The GFP expression is
induced during epithelial commitment, in response to the presence of p63 protein.
These cellular models and our strategy can, therefore, be used to track the activity of
p63 and epithelial differentiation.
We chose to bring p63LRE, the enhancer regions of p63 (23), and reporter genes into
lentiviral vectors via the Gateway system, as DNA fragments and genes can be easily
cloned into different destination vectors, once they have been cloned into pEntry
vectors. Using the MultiSite Gateway cloning technique, combinations of different gene
elements such as enhancer regions and different reporter genes can be made into final
destination vectors in a flexible manner (34, 35). Our strategy can be applied to track
p63 expression and activity to investigate p63 related biology and disease. So far,
p63LRE has been studied in human and mouse epithelial tissues (23, 36). The role of
p63LRE can also be studied in different cell types. For example, whether this region is
active in muscle cells where another isoform of p63 is expressed (37), or whether p63LRE
is specific for epidermal keratinocytes. The same strategy can also be used to identify
other gene or enhancer regions. In this case, the used enhancer region can be
exchanged for other regulatory regions to analyze their effects on p63 activity or the
effects of p63. Thus, a better understanding of factors that influence p63, and that are
influenced by p63, can be further investigated. As different p63 mutations give rise to
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various phenotypes in many epithelial tissues (15, 38, 39), presumably because of
differences in the strength of gene activation, the activity of reporter genes may provide
information about the spectrum of the mutations.
Presently, little is known about regulatory roles of p63 in other basal epithelial tissues,
as compared to the skin. The transduced iPSCs retain pluripotency signatures as well as
differentiation capacity, and therefore they are useful tools to study p63 functions in
other epithelial cells and tissues. These cells can also be used to: (1) obtain a more
homogeneous population of epidermal cells during directed differentiation, e.g. by
FACS analysis (40–43); (2) select epidermal cells from embryoid bodies or organoids (8,
10, 44, 45); (3) separate epithelial cells from non-epithelial cells in co-culture systems
(13). In this context, these iPSC models might be useful for lineage tracing studies in
complex tissue cultures.
To track cell differentiation, it is convenient to be able to observe live cells. For this
purpose, GFP is ideal, as the signal can be visualized directly under a fluorescent
microscope and cells can be further maintained in culture (24, 25). For quantitative
studies, a luciferase would be better, as the emitted light is directly proportional to the
concentration of luciferase (46). Our results show that the percentage of p63-GFP
expressing cells after 25 days of differentiation is lower than β1 integrin-positive cells.
This may be explained by the lower expression level of p63 as a transcription factor in
these cells, as compared to that of β1 integrin, an abundant cell surface marker. These
results indicate that p63 might be more stringent to select for mature iKCs than β1
integrin.
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Additionally, our cellular models and the tracking system can also be used to screen
compounds for epithelial differentiation from iPSCs or for restoring or reducing p63
expression. When using iPSCs carrying p63 mutations, small molecules, nucleic acids or
proteins can be examined regarding their ability to restore p63 activity. This may identify
therapeutic strategies to treat disorders arising from mutations in p63. Different studies
had been reported that loss of p63 leads to a more aggressive cancer phenotype in
squamous cell carcinomas (reviewed by Flores, 2007; Urist et al., 2002) due to an upregulation of mesenchymal and neural genes (49). In this case, the incorporation of the
p63 enhancer regions in cancer cell lines could be clinically relevant for the test of
compounds to restore p63 expression in a high throughput manner.

5. Conclusions

In this study we generated iPSC cellular models with the green fluorescent protein (GFP)
as the reporter, to track epidermal commitment based on p63LRE-controlled expression.
p63LRE-GFP was successfully transduced in human iPSCs and its activation is
concomitant with expected p63 expression during iPSC commitment towards the basal
stratified epithelial lineage. In conclusion, our cellular models are excellent tools to track
epidermal commitment and p63 expression, and can be used for fundamental studies
and compound screening strategies related to epidermal development and p63-related
diseases.
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FIGURES

FIGURE 1: Screen and confirmation of obtained plasmid by restriction digestion. (a) Restriction digestion
with EcoRI of pEXP2K7bsd-p63LRE-GFP from 8 different clones and from the control plasmid 2K7bsd (b)
Restriction digestion with EcoRI of pEXP2K7bsd-p63LRE-Luc from 8 different bacterial cultures and
2K7bsd (c) Restriction digestion with EcoRI or SacI of pEXP2K7neo-p63LRE-Luc and pEXP2K7neop63LRE-GFP and the uncut plasmid as control.
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FIGURE 2: Confirmation of the obtained lentiviral plasmid and produced virus using keratinocyte
transduction. (a) The lentiviral

construct contains Blasticidin (BSD) as selection marker, and a p63

enhancer regions that drive the expression of the reporter gene GFP (p63LRE-GFP); (b) the construct was
used to track p63 expression either in KCs or iKCs; (c) the selection of p63 positive cells can be used for
cell sorting and to give rise to a pure population of iKCs for further functional studies (d) pKCs show high
percentage of KRT14/p63+ cells in culture (Scale bars: 50μm) (e) transduction of KCs carrying p63LREGFP, showing GFP+ and GFP- cell populations (Scale bars: 100μm) (f) Percentage of infected GFP-positive
KCs; (g) Immunofluorescence of infected KCs with the virus carrying p63LRE-GFP, GFP (green), β1
integrin (red) and DAPI (blue) (Scale bars: 50μm).
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Figure 3: Virus toxicity tests and BSD selection. (a) Viral cytotoxicity was tested and the association
between virus (x axis) and cell number (y axis) was tested for both iPSCs lines, niPSC1 and niPSC2; (b)
after transduction with the virus, positive iPSCs were selected for the integration of pEXP2K7bsd-p63LREGFP with different concentrations of BSD for at least 3 weeks; (c) Blasticidin tolerance test on niPSC1 and
niPSC2; (d and e)different concentrations of BSD were used to select transduced iPSC lines niPSC1 (d)
and niPSC2 (e).
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FIGURE 4: Characterization of iPSCs carrying p63LRE-GFP. RT-qPCR analysis for differentiating iPSCs at
days 0, 4, 7, 15 and 25 (a) the pluripotency marker OCT4; (b) simple epithelial markers KRT8 and KRT18
and; (c) basal stratified epithelial markers TP63 and KRT14 (Gene expression is expressed as ratio
over GUSB and undifferentiated iPSC cells at day-0 for each cell line (n = 2 per group); FACS analysis for
the percentage of β1 integrin positive cells in (d) primary keratinocyte culture and (e and f) iKCs on day
25, niPSC1-BSD and niPSC2-BSD, respectively; (g) fraction of double positive cells for p63LRE-GFP and
β1 integrin in iKCs at day 25; niPSC1-BSD and niPSC2-BSD respectively; (h) representative
immunofluorescence images for niPSC1-BSD and niPSC2-BSD, during basal stratified commitment from
day at day 25 for the basal marker of stratified epithelia KRT14 (in red). GFP expression driven by p63LRE
is shown in the green color (Scale bars: 50μm).
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SUPPLEMENTARY

FIGURE S1: (a) Restriction digestion of C38C40-luc containing plasmid with XbaI and XhoI and with XbaI
and HindIII (b) restriction digestion of 2K7neo and 2K7bsd with PvuI.
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FIGURE S2 (a) Restriction digestion with EcoRI of pENTR-P4P1r-p63LRE isolated from three different
bacterial cultures, and pDONR22-P4P1r as a control. (b) Restriction digestion with EcoNI of pENTR201Luc isolated from three different bacterial cultures, and pDONR201 as a control (c) Restriction digestion
with NcoI of pENTR201-GFP isolate from three different bacterial cultures, and pDONR201 as a control
(left).
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FIGURE S3: Bright field pictures of iPSC-BSD differentiating toward the basal stratified epithelial fate for
the (a) niPSC1-BSD and (b) nIPSC2-BSD (Scale bars: 100μm) (b) GFP expression niPSC1-BSD and nIPSC2BSD throughout basal stratified epithelial commitment (Scale bars: 50μm) (c and d) Immunofluorescence
staining for niPC1 and 2-BSD, respectively for the pluripotency marker OCT4, the simple epithelial marker
KRT18 and the basal stratified epithelial markers KRT14 and ITGB1(Scale bars: 50μm). Days of
differentiation are indicated on the figure.
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FIGURE S4: Pluripotency of transduced iPSCs (niPSC1 and nIPSC2-BSD) was accessed by (a) expression
of pluripotency markers OCT-4 (in green for non-transduced cell lines and in red for the transduced lines)
and SSEA-4 (red for non-transduced and transduced cell lines) (Scale bars: 50μm); (b and c) potential of
differentiation towards the three different germ layers (b) schematic view of the differentiation of
transduced iPSCs towards the three germ layers: endoderm, mesoderm and ectoderm (c) expression of
pluripotency and lineage-specific markers for both transduced iPSCs lines for each different germ layer.
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TABLES
TABLE 1 – Expected fragments of the digestions of C38C40-Luc, 2K7bsd and 2K7neo

Plasmid

C38C40Luc
C38C40Luc

Enzymes

XbaI
XhoI
XbaI

Number
expected
fragments

Lengths
expected

Corresponding
figure

2

Fragments (bp)
3,792

Fig. S1a

5

1,886
3,542

Fig. S1a

HindIII

1,689
200
187

2K7bsd

PvuI

4

60
4,926

Fig. S1b

1,788
1,045

2K7neo

PvuI

3

1,017
6,273

Fig. S1b

1,788
1,045
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TABLE 2 – Expected fragments of the digestions of BP recombination reactions

Plasmid

Enzymes

Number

Lengths

expected

expected

fragments
pENTR-

EcoRI

2

P4P1r-p63

fragments (bp)
3,238

Corresponding
figure

Fig S2a

300

pDONR221- EcoRI

3

P4P1r

2,622

Fig S2a

1,444
711

pENTR201-

EcoNI

4

Luc

2,270

Fig S2b

660
634
400

pDONR201

EcoNI

1

4470

Fig S2b

pENTR201-

NcoI

3

2,502

Fig S2c

GFP

423
30

pDONR201

152

NcoI

1

4470

Fig S2c
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Table 3 – Expected fragments of the digestions of LR recombination reactions

Plasmid

pEXP2K7bsd-

Enzymes

EcoRI

Number

Lengths

expected

expected

fragments

Fragments (bp)

3

7,220

p63-GFP

Corresponding
figure

Fig 1a

899
604

pEXP2K7bsd-

EcoRI

3

p63-Luc

7,220

Fig 1b

1,908
604

2K7bsd

EcoRI

2

8,172

Fig 1a

604
pEXP2K7neop63- EcoRI

3

GFP

7,550

Fig 1c

899
604

pEXP2K7neo-

SacI

3

p63-GFP

5,206

Fig 1c

3,656
191

pEXP2K7neo-

EcoRI

3

7,550

Fig 1c

p63-Luc
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1,908
604
pEXP2K7neo-

SacI

3

p63-Luc

6,215

Fig 1c

3,656
191

2K7neo

EcoRI

2

8,502

Fig 1c

604
2K7neo

SacI

3

5,259
3,656
191
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Fig 1c
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Table 4 – List of primers used for cloning

Name

Sequence

Specification

M13-primer_FW

GTAAAACGACGGCCAG

Sequencing primer,
forward

M13-primer_RV

CAGGAAACAGCTATGAC

Sequencing primer,
reverse

pENTR_sequencing_FW

TCGCGTTAACGCTAGCATGGA
TCTC

pENTR_sequencing_rev

GTAACATCAGAGATTTTGAGA
CAC

p63_luc_DONR_seq1

ACCGGCATATGTACTGGCAG

Sequencing

primer

pDONR201

GW

insert, forward
Sequencing

primer

pDONR201

GW

insert, reverse
Sequencing
p63 enhancer (C38,
C40)

p63_luc_DONR_seq4

TTCTCGCATGCCAGAGATCC

Sequencing
luciferase gene

p63_luc_DONR_seq5

AGGCGAACTGTGTGTGAGAG

Sequencing
luciferase gene

Seq_p63-att

CGGCTCCAGATGTTCTCCTG

Sequencing
recombination site in
front

of

p63

enhancer
(C38, C40)
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Seq_luc-att

GAAAAAGTTGCGCGGAGGAG

Sequencing
recombination
site

in

front

of

luciferase gene
Seq_GFP-att

GCCACATGCACTTCAAGAGC

Sequencing
recombination

site

after GFP gene
GW_p63_attB4_forward

ggggacaactttgtatagaaaagttgAA
AAATCCTGTGATTTGGGTG

PCR C38, C40, TK
from
C38C40-Luc

with

attB4 site,
forward
GW_p63_attB1r_reverse

ggggactgcttttttgtacaaacttgGA
TCGCAGATCTGCGGCACG

PCR C38, C40, TK
from
with

C38C40-Luc
attB1r

site,

reverse
GW_luc_attB1_forward

ggggacaagtttgtacaaaaaagcagg
ctGAAGGAGATACGCCACCatgg

PCR luciferase from
C38C40-Luc

with

attB1 site, forward

aagacgccaaaaac
GW_GFP_attB1_forward

ggggacaagtttgtacaaaaaagcagg
ctGAAGGAGATACGCCACCatgg
agagcgacgagagc
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pGIPZ

GFP

from

with

attB1

site, forward
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GW_luc_attB2_reverse

ggggaccactttgtacaagaaagctggg
tCATGTCTGCTCGAAGCGGCCG

PCR luciferase from
C38C40-Luc

with

attB2 site,
reverse

GW_GFP_attB2_reverse

ggggaccactttgtacaagaaagctggg
tTTCGGCCAGTAACGTTAGGG

PCR
pGIPZ

GFP
with

from
attB2

site, reverse
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Table 5 – List of primers used for RT-qPCR

Gene

Primer Sequence (5’-3’)

Product size

Tm

F:AGAGTGGTGCTGAGGATTGG

80 bp

F: 60.3°C

symbol
GUSB

R: CCCTCATGCTCTAGCGTGTC
OCT4

F:GAGGAGCTAGGGAAAGAAAACC

R: 60 °C
138 bp

R:ACTTCACCTTCCCTCCAACC
KRT18

F: ATATCACACGACTGCAGCTG

R: 60.3°C
112 bp

R:CTGGCAATCTGGGCTTGTAG
KRT8

F: CCCAGGAGAAGGAGCAGATC

F: GGCCTGCTGAGATCAAAGACTAC

180 bp

F: TTGTACCTGGAAAACAATGCC

74 bp

F: GCTAGTCTCCAAGCGACGAA

83 bp

R: CAATTGTCATGGGATTGCAG
158

F: 63.4°C
R: 59.9°C

144bp

R: GCAAGAAGCCTCTCCTTGAA
BRACHYURY F: TGCTCATCGGAACAATTCTC

F: 61.6°C
R: 62.8°C

R: TGCTGGTCCATGCTGTTCAG
SOX2

F: 61.3°C
R: 62.2°C

R:CACTGTGGCTGTGAGAATCTTGTT
TP63

F: 57.4°C
R: 60.8°C

R:TGTTGTCCATGTTGCTTCGAG
KRT14

F: 59.7°C

F: 60.7°C
R: 59.7°C

78bp

F: 58.8°C
R: 59.9°C

Chapter IV
SOX17

F: TCCGCGGTATATTACTGCAA

99bp

R: AGCTCCTCCAGGAAGTGTGT
PAX6

F: CAGACACAGCCCTCACAAAC

R: 58.9°C
113bp

R: GGAGTATGAGGAGGTCTGGC
NANOG

F: CCTATGCCTGTGATTTGTGG

F: AAAGACATTGCGTGGTCAGG

105bp

F: CGGCCCCTCATCAAGC
R: TGACAGTTGGCACAGGACAA

F: 59.0°C
R: 58.8°C

65bp

R: GTTTCCTGTGATCGTGGGTG
GATA6

F: 59.3°C
R: 58.7°C

R: CATGGAGGAAGGAAGAGGAG
KDR

F: 59.2°C

F: 61.1°C
R: 61.4°C

71bp

F: 61.4°C
R: 61.4°C
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Abstract
Mutations in transcription factor p63 are associated with developmental disorders that
manifest defects in stratified epithelia including the epidermis. The underlying cellular
and molecular mechanism is however not yet understood. We established an epidermal
commitment model using human induced pluripotent stem cells (iPSCs) and
characterized differentiation defects of iPSCs derived from ectrodactyly, ectodermal
dysplasia, and cleft lip/palate (EEC) syndrome patients carrying p63 mutations.
Transcriptome analyses revealed stepwise cell fate transitions during epidermal
commitment: Specification from multipotent simple epithelium to basal stratified
epithelia and ultimately to the mature epidermal fate. Differentiation defects of EEC
iPSCs caused by p63 mutations occurred during the specification switch from the simple
epithelium to the basal-stratified epithelial fate. Single-cell transcriptome and
pseudotime analyses of cell states identified mesodermal activation that was associated
with the deviated commitment route of EEC iPSCs. Integrated analyses of differentially
regulated genes and p63-dependent dynamic genomic enhancers during epidermal
commitment suggest that p63 directly controls epidermal gene activation at the
specification switch and has an indirect effect on mesodermal gene repression.
Importantly, inhibitors of mesodermal induction enhanced epidermal commitment of
EEC iPSCs. Our findings demonstrate that p63 is required for specification of stratified
epithelia, and that epidermal commitment defects caused by p63 mutations can be
reversed by repressing mesodermal induction. This study provides insights into disease
mechanisms underlying stratified epithelial defects caused by p63 mutations and
suggests potential therapeutic strategies for the disease.
Key words p63 | single-cell RNA-seq | stratified epithelia | EEC | cell fate commitment
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Significance

Mutations in p63 cause several developmental disorders with defects of epithelialrelated organs and tissues, including the epidermis. Our study dissects the unknown
cellular and molecular pathomechanism. We utilized human induced pluripotent stem
cells (iPSCs) derived from ectrodactyly, ectodermal dysplasia, and cleft lip/palate (EEC)
syndrome patients carrying p63 mutations, and studied transcriptomic and genomic
changes during differentiation of these cells to epidermal cells. Our analyses showed
that specification of the proper epithelial cell state was affected by p63 EEC mutations,
with abnormal mesodermal activation. Inhibitors of mesodermal induction enhanced
epidermal commitment. This study provides insights into disease mechanisms
associated with p63 mutations and suggests potential therapeutic strategies.
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Introduction

The transcription factor p63 is a key regulator in development of stratified epithelia in
many organs (1–3). Deletion of p63 in mice results in striking developmental defects or
even complete absence of stratified epithelia in organs such as the epidermis (2–5). In
humans, heterozygous mutations in TP63 encoding the p63 protein give rise to several
autosomal dominant developmental disorders (6). These disorders manifest defects in
tissues and organs where stratified epithelia are present, and their phenotypes resemble
those in p63 knockout mice (2, 3), although in milder forms. One of these disorders is
ectrodactyly, ectodermal dysplasia, and cleft lip/palate (EEC) syndrome (OMIM 604292)
that is associated with mutations located in the p63 DNA binding domain (7). EEC
patients exhibit all of the characteristic phenotypes of p63 mutation-associated diseases,
namely, defects in the epidermis and epidermal-related appendages, limb malformation,
and orofacial clefting. Hotspot mutations in the p63 DNA-binding domain affecting
amino acids such as R204 and R304 have been reported to account for ∼90% of the EEC
cases (8). Consistent with the dominant inheritance pattern, these mutations have been
shown to have a dominant negative effect by abolishing p63 DNA binding (7). How p63
EEC mutations affect development of stratified epithelia at the cellular and molecular
level is however not yet fully understood.
The epidermis is probably the best studied model for p63 function. It has been
established that p63 plays a pivotal role in epidermal keratinocytes (KCs) and
orchestrates essential cellular programs, including stem cell maintenance and
proliferation, differentiation, and adhesion (9–11). In 2 different p63 knockout mouse
models, epidermal defects have been consistently reported (2–5), even though 1 of the
models was later shown to be hypomorphic (12). It has also been shown that the
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epithelial fate is compromised in p63-deficient epidermal cells (13). Although p63 has
undoubted importance in epithelial cells, the cellular function of p63 during epidermal
development is still under debate. One model suggests that p63 is not required for
commitment toward the epidermal fate, as a small number of cells expressed epidermal
marker genes Krt5 and Krt14, and the morphology of cells and tissues was relatively
normal in p63 knockout mice (5). Other studies reported that cells and tissues in p63
knockout mice retained Krt8 and Krt18 expression that marked the ectodermal rather
than the epidermal fate, concomitant with induced mesodermal genes (14). These
findings support a model in which p63 is essential for epidermal commitment and acts
as a gatekeeper of the epithelial lineage (14). One explanation for these opposite
interpretations is probably because observations were made based on a limited panel
of marker genes or from a small number of cells in a heterogeneous population. The
analysis of the complete transcriptome, especially the single-cell transcriptome that
captures heterogeneous cell states (15, 16), may resolve this issue.
Human induced pluripotent stem cells (iPSCs) have provided revolutionary tools for
disease modeling and for testing potential therapeutic compounds using relevant
patient material (17). In this study, we derived epidermal KCs from human iPSCs of
healthy controls and EEC patients carrying a p63 mutation, R204W or R304W (18). Bulk
and single-cell RNA-seq were performed to examine cell states using an in vitro
epidermal commitment model. The time course RNA-seq analysis during epidermal
commitment of control iPSCs showed that the initial iPSCs entered an intermediate
“multipotent” phase before switching and committing toward the basal stratified
epithelial fate, followed by a maturation phase specific for the epidermal fate.
Importantly, EEC iPSCs largely failed to make the switch toward the epithelial fate and
showed enhanced nonepithelial cell identity. Epidermal commitment of EEC iPSCs was
enhanced by inhibitors of mesodermal induction. It should be noted that 1 of the N165
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terminal isoforms, ΔNp63, is predominantly expressed and shown to be essential in
epidermal cells (1, 10, 13). Our findings may therefore be most relevant to the biology
of the ΔNp63 isoform.

Results

Generation of Functional Induced Keratinocytes (iKCs) from iPSCs. To obtain robust
epidermal commitment readouts, we used control iPSCs derived from 2 different
individuals, generated from dermal fibroblasts donated by healthy individuals. One
commonly used human embryonic stem cell line (ESC-H9) (19) was also used in parallel
as the control. Pluripotency and the differentiation capacity of the 2 iPSC lines were
confirmed by the expression of pluripotency marker genes, OCT4 and SSEA4, and the
in vitro differentiation assay to 3 germ layers (SI Appendix, Fig. S1). All 3 lines together
are termed pluripotent stem cells (PSCs). To facilitate transcriptome studies, we
established a complete feeder-free workflow (Fig. 1A) by modifying a 30-d
differentiation protocol of combining retinoic acid (RA) for inducing the ectodermal fate
and bone morphogenetic protein 4 (BMP4) for repressing the neuronal fate (20). Using
this workflow, we directed the 3 control PSC lines toward the epidermal fate and
examined the differentiation process at days 0, 4, 7, 15, and 30. The morphology of
differentiating PSCs started to change on day 4 into a cobblestone shape that was
similar to that of keratinocytes (Fig. 1A). The basal epidermal markers p63 and KRT14
were induced weakly on day 4, became more visible on day 7, and were then
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progressively up-regulated till day 30 in iKCs (Fig. 1 B and C). Epidermal commitment
of these PSCs was also confirmed by marker gene expression at the mRNA level, namely
down-regulated pluripotency marker OCT4, firstly induced and subsequently decreased
simple epithelial markers KRT8 and KRT18, and up-regulated TP63 and KRT14 (Fig. 1D).
To assess whether the PSC-derived iKCs harbored stratification potential, we induced
terminal differentiation of iKCs by including serum in the 2D culture medium. Upon
induction for 72 h, induced expression of terminal differentiation markers,
transglutaminase I (TGM1), involucrin (IVL), and cysteine protease inhibitor cystatin M/E
(CYSME), was detected (SI Appendix, Fig. S2 A and B). These data indicated that these
iKCs behave similarly to epidermal KC that can stratify. Taken together, iKCs derived
from PSCs displayed both morphological and functional properties of epidermal KCs.
To characterize the epidermal commitment process, we performed time-course RNAseq analyses of differentiating PSC cells, and compared them with that of primary
epidermal KCs (Dataset S1). K-means clustering analysis of the top 500 differentially
expressed (DE) genes during differentiation identified 6 distinct clusters (Fig. 1E, SI
Appendix, Fig. S2E, and Dataset S2). Cluster 1 (e.g., NANOG) and cluster 2 (e.g., SOX2)
were highly expressed in PSCs, and contained genes involved in stem cell maintenance
and early embryonic morphogenesis based on gene ontology (GO) analysis. Genes in
cluster 3 such as MSX1 were transiently induced and subsequently switched off and are
involved in embryonic development (reproduction) and cell proliferation. Genes in
cluster 4, e.g., IGFBP3, were induced during early epidermal differentiation and stayed
at a high level until differentiation day 30. Many of these genes play roles in cell
migration and adhesion, embryonic morphogenesis, and development of different
organs. Importantly, cluster 5 included genes such as KRT5 and TP63 that are involved
in epithelial and epidermal development, desmosome assembly, and extracellular
matrix organization. These genes were lowly expressed or not expressed in PSCs and
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during early differentiation and significantly induced on day 15 and remained high on
day 30. The expression levels of these genes were similar to their expression in KCs.
Remarkably, ΔNp63 was the only induced and expressed p63 isoform that was detected
in our RNA-seq data (SI Appendix, Fig. S2I) and quantitative RT-PCR (qRT-PCR) analyses
during PSC differentiation (Fig. 1D). This is consistent with the previously reported role
of this p63 isoform in epidermal development (1, 10, 13). Interestingly, cluster 6 also
contained epidermal genes such as KRT14, IVL, and FLG that play roles in keratinocyte
differentiation and barrier formation, although they remained lowly expressed in day-30
iKCs as compared to primary KCs. The gene expression during differentiation was also
shown by principal component analysis (PCA), indicating that PSCs went through
distinct phases during epidermal commitment (SI Appendix, Fig. S2 C and D and
Dataset S3).
Our RNA-seq analyses revealed different phases of gene expression during epidermal
differentiation; for example, cluster 2 and cluster 3 genes were induced at a high level
at an early differentiation stage (days 4 and 7) and subsequently turned off, and cluster
5 and 6 genes were expressed at the end of epidermal differentiation (day 30) or in
epidermal keratinocytes. This dynamic gene expression pattern probably represents a
switch from a multipotent state to the epidermal fate during development. To
interrogate whether the dynamic gene expression pattern observed in our in vitro
cellular model recapitulates in vivo epidermal development, we examined RNA-seq data
obtained from the mouse embryonic epidermis (21). Cluster 2 and 3 genes indeed
showed a higher level of expression in the E9 mouse embryonic skin, whereas cluster 5
and 6 genes had a higher expression in E13 mouse embryonic skin (Fig. 1F). These
findings demonstrate that the gene expression pattern obtained from PSC epidermal
differentiation is consistent with that during epidermal development in vivo.
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p63 Predominantly Controls Genes during the Switch from the Multipotent State to
the Epidermal Fate. To characterize the role of p63 during epidermal commitment, we
searched for genes that were potential direct targets of p63. We firstly identified p63bound enhancers that were dynamically changed during commitment. For this, we
utilized p63 binding sites identified by p63 ChIP-seq in epidermal KCs (GEO:
GSE119997) (22) and open chromatin regions identified by assay for transposase
accessible chromatin followed by sequencing (ATAC-seq) generated during ESC
epidermal commitment (GEO: GSE108248) (23). We took this approach because the
p63 protein level was low at the initiation stage of iPSC epidermal commitment, and
p63 ChIP-seq using differentiated iPSCs was likely unreliable. A total number of 9,361
genomic binding regions of p63 (p63 binding sites) were clustered to 4 groups using
ATAC-seq intensity obtained during ESC epidermal commitment. Among them, only
cluster 4 p63 binding sites (2,454 peaks in 9,361) were induced consistently during
epidermal commitment and ATAC-seq signals remained at a high level in epidermal
keratinocytes (SI Appendix, Fig. S2G). In parallel, we also examined p63 binding sites
using an ATAC-seq analysis generated using p63 knockout ESC cells (23). Only 10% of
these sites (cluster 3; 794/9,361) did not seem to fully lose ATAC-seq signals in p63
knockout cells (SI Appendix, Fig. S2H). These findings indicate that the large majority of
p63 binding sites identified in KCs are indeed dependent on p63 expression.
Subsequently, we overlapped induced p63 enhancers (cluster 4 in SI Appendix, Fig. S2G)
and p63-dependent enhancers (clusters 1 and 2 in SI Appendix, Fig. S2H), and obtained
2,226 sites that were considered p63-dependent dynamic enhancers during epidermal
commitment, thereafter termed “dynamic p63 enhancers.” We then used these 2,226
dynamic p63 enhancers to map potential p63 direct target genes in the 6 clusters of
differentially regulated genes (Fig. 1G). Intriguingly, cluster 5 that contains genes
induced on days 15 and 30 during epidermal commitment showed the highest
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percentage of potential direct p63 targets, significantly higher than the random
expectation (P value = 2.2e16) and that of any other clusters (Fig. 1G and SI Appendix,
Fig. S2F), indicating that p63 controls the cell specification switch from multipotent state
to the epidermal fate. Furthermore, cluster 1, 2, and 3 genes that were expressed at
high levels at early differentiation stages (days 0 and 4) when p63 expression was barely
detectable had even lower percentages than the random expectation (P value = 3.0e13, 5.2e-05, and 2.0e-07, respectively), demonstrating that these genes are not under
the control of p63. As comparison, we also mapped p63 binding sites to potential target
genes, using ChIP-seq data obtained from ESCs on differentiation day 7 or from
epidermal KCs (22, 23).
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Fig. 1. Generation and characterization of iKCs using human PSCs. (A) The schematic protocol for PSCs
differentiation toward iKCs is perpendicularly presented to the bright field images of 3 different control
PSC cell lines (niPSC1, niPSCs2, and ESC-H9) that were induced for epidermal differentiation. (Scale bars,
100 µm.) (B) Immunofluorescence staining for p63 (red) on different days during differentiation (indicated
in A). Cell nuclei were stained with DAPI (blue). (Scale bars, 50 µm.) (C) Immunofluorescence staining
for KRT14 (green) during differentiation. Cell nuclei were stained with DAPI (blue). (Scale bars, 50 µm.) (D)
qRT-PCR analysis of marker genes during differentiation. Gene expression is expressed as ratio
over GUSB and undifferentiated day-0 samples for each cell line (n = 2 per group). Data are presented as
mean ± SD. (E) Heatmap of 6 clusters of DE genes in PSCs (niPSC1) during differentiation and in human
primary KCs. The colors in the heatmap indicate high (red) or low (blue) expression across the sample set.
(F) Relative gene expression presented in the log scale of ratios between the epidermis in E13 to E9 in
mouse embryos. The genes included in this plot are differentially regulated genes in 6 clusters in E. (G)
Percentage of potential p63 target genes in each of the 6 clusters in E. The potential p63 targets were
mapped using dynamic p63 enhancers.
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There was no significant enrichment or less significant enrichment of p63 targets in
cluster 5 genes, respectively, as compared to the random expectation (SI Appendix, Fig.
S2F). These findings showed that using these 2,226 dynamic p63 enhancers is a
preferred method to identify direct p63 target genes during epidermal commitment.

Differentiation Defects of PSCs Carrying p63 EEC Mutations during Epidermal
Commitment. Next, we examined the p63 function in epidermal specification by
analyzing the effect of p63 EEC mutations during epidermal commitment. For this, we
used 2 previously described iPSC lines derived from EEC patients who carry mutations
in the p63 DNA-binding domain, R204W or R304W (18), termed EEC-iPSCs. The
mutations in these iPSCs were confirmed by Sanger sequencing analyses (SI Appendix,
Fig. S3A). The morphology of control PSCs and EEC-iPSCs at the undifferentiated and
early differentiation stages (days 0 and 4) was indistinguishable (Figs. 1A and 2A).
Morphological differences between control PSCs and mutant iPSCs became evident
from differentiation day 7. Many EEC-iPSCs lost the typical cobblestone shape, started
to detach from culture plates, and few cells survived until day 30 (Fig. 2A). qRT-PCR
analyses showed that OCT4 expression decreased, and simple epithelial gene KRT8 and
KRT18 expression was not significantly different in all PSCs (Fig. 2B). This is expected,
as these gene are known not to be under the control of p63 (14). In contrast, the
epidermal markers p63 and KRT14 whose expression was progressively increased in
control PSCs (Fig. 1 B–D) was significantly affected in EEC-iPSCs (Fig. 2 B and C and SI
Appendix, Fig. S3C).
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To corroborate that impaired commitment indeed results from p63 EEC mutations, we
generated PSCs that contained the EEC R304W mutation on isogenic backgrounds of
control PSCs. This was performed by introducing the mouse p63 R304W mutant into
control iPSC1 (niPSC1) and ESC-H9, termed iso-R304W PSCs. Expression of the MYCtagged p63 R304W mutant transgene was confirmed by immunostaining (Fig. 2D) and
by sequencing of the cDNA derived from iso-R304W PSCs (SI Appendix, Fig. S3B).
During differentiation of these iso-R304W PSCs, heterogeneous cell morphology was
observed (SI Appendix, Fig. S3D), similar to the morphology detected during EECiPSC
differentiation (Fig. 2A). Importantly, in contrast to the strong induction of epidermal
marker KRT14 in the isogenic niPSC1 on differentiation day 15, no induction was
observed in both iso-R304W PSCs (Fig. 2 D and F). qRT-PCR analyses also showed
consistent marker gene expression, as compared to EECiPSCs (SI Appendix, Fig. S3E).
The expression of TP63 in isoR304W PSCs stayed unchanged (SI Appendix, Fig. S3E),
as the mouse p63 R304W mutant was expressed constitutively in these cells. These data
unambiguously demonstrated that the expression of the mutant p63 in PSCs abrogate
the function of the normal p63 and affects the switch from the multipotent simple
epithelial state to the epidermal fate during epidermal commitment. These findings also
consolidate the dominant negative model of p63 EEC mutations proposed previously
(7).
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Fig. 2. Differentiation defects of PSCs carrying p63 EEC mutations. (A) Bright field image of patientderived EEC-iPSCs, R204W and R304W, during epidermal differentiation until day 15. (B) qRT-PCR
analysis of marker gene expression in control niPSC1 and EEC-iPSCs. Gene expression is expressed as
the ratio over GUSB and undifferentiated day-0 samples for each cell line (n = 2 per group). Data are
presented as mean ± SD, *P < 0.05, **P < 0.01. (C) Immunofluorescence staining for KRT14 (green) and
DAPI (blue) in niPSC1 and EEC-iPSCs during differentiation. (Scale bars, 50 µm.) (D) Immunofluorescence
staining for the MYC-tag (green) and DAPI (blue) in iso-R304W PSCs (niPSC1-R304W and ESC-H9-R304W)
on day 15. (Scale bars, 50 µm.) (E) Immunofluorescence staining for the epidermal marker KRT14 (green)
and DAPI (blue) in iso-R304W PSCs (niPSC1-R304W and ESC-H9-R304W) on day 15. (Scale bars, 50 µm.)
(F) qRT-PCR analysis of the epidermal marker KRT14 expression in control niPSC1 and iso-R304W PSCs.
Gene expression is expressed as the ratio over GUSB and undifferentiated day-0 samples for each cell
line (n = 2 per group). Student’s t test was performed comparing the committed cells against day 0, for
each genotype. Data are presented as mean ± SD.
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Deregulated Epithelial Gene Expression in Differentiating PSCs Carrying p63 EEC
Mutations. To characterize EEC-iPSC commitment at the molecular level, we performed
RNA-seq analysis of these cells during epidermal differentiation (SI Appendix, Fig. S4B
and Dataset S1). K-means clustering analysis of the top 500 DE genes identified 7
clusters (Fig. 3A, SI Appendix, Fig. S4A, and Dataset S4). Generally, the expression
pattern of these 7 clusters of genes was consistent with that in control PSCs during
differentiation, with down-regulated genes in clusters 1 and 2 playing roles in stem cell
maintenance and genes in clusters 3 and 4 that were initially induced and subsequently
down-regulated functioning in morphogenesis. Cluster 6 included genes that were upregulated during differentiation, and many are known for a role in epidermal
development. For some of these genes, there was no obvious difference between
control PSCs and EEC-iPSCs. Among the 7 clusters, 2 clusters, clusters 5 and 7, showed
a clear difference between control PSCs and EEC-iPSCs at later stages of differentiation
(day 7 onwards) when p63 expression became readily detectable (Fig. 3A and SI
Appendix, Fig. S4A). Cluster 5 contained genes that were expressed at a higher level in
EEC-iPSCs at differentiation stages on days 7 and 15, as compared to control PSCs.
These genes were strongly enriched for functions in immune and defense response,
such as IFNB1 and IFIT1. Cluster 7 genes were strongly up-regulated in control PSCs at
late differentiation stages on day 15 and day 30, but remained consistently low in EECiPSCs. Genes in this cluster included KRT5 and KRT1 that have important roles in
regulating epidermal development. This deregulated gene expression pattern,
accompanied by differentiation defects of EEC-iPSCs observed at this stage, showed
that these 2 clusters of genes are deregulated due to p63 EEC mutations.
To corroborate these observations from in vitro human iPSC differentiation with in vivo
development controlled by p63, we compared expression of cluster 5 and 7 genes with
expression of genes that were deregulated in the embryonic epidermis of a p63
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knockout model (21). Cluster 5 genes that contains many nonepithelial genes (e.g.,
immune genes) and were expressed at high levels in EEC-iPSCs had high expression in
the p63 KO epidermis. In contrast, cluster 7 genes that includes many epidermal genes
and were down-regulated in EEC-iPSCs had high expression levels in the mouse
embryonic epidermis where p63 function is normal (HET) (Fig. 3B). Furthermore, we
examined whether these cluster 5 and 7 genes were p63 direct targets by using the
2,226 dynamic p63 enhancers. Cluster 7 genes were highly enriched for p63 direct
targets, as compared to the random expectation (P value = 2.2e-16), whereas cluster 5
genes that mainly play roles in nonepithelial functions did not have enriched p63 targets
and were likely not p63 direct targets (Fig. 3C). These findings show that gene
expression dynamics observed during iPSC differentiation is consistent with in vivo
epidermal development and suggest that p63 directly controls epidermal gene
activation during commitment. Nonepithelial gene activation is probably an indirect
effect caused by p63 EEC mutations. To further assess the gene expression difference
between control PSCs and EEC-iPSCs, we looked for consistent DE genes that were
common to both EEC mutations, R204W and R304W, on differentiation day 15 (SI
Appendix, Fig. S4C and Dataset S5). Commonly down-regulated genes (241) in EECiPSCs were related to epithelial and epidermal development (e.g., KRT5 and S100A9),
whereas up-regulated genes (296) in both EEC-iPSCs were enriched in functions such as
cell migration (IGFBP5) and nonepithelial functions such as immune response (IFIT2) (SI
Appendix, Fig. S4D and Dataset S5). We subsequently chose several deregulated typical
epidermal and nonepidermal genes and validated their expression in control PSCs, EECiPSCs, and the isogenic iso-R304W PSCs by qRT-PCR analyses. Our analyses confirmed
that epidermal genes KRT14, COLA17A1, and ITGB4 were consistently down-regulated
in EEC-iPSCs and in isogenic iso-R304W PSCs, whereas nonepithelial genes VIM and
MSX1 were up-regulated, as compared to control PSCs (Fig. 3D). The up-regulation of
VIM in EEC-iPSCs was also confirmed at the protein level (Fig. 3E). These data agree
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with the previous study showing differentiation defects of EEC-iPSCs and up-regulation
of mesodermal genes during epithelial commitment (14), suggesting that the acquisition
of the epithelial fate is impaired in EEC-iPSCs.

Fig. 3. Deregulated epithelial gene expression in PSCs carrying p63 EEC mutations. (A) Heatmap of 8
clusters of DE genes in PSCs (niPSC1) and EEC-iPSCs during differentiation and in KCs. The colors in the
heatmap indicate high (red) or low (blue) expression across the sample set. (B) Relative gene expression
presented in the log scale of ratios between normal (HET) to KO mouse embryonic epidermis. The genes
included in this plot are those in clusters 5 and 7 in A. (C) Percentage of potential p63 target genes in
clusters 5 and 7 in A. The potential p63 targets were mapped using dynamic p63 enhancers. (D) qRT-PCR
analysis of epithelial KRT14, COL17A1, and ITGB4 and known nonepidermal genes VIM and MSX1 in
control niPSC1, EEC-iPSCs, and isoR304W-PSCs on differentiating day 15. Gene expression is expressed
as the ratio over GUSB and niPSC1 for each gene (n = 2 per group). (E) Immunfluorescence of VIM in
control ESC-H9 and EEC-iPSCs on day 15. (Scale bars, 100 µm.)

Cell State Heterogeneity during Differentiation Identified by Single-Cell RNA-Seq.
As differentiating PSCs are heterogeneous, to identify cell states associated with EECiPSCs that failed to commit to the epithelial fate, we performed single-cell RNA-seq
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using a modified single-cell tagged reverse-transcription sequencing (STRT-seq)
protocol (24). In total, we analyzed the transcriptome of 1,250 single cells from control
PSCs and EEC-iPSCs at different differentiation stages, as well as from primary KCs of a
control and of the same EEC patients carrying R204W and R304W. After filtering based
on the data quality (SI Appendix, Fig. S5), we obtained the transcriptome of 964 single
cells. Following normalizations to get rid of batch effects (25), we detected 500 DE
genes and performed PCA analysis (Fig. 4A). Upon differentiation, DE gene expression
of all PSCs showed a triangle-shape transition in PCA. Genes associated with PC1 (14.5%)
showed an enrichment for functions in epidermal and epithelial development, whereas
genes associated with PC2 (11.4%) were more enriched for migration, defense, and
extracellular matrix functions (Fig. 4B and Dataset S6). On day 15, DE genes reached
the highest level along PC2, with those of EEC-iPSCs higher than those of control PSCs.
DE genes of day30 iKCs moved down along PC2 toward primary KCs. The PCA analysis
suggests that control PSCs went through an intermediated phase before committing to
iKCs, and EEC-iPSCs did not switch to the route toward the epidermal fate. Furthermore,
t-distributed stochastic neighbor embedding (t-SNE) analysis showed that control PSCs
and EEC-iPSCs before differentiation clustered together, and upon differentiation
induction when p63 expression became detectable, differentiating control PSCs and
EEC-iPSCs clustered into distinct groups (SI Appendix, Fig. S6B). These findings are
consistent with differentiation defects observed in differentiating EEC-iPSCs and with
the data from the bulk RNA-seq analyses, suggesting that expression of mutant p63
gave rise to distinct cell states.
For identifying cell fates, we deconvoluted bulk RNA-seq data of cells derived from
different embryonic origins (the ENCODE data and GEO: GSE101661) (26) using our
single-cell transcriptome. As expected, the starting PSCs showed high correlations with
ESC-H9 bulk RNA-seq data, and the correlations decreased when PSCs were induced
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for differentiation (SI Appendix, Fig. S6C). In addition, primary control KCs, EEC-KCs,
and day-30 control iKCs showed high correlations with the 2 types of epithelial cells,
normal human epidermal keratinocytes (NHEKs) and human mammary epithelial cells
(HMECs) (SI Appendix, Fig. S6C). These high correlations were also consistent with the
high expression level of KRT5 in these cell types (SI Appendix, Fig. S7 A and B).
Furthermore, it is noticeable that differentiating control PSCs on day 15 showed the
highest correlation with embryonic cells (SI Appendix, Fig. S6C). These data indicate
that a multipotent cell state is established at early stages during normal PSC
differentiation, before the switch toward epidermal fate. When interrogating the cell
state of differentiating EEC-iPSCs on day 15, the most striking observation was the high
correlation of EEC-iPSCs with nonepithelial cells, human skeletal muscle myoblasts
(HSMMs), normal human lung fibroblasts (NHLFs), human umbilical vein endothelial cells
(HUVECs), and ESC-derived other cell types (SI Appendix, Fig. S6C). The correlations
were consistent with higher expression of nonepithelial genes such as VIM, MMP, and
IFIT genes in EEC-iPSCs, especially in R304W-iPSCs (SI Appendix, Fig. S7 A and B).
These findings indicate that EEC-iPSCs exhibited an enhanced nonepithelial cell state,
arguing that they retained the multipotent cell state and that differentiation defects
caused by p63 EEC mutations occurred during the switch to the epidermal fate.
In summary, the single-cell transcriptome data demonstrated the cell state
heterogeneity during in vitro PSC epidermal commitment. Collectively, our temporal
transcriptome analyses indicate that the normal epidermal commitment process consists
of several connected yet distinct phases. Furthermore, differentiated PSCs carrying EEC
p63 mutations retained nonepithelial cell identity, suggesting that these mutations
disturbed the switch from the multipotent state to the basal stratified epithelial fate,
and p63 expression is not sufficient for epidermal maturation.
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Fig. 4. Cell state heterogeneity during differentiation identified by single-cell RNA-seq. (A) PCA of the
top 500 highly variable (HV) genes obtained from single-cell RNA-seq during epidermal differentiation of
PSCs and primary KCs. Colors represent cell lines; shapes represent differentiation days. (B) GO analysis
showing biological process terms enriched for PC1 and PC2 axes. The gene ratio is indicated by the dot
sizes and the significance by the color of the dot (red, low P value; blue, high P value).
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Deviated Commitment Route with Enhanced Nonepithelial Cell Fates in EEC-iPSC
Differentiation. To identify the timing of affected cell states and the potential
alternative differentiation route of EEC-iPSCs, we examined differentiation trajectories
of PSCs toward KCs using pseudotime analysis Monocle (15). When cells were ordered
according to gene expression pseudotime, control PSCs exhibited a switch at day 7 and
day 15, and then progressed on the path toward primary KCs, even though most day30 control PSCs did not reach the primary KC state (Fig. 5A). In contrast, differentiated
EEC-iPSCs were more heterogeneous and diverted toward other directions. Although
both EEC-iPSC lines had a small number of cells moving in the pseudotime path toward
primary KCs, R304W-iPSCs showed more subbranches and more cells at subbranches
than that of R204W-iPSCs, suggesting more severe differentiation defects (Fig. 5A).
When primary KC profiles were excluded in the analysis, the bifurcation that occurred
on day 7 and day 15 between control PSCs and EEC-iPSCs became more apparent (Fig.
5B). The pseudotime path of differentiated R304W-iPSCs and the majority of
R204WiPSCs took an alternative direction (branch 2 in Fig. 5B) other than the path of
control PSCs. According to the pseudotime ordering, differentially regulated genes
were clustered into 6 clusters, and cluster 1 and 2 genes corresponded to the bifurcation
branches 1 and 2, respectively (Fig. 5C). GO analyses of cluster 1 genes showed that
these genes were associated with epidermal development and keratinocyte
differentiation, whereas that of cluster 2 genes showed an enrichment of genes involved
in immune response (Fig. 5D and Dataset S7). In agreement, correlation analyses to bulk
RNA-seq data showed that genes enriched for branch 1 cells had a higher correlation
to gene signatures of epithelial NHEK and HMEC cells, and genes enriched for branch
2 cells correlated better to HSMM and other nonepithelial cells (Fig. 5E and SI Appendix,
Fig. S6C). Genes in other clusters were expressed earlier during differentiation (Fig. 5 B
and C). These data demonstrated that the differentiation route of EEC-iPSCs largely
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deviated from the normal commitment route toward the epithelial fate. The deviation
occurred at the multipotent state on differentiation days 7 and 15 when p63 expression
was detectable, prior to epidermal maturation.

Fig. 5. Deviated commitment route with enhanced nonepithelial cell fates in EEC-iPSC differentiation. (A)
Differentiation gene expression trajectories of control niPSC1 and EEC-iPSCs during differentiation and
that of primary KCs using pseudotime (Monocle) analysis. Differentiation days are indicated by colors. (B)
Differentiation gene expression trajectories of control niPSC1 (pink) and EEC-iPSCs, R204W-iPSCs (blue),
and R304-iPSCs (green) during differentiation using pseudotime (Monocle) analysis, without primary KCs.
Differentiation days are indicated by shapes. (C) Heatmap of 6 clusters of DE genes detected by
pseudotime analysis based on their Z-scores (indicated by the color). (D) GO analysis showing biological
process terms enriched for DE genes in each cluster. The gene ratio is indicated by the dot size and the
significance by the color of the dot (red, low P value; blue, high P value). (E) Correlation of the single-cell
transcriptome against bulk RNA-seq data of NHEKs and HSMMs. Correlation coefficient is indicated by
color.
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Epidermal Differentiation Enhanced by Inhibitors of Mesodermal Induction. As
differentiated EEC-iPSCs had higher expression of immune response genes and a higher
correlation with HSMM, we reasoned that these differentiated EEC-iPSCs exhibited an
enhanced mesodermal identity, as both the immune system and skeletal muscles derive
from the mesoderm. To directly assess whether the mesodermal activation is associated
with the commitment defects of EEC-iPSCs and whether repressing mesodermal
activation can enhance epidermal differentiation of EEC-iPSCs, we tested 3 inhibitors
that can repress mesodermal induction, heparin, valproic acid (VA), and suramin (27–29).
Given that PSCs entered a multipotent state on differentiation day 7, and p63 started
to be highly expressed and exerted its role to activate epidermal genes for epidermal
commitment (Fig. 1 B, E, and G), we decided to include these inhibitors in the
differentiation medium from day 7 onwards (Fig. 6A). For these experiments, we chose
to use the R304W mutant, as R304W-iPSCs gave the most severe defects during
differentiation and additional iso-R304W PSC lines were available to be tested in parallel.
Without treatment, differentiating R304W-iPSCs and isoR304W PSCs suffered from
severe cell death in the normal differentiation medium on day 15 (Figs. 2A and 6B).
Upon treatment, cells survived beyond day 15, especially in the suramin-containing
medium, and differentiated PSCs had a cobblestone morphology that was similar to
primary KCs on day 15 (Fig. 6B).
To identify the global gene expression change and pathways associated with suramin
treatment, RNA-seq analyses were performed. PCA analysis (Fig. 6C and Dataset S8)
showed significant changes in the transcriptome for iso-R304W PSCs (both PC1 and PC2)
and less significant changes for R304W-iPSCs (PC2). GO analysis of genes associated
with PC1 showed enrichment of genes associated with immune and defense response,
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whereas genes associated with PC2 that were rescued in all R304W cells were enriched
for genes important for epidermal development, such as KRT5 and EDAR2 (Fig. 6E and
SI Appendix, Fig. S8). To better examine whether suramin-treated R304W PSCs were
indeed more similar to controls cells, we mapped the transcriptome of suramin-treated
PSCs into the differentiation trajectory of niPSC1 between differentiation days 7 and 15
(Fig. 6D), using initial PCA of all PSCs (SI Appendix, Fig. S4B). This analysis showed that,
at the global level, the gene expression of untreated EEC PSCs including EEC-iPSCs and
iso-R304W PSCs was between niPSC1 on day 7 and day 15, consistent with our previous
bulk RNA-seq experiment (SI Appendix, Fig. S4B). The suramin treatment indeed
pushed EEC PSCs closer to niPSC1 on day 15, with more significant effect on iso-R304W
PSCs. Among 241 down-regulated genes in both EEC-iPSCs on differentiation day 15
(SI Appendix, Fig. S4C), 114 genes were rescued by suramin (Fig. 6F). Many of these
genes play roles in epidermal development (e.g., KRT5) and in adhesion and
extracellular matrix (e.g., DSG3) (Dataset S8). Among 296 up-regulated genes in EECiPSCs (SI Appendix, Fig. S3F), only 68 genes were rescued (Fig. 6F), and many are known
in neural and vascular endothelial function (Dataset S8). Furthermore, potential p63
direct targets mapped by dynamic p63 enhancers were highly enriched among rescued
114 genes that were down-regulated in EEC-iPSCs (P value = 2.2e-16), but not among
68 genes that were up-regulated in EEC-iPSCs (Fig. 6G). We subsequently validated
several typical epidermal and mesodermal genes by qRT-PCR analysis. Indeed,
epidermal genes that are down-regulated in R304W iPSCs such as KRT5 and LAMA3
were rescued by suramin treatment, as well as up-regulated mesodermal genes in
R304W iPSCs such as VIM and MSX1 (Fig. 6I), consistent with our RNA-seq analyses (Fig.
6H and SI Appendix, Fig. S8). Some of these genes were also partially rescued by
heparin and VA, but to a lesser extent (Fig. 6I).
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Fig. 6. Epidermal differentiation enhanced by compounds repressing mesodermal fate. (A) Scheme of
supplementation of inhibitors, heparin, VA, or suramin, during epidermal differentiation. (B) Bright field
images of R304W-iPSCs without Keratinocyte serum-free medium (KSFM) and with inhibitor treatment
(heparin, VA, suramin) on day 15. (C) PCA plot of RNA-seq analyses of R304W-PSCs without (filled) and
with (open) suramin treatment. (D) Gene expression of R304W-PSCs without (filled) and with (open)
suramin treatment mapped onto the PCA plot generated initially with all control and EEC-i PSCs (SI
Appendix, Fig. S4B), using gene expression of control iPSCs on days 7 and 15 as the start and end
coordinates. (E) GO annotation of top genes associated with PC1 and PC2. (F) Expression of genes either
down-regulated or up-regulated in EEC-i PSCs on differentiation day 15 and their expression with suramin
treatment. (G) Percentage of potential p63 target genes among rescued genes. The potential p63 targets
were mapped using dynamic p63 enhancers. (H) Fold change difference of gene expression between
niPSC1 and R304W on day 15, detected by bulk RNA-seq. (I) qRT-PCR analysis of rescued genes in R204W
and R304WPSCs treated with inhibitors on day 15. Gene expression is expressed as the ratio over GUSB
and day-15 PSCs without treatment (n = 2 per group).
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Discussion
The role of p63 in controlling the integrity of stratified epithelial tissues, especially how
p63 mutations associated with developmental disorders affect these tissues, remains
largely unexplored. In this study, we characterized molecular signatures of cell fate
transitions using epidermal commitment as the model, and dissected how this process
is affected in EEC syndrome. Using bulk and single-cell transcriptome analyses, we
showed that PSCs commitment toward the epidermal fate includes several connected
yet distinguishable phases: 1) PSC commitment toward the multipotent simple epithelial
fate; 2) the switch from the simple epithelium to the basal stratified epithelial fate; and
3) maturation of the epidermal fate. Single-cell analyses identified the timing and the
alternative route of differentiation defects associated with p63 EEC mutations that
occurred during the switch from the multipotent to the epidermal fate, prior to
epidermal maturation. As the differentiation route of EEC PSCs exhibited enhanced
mesodermal signatures, we tested inhibitors that repress mesodermal induction and
showed that these inhibitors could enhance epidermal commitment.
Stratified epithelia are multilayered structures found in many organs as the outer surface
such as the epidermis or lining of internal organs such as the bladder. Although they
may be different from their biological functions and from their embryonic origins,
stratified epithelia share similarities in their transcriptional programs (4, 5). For example,
high expression of KRT5 and KRT14 is found in the basal cells of these epithelia. In our
experiments, although PSCs started to change morphology to a cobblestone shape that
was similar to primary KCs already on differentiation day 4, the molecular signature
represented a simple epithelial signature. The day-30 iKCs showed several molecular
hallmarks of epidermal cells, with up-regulated KRT5 and KRT14 and down-regulate
KRT8 and KRT18 (Fig. 1 A–D), and could even be further induced toward terminal
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stratification (SI Appendix, Fig. S2 A and B). However, our transcriptome analyses
showed that the day-30 iKCs did not have the same molecular signature as the primary
KCs, thus not the same cell state (Fig. 1E). This indicates that day-30 iKCs may retain
some embryonic properties. Retaining embryonic signatures seems to be a common
phenomenon for iPSC-derived cell types (30). Alternatively, they may represent a
mixture of basal epithelial cells that can stratify, as KRT8 and KRT18 are expressed in
some stratified epithelial cells such as those in mammary glands (31). Therefore, simply
relying on cell and tissue morphology and expression of a limited number of marker
genes to study cell commitment is probably not sufficient for distinguishing similar yet
distinct cell states. In our pseudotime analysis of the single-cell RNA-seq data, we
observed heterogeneous cell populations in differentiated EEC-iPSCs. Although the
majority of cells deviated from the route toward epidermal cells, showing the
importance of p63 controlling the epidermal commitment, a small percentage of R204W
and R304W iPSCs were still on the path toward the epidermal fate, even though their
cell states were distinct from the mature epidermal fate (Fig. 5A). This intriguing
observation is reminiscent of the heated debate on the role of p63 either in epidermal
commitment or in stem cell maintenance, partially due to using different mouse models
(2–5, 12–14). Our findings highlight the importance of using comprehensive (single cell)
transcriptome analysis to identify molecular signatures and proper cell states. This
approach may assist in scrutinizing the p63 function in epidermal development where
different roles may not be mutually exclusive.
Our study dissected the epidermal commitment and maturation process in detail,
showing that connected yet distinct phases are involved in the process. Proper p63
expression and function are required for the switch from the multipotent state to the
epidermal fate, and p63 EEC mutations disturbed this switch. The detrimental function
of p63 during the switch, probably before the maturation of epidermal cells, is
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consistent with defects in all stratified epithelia observed in p63-deficient mouse models
(2, 3) and in human diseases associated with p63 mutations (6). In line with previous
observations of up-regulated mesodermal gene expression in p63-deficient models (14),
we showed that the mesodermal cell identity was enhanced in PSCs carrying p63 EEC
mutations. However, rather than simply being blocked between the ectodermal and
fully committed epidermal stage, suggested by p63- deficient mouse studies (14), our
single-cell transcriptome and pseudotime analyses showed that the majority of
differentiated EEC PSCs deviated from the normal route of epidermal commitment to a
more mesodermal cell identity (Fig. 5). Between the 2 EEC mutants, R304W mutation
seemed to more severely affect the normal differentiation route than R204W, which is
consistent with the reported difference of these 2 mutants (18, 32). A role of p63 in
repressing epithelial mesenchymal transition (EMT) has previously been reported for
epithelial-related cancers, such as squamous cell carcinoma and breast cancer (33). The
observed mesodermal activation in EEC PSCs resembles EMT in cancers and may
represent an embryonic EMT that is repressed by p63 during development. This
interpretation is consistent with a recent report on p63 using mouse embryonic
epidermis (21). To address the question whether p63 represses mesodermal genes
directly or the repression is an indirect effect, we showed that the percentage of p63
direct targets among these mesodermal genes was significantly lower than epithelial
and epidermal genes that are normally activated by p63, and even lower than the
random expectation (Fig. 3C). This indicates that the predominant role of p63 is to
activate epithelial and epidermal genes, and repressing mesodermal induction is
probably indirect. However, a small number of mesodermal genes activated in EEC PSCs
(cluster 5) or in mouse p63 KO cells did contain a dynamic p63 binding site nearby (Fig.
3C and Dataset S5), suggesting that they might be p63 direct targets. The observed
mesodermal activation could also be partially due to expansion of nonepithelial cells in
the heterogeneous differentiated iPSC population.
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All 3 inhibitors of mesodermal induction tested in this study, heparin, VA and suramin,
are known to repress the mesodermal lineage or interfere with EMT (27, 29). Suramin
seemed to be more efficient in rescuing differentiation defects of EEC PSCs than
heparin and VA. These differences may result from different working mechanisms of
these compounds. Heparin can bind to fibroblast growth factors (FGFs) and modulate
their signaling pathways (34). VA is a histone deacetylase inhibitor that can up-regulate
H3 acetylation and repress EMT (28). Although sumarin is well known for its antiviral and
antiparasite effects (35), it was shown to inhibit mesodermal induction and formation in
early Xenopus and sea urchin embryos (29, 36). It is a potent inhibitor for several growth
factors, including the vascular endothelial growth factor (VEGF) (37) and FGFs (38) to
inhibit angiogenesis. In addition, suramin has also been shown to enhance epithelial cell
proliferation, probably through epithelial growth factor (EGF)-related pathways (39). It
is plausible that sensitization of EGF signaling by suramin in epithelial cells contributes
to the improvement of epidermal commitment of EEC-PSCs, as several genes involved
EGF signaling such as STAT5A and PTGE (40, 41) as well as many epithelial genes such
as S100A9 and GJB5 were up-regulated with suramin treatment (SI Appendix, Fig. S8).
It seems unlikely that repression of mesodermal activation is through a p63-dependent
pathway, as the number of p63 potential target genes in this category is low, similar to
random expectation (Fig. 6G). In contrast, the suramin-induced epithelial and epidermal
genes have a significantly higher number of p63 target genes (Fig. 6G). However,
whether activation of these genes is via reactivating mutant p63, similar to other
previously reported small molecule compounds (18, 32) or through an independent
route would be of importance to further investigate.
Nevertheless, our rationalized compound testing provides promising future directions
for therapeutic development of diseases associated with p63 mutations, not only for the
epidermal phenotype but also for other stratified epithelia.
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It should be noted that differentiation defects observed in our in vitro human PSC
epidermal differentiation model was more severe than in EEC patient skin, as the skin
phenotype of EEC patients is rather mild (6). This is probably due to the in vivo
heterogeneous cell and tissue environment where other signals and pathways may
compensate, e.g., those from the dermis that are probably independent on p63 (42).
Nevertheless, our simplified in vitro differentiation assay sheds lights on the direct
function of p63 and its regulatory gene network that is relevant to cell states and
function. In summary, our study provides insights into the master regulatory function of
p63 in early epidermal commitment and mechanisms underlying defects of stratified
epithelia in disorders associated with p63 mutations. It also underscores the importance
of single-cell transcriptomics in understanding the complex gene regulation in
development and disease.

Materials and Methods

Detailed descriptions of methods and materials are presented in SI Appendix.

Control iPSCs Generation. Dermal fibroblasts of 2 health control individuals were
reprogrammed into iPSCs by lentiviral transduction using the hOKSMcoidTomFRT
plasmid (43). iPSCs carrying TP63 mutations were described and characterized
previously (18).

190

Chapter V
Differentiation of Human PSCs into iKCs. PSCs were seeded as single cells and
induced with the keratinocyte induction medium with 10 ng/mL bone morphogenetic
protein 4 (BMP4) (PromoKine) + 0.3 μg/mL RA (SigmaAldrich) (20). Inhibitors of
mesodermal induction were included from day 7 in the induction medium.
Bulk RNA Sequencing Library Preparation and Analysis. The NuGEN Ovation RNAseq (version 2, NuGEN) protocol was carried out for library preparation. All sample
libraries were sequenced on Illumina HiSEq. 2500 (Illumina, San Diego). RNA sequencing
data were processed by standard methods for mapping, differential gene expression,
and GO term analyses.
Single-Cell RNA Sample Preparation. A modified STRT-seq protocol (24) was for the
generation of single-cell transcriptome profiles. The main steps and the analysis pipeline
are described in SI Appendix.
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Figure S1. Pluripotency tests of control iPSCs (A) Immuno uorescence staining of the pluripotency marker
OCT4 (red) and DAPI (blue) in the newly generated control niPSC1 and niPSC2 at undi ated stage, day 0
(Scale bars, 50 µm). (B) Immuno uorescence staining for the pluripotency marker SSEA4 (red) and DAPI
(blue) in control niPSC1 and niPSC2 at undi ted stage, day 0 (Scale bars, 50 µm). (C) Scheme of the
differentiation assay for differentiation potential towards three germ layers. Supplements for ectodermal,
mesodermal or endodermal induction were added to basal medium. RNA was harvested at the indicated
time points. Patterns of expected gene expression for each lineage specification is indicated on the right
side. (D) qRT-PCR analysis of lineage-specific genes to confirm the differentiation potential of niPSC1 and
2 towards three germ layers. Gene expression is expressed as 2^- ΔΔCt values over GUSB and samples
without supplement.
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Figure S2. Characterization control PSC differentiation. (A) Terminal differentiation of day 30 iKCs into
stratified epithelium was induced in a 2D culture system, with KSFM supplemented with 10% FBS, shown
on the left. Upon induction, cells were analysed for the presence of terminal epidermal marker
transglutaminase 1 (TGM1) by immunostaining at 0, 48 and 72 hours (Scale bars, 50 µm). (B) qRT-PCR
analysis of suprabasal and terminal epidermal markers IVL and CYSME. Samples were harvested at 0, 48
and 72 hours a er induc on. Gene expression is expressed as 2^- ΔΔCt values over GUSB and 0 hours
samples (n=1 for niPSC1; n=2 for niPSC2). (C) 3D PCA of transcriptomes of niPSC1 during epidermal
differ on and human primary ke nocytes. Different colors represent different days of differentia on. (D)
Gene Ontology (GO) analysis showing biological process terms enriched for PC1, PC2 and PC3 axes. The
gene ra o is indicated by the dot sizes and the significance by the color of the dot (Red: low pvalue; blue:
high pvalue). (E) Gene Ontology (GO) analysis showing biological process terms enriched for each cluster
of DE genes in Fig. 1E. The gene r o is indicated by the dot sizes and the significance by the color of the
dot (Red: low pvalue: blue: high pvalue). (F) Pot l p63 target genes mapped by p63 ChIP-seq datasets (Pa
son et al. 2018, ref 26) and by obtained dynamic p63 enhancers that are overlaps of genomic regions of
cluster 4 in G and cluster 1 and 2 in H. Using p63 ChIP-seq data obtained during ESC diff on on day 7,
early expressed genes (cluster 1-4) showed more poten l p63 sites than later genes (cluster 5 and 6,
epithelial and epidermal genes). Later genes had similar or lower poten p63 target genes than random
expect on. Using p63 ChIP-seq data from KCs or dynamic p63 enhancers, an opposite trend was observed.
(G) Band plots of clustered ATAC-seq signals derived from ESC epidermal differen on me course (day0,
day7, day14, day21, day43 and H9KC) (Li et al., 2019, ref 27) at the p63 binding sites detected in KCs (Pa
on et al. 2018, ref 26). Cluster 4 contained enhancers whose ATAC-seq signals con nuously increased
during commitment, consistent with p63 expression. (H) Band plots of clustered ATAC-seq signals derived
from control and p63 knockout ESCs ( Li et al., 2019, ref 27) at the p63 binding sites detected in KCs (Pa
son et al. 2018, ref 26). Cluster 1 and 2 showed lost ATAC-seq signals in p63 knockout ESCs. (I) A UCSC
Genome Browser screenshot showing RNA-seq analyses of exon expression at the TP63 locus during iPSC
differentiation towards KCs, on differentiation day 0, 4, 7, 15 and 30. Expression of p63 in KCs (KRT) was
also shown in comparison. Among the N-terminal exons, the expression of exon 3’ that is specific to the
DN isoform was detected, whereas the expression of exon 1 that is specific to the TA isoform not.
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Figure S3. Characterization of EEC-PSCs (A) Sanger sequencing confirming the two heterozygous point
mutations (a C>T substitution) in exon 5 (R204W) and exon 8 (R304W) in the TP63 gene. Arrows indicate
that the point mutations were detected on the specific exons, and reference sequences are shown at the
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bottom. (B) Sanger sequencing analysis of the presence of a C>T substitution in the mouse p63 sequence
using mouse-specific primers. Two biological replicas in each cell line are shown. (C) Immunofluorescence
staining for p63 (red), KRT18 (green) and DAPI (blue) in niPSC1 and EECiPSCs during differentiation (Scale
bars, 50 µm). (D) Bright field images of two different isoR304W cell lines (niPSC1- R304W and ESC-H9 –
R304W) throughout different days of differentiation (0,4,7, 15 and 30) (Scale bars, 100 µm). (E) qRT-PCR
analysis of the pluripotency marker OCT4, simple epithelium markers KRT8, KRT18 and epidermal markers
TP63 and KRT14 in the two isoR304W cell lines. Gene expression is expressed as 2^- ΔΔCt values over
GUSB and undifferentiated day 0 samples (n=2 per cell line).
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Figure S4 Deregulated gene expression in EEC-iPSCs. (A) Gene Ontology (GO) analysis showing
biological process terms enriched for each cluster in Fig. 3A. The gene ratio is indicated by the dot size
and the significance by the color of the dot (Red: low pvalue: blue: high pvalue). (B) PCA plot of RNA-seq
analysis of control and EEC iPSCs. (C) Venn diagram showing the number of overlap genes from the
pairwise comparison between control and EEC-iPSCs (R204W or R304W). (D) GO analysis showing
biological process terms enriched for consistently regulated in both EECiPSCs. The gene ratio is indicated
by the dot size and the significance by the color of the dot (Red: low pvalue: blue: high pvalue).
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Figure S5. Quality checks of single cell RNA-seq. (A) Single cell RNA-seq quality check of count number
of each single cell sample. Using the threshold defined by the median absolute deviation (MAD) of above
3, 90 single cell samples was removed. (B) Using the threshold defined by MAD above 3, 96 single cell
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samples were removed. (C) Using the threshold defined by mapping rate above 30%, 170 single cell
samples were removed. (D) Using the threshold defined by MAD below 3, 18 single cell samples were
removed. (E) Using the threshold defined by MAD below 3, 39 single cell samples were removed. (F) The
summary of all single cell RNA-seq samples in quality checks. The total number of cells is 1250, and 964
single cell samples remained after quality check for the downstream analysis.
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Figure S6. Heterogeneity of differentiated iPSCs. (A) Principle Component Analysis (PCA) of the top 500
highly variable (HV) genes obtained from single-cell RNA-seq during epidermal differentiation of PSCs
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and primary keratinocytes. Colors represent cell lines; shapes represent differentiation days. (B) tDistributed Stochacstic Neighbor Embedding(-tSNE) analysis of the top 500 highly variable (HV) genes
obtained from single-cell RNA-seq during epidermal differentiation of PSCs and keratinocytes. (C)
Correlation of single cell transcriptome against bulk RNA-seq data of cell types from diverse lineages
shown in PCA (A). Bulk RNA-seq data of different cell types were downloaded (GEO: GSE101661). NHEK,
normal human epidermal keratinocytes; HMEC, human mammary epithelial cells; HSMM, human skeletal
muscle myoblasts; NHLF, normal human lung fibroblasts; HUVEC, human umbilical vein endothelial cells.
H9E6=human embryonic stem cells, NCS= neural crest, NEP= neural epithelial, NNE=Non-neural
Ectoderm, CPT = cranial placode; NHDF =normal human dermal fibroblasts. Correlation coefficient is
indicated by the color. Red: high correlation; gray: low correlation. Correlation coefficient is shown on the
bar.
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Figure S7. Enhanced mesodermal gene expression of differentiation PSCs. (A) Marker gene expression
levels

(Log(TPM+1))

in

single-cell

transcriptome

shown

in

PCA.

Simple

epithelial

KRT18,

Epidermal/epithelial KRT5. Non-epithelial, MMP9 and IFIT1. Red: high correlation; gray: low correlation
and other cell types. (B) Marker gene expression levels (Log(TPM+1)) in single-cell transcriptome shown
by bar plots. Marker genes are labeled in panel (A). (C) Correlation of the single cell transcriptome against
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bulk RNA-seq data of HMEC (human mammary epithelial cells), HUVEC (human umbilical vein endothelial
cells), NHDF (normal human dermal fibroblasts), NHLF (normal human lung fibroblasts) and NHEM (normal
human epidermal melancocytes). Correlation coefficient is indicated by the color.
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Figure S8. Expression of rescued marker genes with Suramin treatment. (A) Genes that were
downregulated in EEC PSCs on differentiation day 15, as compared to control PSCs, were upregulated
with Suramin treatment. (B) Genes that were upregulated in EEC PSCs on differentiation day 15, as
compared to control PSCs, were downregulated with Suramin treatment.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Human embryonic stem cells (ESC), human induced pluripotent stem cells (iPSC), and
human primary keratinocytes (KCs) were cultured under the conditions described in
method details.
MATERIAL DETAILS
Primer sequences and catalogue numbers of material and reagents are listed in
Supplementary Table 1 and 2.
METHOD DETAILS
Human iPSCs generation and cell lines maintenance
Dermal fibroblasts of two health control individuals were used to generate induced
pluripotent stems cells (iPSCs). The reprogramming was performed by lentiviral
transduction of human OCT4, SOX2, KLF4 and cMYC factors using the hOKSMcoidTomFRT plasmid (1). The reprogrammed cells were initially cultured on a layer of
Mouse Embryonic Fibroblasts (MEFs) in embryonic stem cell medium Dulbecco’s
Modified Eagle’s Medium/Ham’s Nutrient Mixture F12 (DMEM/F12; GIBCO), 20%
knock- out serum replacement (KSR; GIBCO), 2mM L-Alanyl-L-Glutamine (Sigma-Aldric),
100μM

Non-Essential

Amino

Acids

(NEAA;

Sigma-Aldrich),

0.1

mM

betamercaptoethanol (Sigma-Aldrich), 10ng/mL FGF2 (SigmaAldrich) and Penicillin
Streptomycin (P/S, GIBCO). They were grown 37°C in 5% CO2. The cells were passaged
every seven days by cutting the colonies in smaller pieces with a needle. After the
cutting the cells were scraped off the surface with a pipette tip and transferred to a new
MEF coated dish. iPSCs carrying TP63 mutations were described previously (2).
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All iPSC lines were later adapted into Essential 8TM medium (GIBCO) and more recently
into Essential 8™ Flex Medium (GIBCO), following the guidelines from the manufacture.
Basically, human iPSCs (niPSC1 and niPSC2, R204W, R304W and iso-R304W) and ESCH9 (3) (collectively called as PSCs) were cultured in dishes coated with 0.5 µL/cm3
Vitronectin (VTN-N) Recombinant Human Protein (GIBCO). The VTN-N was diluted
1:100 using Dulbecco’s Phosphate-Buffered Saline (DPBS, GIBCO). Cells were cultured
in 2 mL/well (6-wells plate) with Essential 8 TM Flex basal medium (GIBCO) with 2%
supplement and 1% Penicillin Streptomycin (GIBCO) (E8 Flex++ medium). The medium
was according to the manufactures’ instructions, and dishes were incubated at 37°C and
5% CO2.
Primary human keratinocytes (KCs) of a healthy control (control KCs) and patients
carrying TP63 mutations, R204W and R304W, were described previously (4). Cells were
cultured in 6 or 12 well plates in Keratinocyte Basal Medium (KGM, Lonza)
supplemented with 100 units/mL P/S (GIBCO) 0.1 mM ethanolamine (Sigma-Aldrich),
0.1 mM O-phosphoethanolamine (Sigma Aldrich) 0.4% bovine pituitary extract, 0.5
μg/mL hydrocortisone, 5 μg/mL insulin and 10 ng/mL epidermal growth factor (all Lonza
cat # 4131). All derived PSCs and KCs were checked for mycoplasma contamination
periodically.
Differentiation of human PSCs into iKCs
PSCs were seeded as single cells before the initiation of differentiation. In details, PSCs
were washed twice with 2 mL DPBS and detached by incubating 10 min with 1 mL/well
(6-wells plate) StemPro™ Accutase™ Cell Dissociation Reagent (Accutase, GIBCO).
Next, cells were added to 5 mL DMEM/F12 (GIBCO) and centrifuged for 5 min at 300 x
g. Afterwards, supernatant was removed and cells were washed with 5 mL DMEM/F12.
After centrifugation for 5 min at 300 x g, the pellet was re-suspended in 2 mL E8 Flex++
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medium supplemented with 1X RevittaCell supplement (GIBCO). Cells were seeded in
culture dished coated with GeltrexTM LDEV-Free Reduced Growth Factor which were
incubated 1 hour at 370C in 5% CO2 before seeding.
One day after seeding, differentiation was induced by incubating cells in keratinocyte
induction medium (keratinocyte serum free medium (KSFM, GIBCO) + 0.2 ng/mL
Epidermal Growth Factor (EGF) + 30 µg/mL Bovine Pituitary Extract (BPE) (both on
GIBCO cat#17005-042) + 1% Penicillin Streptomycin (GIBCO) + 10 ng/mL Bone
Morphogenetic Protein-4 (BMP-4, PromoKine) + 0.3 µg/mL retinoic acid (RA,SigmaAldrich). After 7 days cells were split and seeded in Geltrex coated plates with induction
medium, and kept in induction medium until day 15. From day 15 to day 30 cells were
cultured in KSFM (GIBCO) + 0.2 ng/mL EGF + 30 µg/mL BPE (both on GIBCO
cat#17005-042) + 1% P/S (GIBCO). In the experiments for testing small molecule
compounds, cells were cultured from day 7 in KSFM (GIBCO) + 0.2 ng/mL EGF + 30
µg/mL Bovine Pituitary BPE (both on GIBCO cat#17005-042) + 1% P/S (GIBCO) (with
0.3 µg/mL RA + 10 ng/mL BMPA-4, until day 15, and without RA and BMP-4 after day
15) supplement with either 1mg/mL Heparin Sodium Salt (Heparin, Sigma-Aldrich),
0.25uM Valproic Acid (VA, Sigma-Aldrich) or 100uM Suramin (Santa Cruz), all diluted in
basal KSFM (GIBCO). The medium was refreshed every other day and dishes were
incubated at 37°C and 5% CO2.
2D differentiation of iKCs
The iKCs were induced in the basal keratinocyte medium KSFM (GIBCO) + 0.2 ng/mL
EGF + 30 µg/mL Bovine Pituitary BPE + 1% P/S (GIBCO) with 10% of Fetal Bovine Serum
(FBS) (GIBCO), when cells were at 60% confluency. Coverslips and RNA were collected
prior indu on, 0 hours as well 48- and 72-hours induction.
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Three germ layers differentiation
Human iPSC generated in this study were characterized for their diffe te pot l into the
three germ layers using Human Pluripotent Stem Cell Func onal Id fica on Kit (R&D
systems, SC027B), according to the manufactures’ instructions with minor modifications.
Briefly, single cell seeding was performed as described above, instead of clumps as
described in the instruction of the kit (SI Appendix, Fig. S1). 24 hours after seeding, cells
were induced with RPMI 1640 Medium, GlutaMAX (GIBCO) medium with diff a on
supplements (for ectodermal, mesodermal or endodermal). RNA was collected after 23 days of the mesodermal induction, 3 days after the ectodermal induction and 4 days
after the endodermal induction. Pluripotency characterization methods for R204W and
R304W iPSCs were previously described (2).
Genera on of lentiviral constructs, virus production and transduction
Lentiviral constructs were made through Mu Site Gateway 3-Fragment Recombination
Reaction (Invitrogen). pEntry221-EFL-promoter and pEntry201-p63mutantR304W
(kindly provided by D. Aberdam) were recombined into the 2K7bsd l vector (5) using LR
Clonase II Plus Enzyme Mix (Invitrogen). L viruses carrying p63 mutant R304W were
produced in HEK293T cells using Lipofectamine™ 3000 Transfec on Reagent (Invitrogen,
L3000015) according to the standard protocol.
Virus was collected and concentrated about 100-fold by ultracentrifuge. For
transduction, cells were cultured in E8++ medium and 50μLof p63 R304W mutant virus
was added. Len virus-transduced cells were washed with 1x PBS 24 hours posttransduction on and cultured in E8++ medium in presence of 6 µg/ml Blasticidin S HCl
(GIBCO) for at least 2 weeks before g differ on.
RNA extraction and qRT-PCR
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Total RNA was isolated at day 0 or 4, 7, 15 (WT and EEC-iPSC) and 30 (for WT only) days
after the induction of epidermal commitment. Cell aggregates were lysed on plate using
350 μL RA1 (NucleoSpin® RNA kit (Macherey-Nagel) buffer with 3.5 μL βmercaptoethanol (Sigma-Aldrich) and snap-frozen in liquid nitrogen. Total RNA was
extracted with NucleoSpin® RNA kit (Macherey-Nagel) and converted into 100-500ng
cDNA using the iScript cDNA synthesis kit (Bio-Rad). RT-PCR was performed with 10–
100 ng of cDNA template in a 25 μl total reaction volume (12.5 μl iQ SYBR Green
Supermix (2×) (Bio-Rad), 0.5 mM of each gene-specific primer, H2O up to volume).
Duplicates of each sample were run on a Bio-Rad CFX-96 real-time PCR system:
denaturation at 950 C, 40 cycles of 15 seconds at 950 C, 45 seconds at 580C, followed
by a melting curve of 1 minute at 950C, 1 minute at 650C and 10 seconds at 650C. Primers
used

for

the

reaction

(Table

S1)

were

designed

with

Primer3(http://bioinfo.ut.ee/primer3-0.4.0. Gene expression is expressed as 2^- ΔΔCt
values over GUSB expression and undifferentiated day 0 samples. Glucuronidase Beta
(GusB) was used as housekeeping gene to normalize cDNA levels.
Statistical analysis
The significance of the qRT-PCR results was determined by Student’s t-test and
represented as mean ± SEM followed by a Bonferroni post-hoc test with the software
Graphpad Prism 6.0. P-values below 0.05 were considered significant, *p < 0.05, **p <
0.01. Significant P values: TP63 day 15, ctr vs R204W, 0.0044; ctr vs R304W, 0.0091;
KRT14 day 7, ctr vs R204W, 0.0015; KRT14 day 15, ctr vs R204W, 0.03; ctr vs R304W,
0.04.)
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Immunostaining
Cells were seeded in Geltrex (GIBCO) coated coverslips. At different days of
differentiation coverslips were harvested. Firstly, they were washed in 1X PBS and fixed
in 4% paraformaldehyde/1 x PBS for 15 min at room temperature or in methanol (SigmaAldrich) for 20min at -20 C. After a 1 x PBS wash, cells were incubated in blocking buffer
containing (0.01% Triton X-100, 5% normal goat serum (NGS) in 1× PBS) for 1 hour.
Later cells were incubated with primary antibodies (Key resource table) diluted in
antibody dilution buffer (10% bovine serum albumin (BSA, Sigma-Aldrich)) overnight.
Slides were mounted in VECTASHIELD Antifade Mounting Medium with DAPI
(Vectorlabs). Images were acquired in a Leica DM Fluorescence Microscope.
Bulk RNA-sequencing
The NuGEN Ovation RNA-Seq (version 2, NuGEN) protocol was carried out on 100 ng
of initial RNA. Ribosomal RNA (rRNA) was removed using targeted depletion with the
NuGEN Ovation RNA-Seq platform (NuGEN) using the InDA-C Technology. In brief,
total RNA is reverse transcribed using oligo- d(T) and random primers. cDNA fragments
went through end repair, ligation, strand selection and adaptor cleavage following the
manufacture’s recommendations. RNA-seq libraries were amplified using 10 cycles. The
purified PCR products were then quantified using an Agilent bioanalyzer (DNA1000 kit).
We selected 300bp fragments using E-Gel™ SizeSelect™ II Agarose Gels, 2% (E-Gel,
GIBCO).
DNA fragments from the complete and size-selected library were detected and
confirmed, respectively, using an Agilent bioanalyzer (DNA-1000 or High sensitivity kit).
Ready to sequence RNAseq libraries (size-selected) were tested for the expression of
lineage-specific genes and quantified with a KAPA library quantification kit (KAPA
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Byosystems). All sample libraries were sequenced on Illumina NextSeq 500 (Illumina,
San Diego, CA, USA) for paired-end reads of 43x43bp.
Bulk RNA-sequencing analysis
RNA-seq reads were aligned to the reference genome (human hg19) using hisat2
(version 2.1.0) with default parameters. The resulting SAM files were sorted with read
names and converted to a BAM file using SAMtools (version 1.7). The deepTools
bamCoverage (version 3.0.2) tool was used to generate bigwig files with default
parameters. Read counts representing gene expression levels were calculated with
HTSeq (version 0.9.1) using default parameters and Genecode database annotations
(version 19).
Only protein coding genes were retained for the downstream analyses. Differential
expression analyses were performed using DESeq2 (version 1.18.1) with adjusted pvalue < 0.05 as the cutoff. The TPM (transcripts per million) values were calculated with
the Scatter R package. Principal component analysis (PCA) was performed with the R
programming language prcomp function based on top 500 highly variable genes. tdistributed stochastic neighbor embedding (t-SNE) was performed with the Rtsne
(version 0.13) package in R based on top 500 highly variable genes. The top variable
genes were decided by the variance of centered and scaled log2(TPM+1) among all
samples. All Gene Ontology (GO) analyses were performed with ToppGene method
(https://toppgene.cchmc.org/), and only Biological Process terms were kept for
downstream analyses. The top four terms with p-value of each cluster were chosen. All
the terms with log 10(p-value) < 4 and gene-ratio < 0.1 were then removed for the final
plots. All the p-value are -log (raw.p.value,10). All PCA and tSNE scater plots and GOterm

217

Single-cell RNA-seq identifies a reversible mesodermal activation in abnormally specified epithelia of p63 EEC syndrome

results were generated with the ggplot2 (version 2.2.1) package. All the heatmaps were
generated using the ComplexHeatmap version 1.17.1) package with centered and
scaled log2(TPM+1) score. For the comparison with mouse in vivo expression data (6),
differentially regulated human genes in our study were mapped to mouse genes using
the biomaRt database, and their expression values (TPM) in E9, E13 and E13 knockout
cells were obtained. Subsequently their relative expression values in two different
conditions (ratios), either E13 vs E9 or E13 KO vs E13 Het were plotted and visualized
with using log2(TPM+1). For gen g the PCA plot for Suramin treatment experiment,
differentially regulated genes in lly obtained in PCA analysis of all samples (SI Appendix,
Fig. S3E) were used, and their expression in Suramin treated samples were obtained
and mapped to the in l PCA plot of all samples, using the transcriptome of control PSC
on diff on day 7 and day 15 as the start and the end coordinates.
Mapping p63 target genes
ATAC-seq data derived from ESC epidermal differen on me course (day0, day7, day14,
day21, day43 and H9KC) and that from p63 knockout ESCs were downloaded
(GSE108248) (7). ATAC-seq reads were mapped to human genome (hg19) using hisat2
with default se ngs and peaks were called by MACS2 (8, 9). p63 ChIP-seq peaks
generated on ESC diff on day 7 and KC were downloaded (GSE119997) (10). ChIP-seq
peaks generated in KCs were clustered according to ATAC-seq intensity obtained from
ESCs, either during epidermal commitment or from p63 wild type and KO ESCs, using
fluff (11). p63 binding sites were mapped to genes within 25kb up- and down-stream of
transcription start sites, and genes contains one p63 binding site within this genomic
region were defined as p63 target genes. The percentage of p63 target genes in each
group was then calculated. The percentage
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of p63 target genes in random genes was the mean of 100 sets of p63 target percentage
in randomly chosen 100 genes. The statistical significance was calculated using
Pearson’s Chi-squared test.
Single cell RNA sample preparation
A modified STRT-seq protocol was performed for the generation of the single cell
transcriptome profiles. The main steps are described below.
Single cell isolation. Cells were detached with Accutase in single-cell suspensions as
described above. Cells were added to drops of 1% BSA on 1X DPBS (GIBCO) in a cell
culture dish and transferred from one drop to another to wash the cells. Cells that
looked phenotypically bright and round were then randomly picked with a mouth pipet.
Lysis and reverse transcription. Isolated cells were transferred to 200- μL PCR tubes
containing 2.55 µL lysis buffer (0.05 µL RNase inhibitor (40 U μl −1 , Takara), 0.095 µL
10% Triton X -100 (Sigma-Aldrich), 0.5 µL dNTP (10 mM), 0.1 µL including the external
RNA controls consortium (1:2,000,000 dilution of ERCC RNA Spike-In Mix, Invitrogen),
and 1.305 µL Nuclease-free water) and 0.5 µL oligo(dT) barcode primers (10uM, 5ʹTCAGACGTGTGCTCTTCCGATCTXXXXXXXXNN

NNNNNNT25-3ʹ,

where

X8

represents predesigned 8bp cell-specific barcodes and N8 represents 8nt random
unique molecular identifiers (UMIs)). Next, tubes were vortexed for 40s and incubated
at 72°C for 3 min to release RNA molecules. Reverse transcription was performed by
adding 2.85 µL of the reverse transcription mix (0.25 µL SuperScript II reverse
transcriptase (200U µL1, Invitrogen), 0.125 µL RNase inhibitor (40 U μl −1 , Takara), 1 µL
SuperScript II first-strand buffer (5x), 0.25 µL DTT (0.1 M) (both from Invitrogen cat#
18064022), 1 µL betaine (5 M), 0.03 µL magnesium chloride (1 M), 0.05 µL
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TSO

(100

μM,

5ʹ-AAGCAGTGGTATCAACGCAGAGTACATrGrG+G-3ʹ;

‘rG’,

riboguanosines; ‘+G’, locked nucleic acid (LNA)-modified guanosine) and 0.145 µL
nuclease-free water per tube). The mixture was incubated in the BIORAD T100™
Thermal Cycler (25°C for 5 min; 42°C for 60 min; 50°C for 30 min; 72°C for 10 min and
hold at 4°C). PCR amplification. After reverse transcription, cDNA was amplified by
adding 7.5 µL of the PCR mix (6.25 µL of 2X KAPA HiFi HotStart ReadyMix (KAPA
Biosystems), 0.125 µL IS PCR primers (10 µM, 5ʹAAGCAGTGGTATCAACGCAGAGT-3ʹ),
0.625 µL 3ʹP2 primers (10 µM, 5ʹGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC-3ʹ)
and 0.5 µL nuclease-free water to each PCR tube.
Samples were mixed and incubated in the Thermal Cycler (95°C for 3 min; 4 cycles of:
98°C for 20 s, 65°C for 30 s, 72° for 5 min; 14 cycles of: 98°C 20 s, 67°C for 15 s, 72°C
for 5 min; then 72°C for 5 min; hold on 4°C).
Pooling and purification. 25 cells with different cellular barcodes were combined into
one sample. For this, 6.25 µL, half of the PCR products (13 µL) were pooled together
and purified by using MiniElute® spin columns (QIAGEN). For the PCR purification, 5x
PB (on QIAGEN cat# 28104) buffer was mixed with the pooled samples, added to the
spin column and centrifuged for 1 min at 13.3 x104 rounds per minute (rpm). 700 µL PE
(on QIAGEN cat# 28104) buffer was then added per spin column, which were
subsequently centrifuged two times 1 min at 13.3 x 104 rpm. The cDNA was eluted by
adding 51 µL nuclease-free water, incubated 1 min at 50°C and centrifuged 1 min at
13.3 x 104 rpm.
After the column purification, samples were purified twice using Agencourt AMPure XP
(Beckman Coulter). For the XP bead purification, 0.8x XP beads were added to each
sample, mixed, and incubated for 15 min at room temperature (RT). After a short spin,
samples were placed onto a magnetic rack for
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5 min. The supernatant was discarded and beads were washed with 200 µL 80% ethanol
(SigmaAldrich) twice (ethanol was added and incubated for 30 s before discarding).
After the second wash, all ethanol was removed and the beads were dried for 5 min on
air. DNA was finally eluted in32.5 μL nuclease-free water by incubated 3 min at RT. The
tubes were placed back into the magnetic rack and the clear supernatant (containing
cDNA) was transferred to a new tube.
Biotin primer PCR. In this protocol, biotin was used to enrich for the 3ʹ _end cDNA
fragments. Attachment of biotin to these fragments was performed by PCR with biotinlinked primers (linkage at 5ʹ of the primer end). For the attachment with the biotin, 30
ng cDNA and the PCR mix (25 μL of 2X KAPA HiFi HotStart ReadyMix (KAPA
Byosystems), 2 μL IS PCR primers (10 μM), 2 μL of one of the seven biotin index primers
(10μM) and 21 μL nuclease-free water– _30 ng cDNA) were mixed and incubated in the
Thermal Cycler (95°C for 3 min; 5 cycles of: 98°C for 20 s, 67°C for 15 s, 72°C for 5 min;
then 72°C for 5 min; hold at 4°C). The PCR products were purified twice with 0.8x XP
beads as previously described.
DNA fragmentation. About 400 ng of DNA were sheared to approximately 300bp
fragments with Diagenode Bioruptor® at 4°C (PICO ON: 30 s; OFF: 30 s; 12 cycles).
After sonication, purification with XP beads was performed as described before. After
purification, DNA was eluted in 50 μL elution buffer (EB, on QIAGEN cat# 28104).
Biotin enrichment. DNA fragments attached to biotin were enriched by using
Dynabeads™ MyOne™ Streptavidin C1 beads (Invitrogen). For this enrichment, C1
beads were vortexed and 10 μL per sample were added to a new PCR tube. Next, 200
μL of 2x binding and washing (B&W) buffer (10 mM Tris-HCl, pH 7.5, 1mM EDTA, 2.0 M
NaCl) were added to the C1 beads, vortexed, and placed in a magnetic rack for 5 min.
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After incubation, the supernatant was discarded and the beads were eluted in 50 μL 2x
B&W. The samples were mixed with the beads and were incubated in a rotator (30 rpm)
for 1 hour at RT. Next, the samples were placed onto a magnetic rack and supernatant
was discarded. Beads were washed with 100 μL of 1x B&W buffer, whereby the
supernatant was removed after 5 min incubation on the magnetic rack at RT. The beads
(with DNA attached to it) were eluted in 25 μL nuclease-free water.
Library preparation. We started library preparation with end repair and A-tailing. For
this, 25 μL sample were mixed with 3.5 μL End Repair & A-Tailing buffer and 1.5 μL End
Repair & A-Tailing Enzyme mix and incubated in the Thermal Cycler (20°C for 30 min;
65°C for 30 min; hold on 4°C). Immediately after end repair and A-tailing, reagents for
adaptor ligation were added (to 30 μL of product: 2.5 μL MQ, 15 μL ligation buffer, 5
μL DNA ligase and 2.5 μL NEXTflex® DNA Barcodes (Bioo Scientific) and the mixture
was incubated in the Thermal Cycler (20°C for 30 min; hold at 4°C). To remove the
ligation reagents, samples were put onto the magnetic rack for several minutes before
the supernatant was discarded. The C1 beads were washed once with 200 μL EB and
were eluted in 21 μL MQ. Amplification of the library was achieved by adding 25 μL of
2x KAPA HiFi HotStart ReadyMix (KAPA Byosystems), 2 μL QP2 primer (10 μM) and 2
μL NEB short universal primer (10 μM) to the 21 μL adapter-ligated library and incubated
in the Thermal Cycler (98°C for 45 s; 8 to 10 cycles of: 98°C 15 s, 65°C for 30 s, 72°C for
30 s; then 72°C for 1 min; hold on 4°C).
Library preparation was completed by placing the tubes onto the magnetic rack and
transferring the supernatant into a new PCR tube. The collected supernatant was
purified using 0.9x XP beads and were finally eluted in 30 µL MQ.
Concentration and fragment size. During single cell sample preparation, concentrations
of the samples checked by the Qubit® fluorometer according to the Qubit dsDNA HS
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Assay Kits user guide (Invitrogen). Fragment size was measured by Agilent 2100
Bioanalyzer before sonication, after sonication, and after library preparation. Fragment
size measurement was performed as described in the Agilent High Sensitivity DNA Kit
Quick Start Guide (Agilent). Sequencing. Single cell RNA-seq libraries were sequenced
by Illumina NextSeq™ 500 with a sequencing depth of 50 million reads for paired-end
reads of 20bp for Read 1 and 64bp for Read 2. A total of 1,250 single cells) were
sequenced.
Single cell RNA-seq analysis
Pre-analysis of scRNA-seq Data. All the single cell RNA-seq samples were sequenced by
the pairedend method. The Read 2 of the paired-end reads was comprised of an 8-bp
cell barcode followed by an 8bp UMI sequence before the ploy(A) tail sequence, and
the corresponding Read 1 contained exon reads of genes. The Read 1 file was split by
the corresponding cell barcode in Read 2. Low quality reads and ploy(A) tail were
removed, and only reads more than 37bp as clean reads were kept. The clean reads of
each single cell sample were then aligned to the reference genome (hg19 and ERCC for
human) using hisat2 (version 2.1.0) with default parameters. The duplicated reads from
the same transcript were removed based on the UMI information in corresponding Read
2. For each single cell sample, read counts representing gene expression levels were
calculated using HTSeq (version 0.9.1) with default parameters. hg19 GTF annotation
file was download from Gencode (version 19), and then merged with the ERCC gene
annotation for read counting. Only protein coding genes and ERCC gene counts
information was kept and continued for downstream analyses. scRNA-seq data
normalization. Expression levels in all samples were normalized with the Scatter (version
1.5.0) R/Bioconductor package by log2(TPM+1). For all 1,250 sequenced single cells,
the low-quality samples were filtered with five metrics: mapping rate, library size, gene
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number, percentage of counts mapping to mitochondrial genes and to ERCC transcripts.
The mapping rate threshold was defined by mapping rate above 30%. The library size
and gene number threshold were defined by the median absolute deviation (MAD) of
above 3, the percentage of counts mapping to mitochondrial genes and to ERCC
transcripts was defined by the MAD of below 3. In total, 964 single cell samples were
kept for downstream analyses. Based on the SC3 cluster package, the top 500 highly
variable genes were used, and the RUVSeq R package was used to remove batch effect.
scRNA-seq Data Dimensional Reduction. Principal component analysis (PCA) was
performed with the R programming language prcomp function based on top 500 highly
variable genes identified by SC3. tdistributed stochastic neighbor embedding (t-SNE)
was performed with the Rtsne (version 0.13) package in R based on top 500 highly
variable genes identified by SC3 (12). The Pearson correlation between bulk RNA-seq
and single cell samples was calculated using log2(TPM+1). The marker genes expression
in PCA plot were log2(TPM+1). All the figures were plot by ggplot2 in R programming
language.
Pseudotime analyses. Pseudotime analyses were performed by the Monocle R package
based on top 500 highly variable genes identified by SC3. The heatmap of simulate
gene expression was simulated by pseudotime order. k-means method was used to
cluster the simulated expression to 6 clusters. The bulk RNA-seq correlation with
pseudotime was calculated between RNA-seq log2(TPM+1) and simulated expression
score of pseudotime order. GO analyses were performed with ToppGene method
(https://toppgene.cchmc.org/). The top five terms by p-value for each cluster were
chosen. All the terms with Log10(p-value) < 4 and gene-ratio < 0.1 were then removed
for the final plots. All the pvalue are -log (raw.p.value,10). The correlation between
pesudotime simulated expression and bulk RNA-seq was calculated using the Pearson
correlation based on top 500 highly variable genes.
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Supplementary Tables
Table S1. Primers
Gene symbol
GUSB

OCT-4

KRT18

KRT8

KRT14

TP63DN

CYSME

INV

NANOG

Primer Sequence (5’-3’)
F:AGAGTGGTGCTGAGGA
TTGG
R:CCCTCATGCTCTAGCTG
TGTC
F:GAGGAGCTAGGGAAA
GAAAACC
R:ACTTCACCTTCCCTCCA
ACC
F:ATATCACACGACTGCA
GCTG
R:CTGGCAATCTGGGCTT
GTAG
F:CCCAGGAGAAGGAGC
AGATC
R:TGTTGTCCATGTTGCTT
CGAG
F:GGCCTGCTGAGATCAA
AGACTAC R:
CACTGTGGCTGTGAGAAT
CTTG TT
F:TTGTACCTGGAAAACAA
TGCC R:
TGCTGGTCCATGCTGTTC
AG
F:TCCGAGACACGCACAT
CATC
R:CCATCTCCATCGTCAG
GAAGTAC
F:ACTTATTTCGGGTCCGC
TAGGT
R:GAGACATGTAGAGGGA
CAGAGTCAAG
F:CCTATGCCTGTGATTTG
TGG
R:CATGGAGGAAGGAAG
AGGAG

Product size
80 bp

138 bp

112 bp

180 bp

74 bp

83 bp

75bp

67bp

105bp
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SOX2

F:GCTAGTCTCCAAGCGA
CGAA
R:GCAAGAAGCCTCTCCT
TGAA

Reagent
Company
Antibody
OCT-4
Abcam
SSEA-4
Abcam
KRT18
Milipore
P63 (H129)
Santa Cruz
KRT14
Leica
MYC
Abcam
VIM
Santa Cruz
TGM1
Abcam
Goat anti mouse alexa
Invitrogen
488
Goat anti rabbit alexa
Invitrogen
488
Goat anti mouse alexa
Invitrogen
568
Goat anti rabbit alexa
Invitrogen
568
Chemicals, Peptides, and Recombinant Proteins
DMEM/F12
GIBCO
KSR
GIBCO
2mM L-Alanyl-LSigma-Aldrich
Glutamine
NEAA
Sigma-Aldrich
Betamercaptoethanol
Sigma-Aldrich
FGF2
Sigma-Aldrich
Essential 8TM medium
GIBCO
VTN-N
GIBCO
DPBS
GIBCO
Penicillin Streptomycin GIBCO
KGM
Lonza
Ethanolamine
Sigma-Aldrich
Ophosphoethanolamine
Sigma Aldrich
StemPro Accutase™
GIBCO
RevittaCell supplement GIBCO
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Catalogue number
cat# ab19857
cat# ab16287
cat# MAB3234
cat# sc-8344
cat# NCL-LLL002
cat# ab32072
cat# sc-6260
cat# ab103814
cat# A11029
cat# A11059
cat# A21043
cat# A11036

cat# 31966-021
cat# 10828-028
cat# G8451
cat# M7145
cat# M7522
cat# SRP4037
cat# A1517001
cat #A14700
cat# A14190-144
cat# 15140-122
cat# 4131
cat# 141-43-5
cat# 1071- 23-4
cat# A1110501
cat# A1517001
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GeltrexTM
KSFM
BMP-4
RA
Heparin
Valproic Acid
Suramin
Fetal Bovine Serum
Human Three Germ
Layer Kit
RPMI 1640 Medium,
GlutaMAX
Blasticidin S H
Lipofectamine™ 3000
Transfection Reagent
Methanol
BSA
VECTASHIELD
Antifade Mounting
Medium with DAPI
RNase inhibitor
Triton™ _X-100
ERCC RNA Spike-In
Mix
Agencourt AMPure XP
Ethanol
Dynabeads™ MyOne™
Streptavidin C1 beads
NucleoSpin® RNA kit
iScript cDNA synthesis
kit
iQ SYBR Green
Supermix
NuGEN Ovation RNASeq
E-Gel
KAPA library
quantification kit
SuperScript II reverse
transcriptase

GIBCO
GIBCO
PromoKine
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Santa Cruz
GIBCO
R&D systems

cat# A14132-01
cat#17005-042
cat# C-67313
cat# R2625
cat# 84020
cat# P4543
cat# sc-200833
cat# 10500064
cat# SC022

GIBCO

cat # 61870036

GIBCO
GIBCO

cat #R210-01
cat#

Sigma-Aldrich
Sigma-Aldrich
Vectorlabs

cat # 322415
cat# 05470
cat# H-1200

Takara
Sigma-Aldrich
Invitrogen

cat # 2313A
cat# 9002-93-1
cat# 4456740

Beckman Coulter
Sigma-Aldrich
Invitrogen

cat# A63881
cat# 51976
cat# 65001

Critical commercial assays
Macherey-Nagel
cat# 740955.250
Bio-Rad
cat# 170-8891
Bio-Rad

cat# 1708880

NuGEN

cat #7102-32

GIBCO
KAPA Byosystems

cat # G661012
cat# KK4824

Invitrogen

cat# 18064022
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KAPA HiFi HotStart
ReadyMix (2x)
MiniElute® spin
columns
Qubit™ dsDNA BR
Assay Kit
Qubit™ dsDNA HS
Assay Kit
Agilent High Sensitivity
DNA Kit
Agilent DNA 1000 Kit
MultiSite Gateway
™ ProPlusM
NEXTflex® DNA
Barcodes
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Kapa byosystems

cat# KK2601

QIAGEN

cat# 28104

Invitrogen

cat# Q32850

Invitrogen

cat# Q33230

Agilent

cat# 5067-4626

Agilent
GIBCO

cat# 5067-1504
cat # 12537100

Sequencing based reagents
Bioo Scientific
cat# NOVA-514103
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Datasets
All the supporting information can be downloaded at:
https://www-pnas-org.ru.idm.oclc.org/content/116/35/17361/tab-figures-data

Dataset S1.xlsx All bulk RNA-seq samples expression TPM table.

Dataset S2.xlsx Normal bulk RNA-seq sample clusters and go terms.

Dataset S3.xlsx Normal cell RNA-seq sample PCA PC loadings.

Dataset S4.xlsx All bulk RNA-seq sample clusters and go terms.

Dataset S5.xlsx EEC mutations overlapping up/down-regulated genes and go terms.

Dataset S6.xlsx All single cell RNA-seq samples PCA PC loadings.

Dataset S7.xlsx Single cell RNA-seq samples pseudotime branch simulation clusters and
go terms.

Dataset S8.xlsx Expression of rescued genes with Suramin treatment and GO analyses
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General discussion
How the basal stratified epithelial cells acquire their cellular identity and are able to
execute their functions involves stepwise cell fate transitions that show particular
transcriptomic features. Transcription factor p63 is crucial in directing this
developmental process, and p63-mediated gene regulatory networks impacts on the
definition of the basal stratified epithelial fate, in health and disease. In this thesis, I have
explored mechanisms underlying epidermal commitment and studied the role of p63
throughout this process, through establishing a highly reproducible in vitro model.

Differentiation protocols and materials for generating the
basal stratified epithelia: current state and perspectives

In this thesis, we focused on the epidermal commitment of PSC, as a cellular model to
dissect p63 function (Chapters 3, 4 and 5). Previous reports have described in
vitro differentiation of pluripotent stem cells (PSC) towards a basal stratified epithelial
fate, more commonly the epidermal fate. These induced epidermal cells are here named
as induced keratinocytes (iKCs) (Table 2, Chapter 1). Before the start of this thesis, most
of the studies were performed on feeder-based conditions either for the culture of PSC
(Bilousova et al., 2011; Coraux et al., 2003; Troy and Turksen, 2005), for the maturation
of simple epithelial cells into basal stratified epithelial cells (Aberdam et al., 2017) or
expansion of basal stratified epithelial cells (Sebastiano et al., 2014). However, the
application of stem cells in clinical settings requires that the cells are not exposed to
animal-derived products to avoid immune reactions and to promote consistency among
experiments (Miura et al., 2019; Slembrouck-Brec et al., 2018). For example, inactivated
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3T3 mouse embryonic fibroblasts or Matrigel-based approaches to obtain iKCs
(Aberdam et al., 2008; Itoh et al., 2011; Shalom-Feuerstein et al., 2013) are not ideal for
translational applications, because murine-derived components with an undefined
composition can include xenogeneic contamination (Hughes et al., 2010; Jabaji et al.,
2014; Tong et al., 2018). In this regard, we optimized a reproducible protocol of
differentiating PSC towards iKCs under feeder-free conditions, based on previous
literature (Chapter 3). Our feeder-free protocol is an important advance towards
investigations through transcriptomic and epigenomic approaches.
In the method described in Chapter 3, 4 and 5, we used Geltex (GIBCO) as a coating
matrix for differentiating PSC into iKCs. A similar coating approach using Geltex,
collagen type I and collagen type IV was used in another study for PSC differentiation
towards the keratinocyte lineage (Kogut et al., 2014). According to the manufacturer,
Geltrex contains lactate dehydrogenase-elevating virus (LDEV). LDEV that belongs to
the Coronaviridae order can infect macrophages and perhaps other cell types in vivo
(Anderson et al., 1995). The use of LDEV does not impact the performance of the
material as a coating matrix. Nevertheless, the use of LDEV may be of concern in specific
applications such as xenografts or other clinically focused research, because of a
potential hazardous effect caused by the viral component. Therefore, new coating
approaches aiming at translational purposes are necessary.
It is well known in the stem cell field that PSC are exceptionally responsive to their
physical environment which includes the extracellular matrix (ECM) (Kurpinski et al.,
2006; McBeath et al., 2004). Basement membranes (BM), together with interstitial
matrices, are types of ECM (Theocharis et al., 2016). Under unwounded control
conditions, the basal stratified epithelium adheres to a basement membrane through
hemidesmosomes that are comprised of a complex of proteins. As an example of basal
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stratified epithelium BM, the corneal epithelial basement membrane (ceBM) is a
combination of collagens, laminins, heparan sulfate proteoglycans, and nidogens in
addition to other components such as thrombospondin-1, matrilin-2, and matrilin-4 and
even fibronectin in some BM (Torricelli et al., 2013). The dissection and reproduction of
chemical and topological properties of ex vivo basal membranes of different stratified
epithelia could help in the design of new alternatives methods in a xeno-free fashion.
This could help to improve the PSC commitment, maturation or maintenance of induced
stratified epithelial cells towards a more in vivo-like phenotype.
In terms of molecules inducing the epithelial fate, we used retinoic acid (RA) to induce
the ectodermal fate and Bone Morphogenetic Protein-4 (BMP-4) to block the neuronal
fate (Aberdam, 2008; Hemmati-Brivanlou and Melton, 1997; Stern, 2006), as it was
established (Chapter 3, 4 and 5) (Aberdam, 2008; Itoh et al., 2011; Sebastiano et al.,
2014). Previous reports have generated basal stratified epithelial cells using different
factors with similar biological function to RA and BMP-4. For example, ShalomFeuesterstein et al. (2013) used ascorbic acid (AA) as an ectodermal inducer to generate
corneal epithelial cells from PSC (Shalom-Feuerstein et al., 2013). Other small molecules,
such as SB-505124 and IWP-2 in combination with basic fibroblast growth factor (bFGF),
have shown potential in modulating the commitment of hPSC towards the corneal
epithelial lineage, under feeder-free conditions (Mikhailova et al., 2014). Some other
compounds have shown effectiveness in inducing ectoderm derivation from PSC, such
as cytosine arabinoside (Ara-C) (Jagtap et al., 2011) or the Zn-finger protein XFDL156
(Sasai et al., 2008). However, in the case of ectodermal directed differentiation towards
the stratified epithelial fate, such as skin keratinocytes or corneal epithelial cells, a
combination of an ectodermal inducer with neuronal repressor is necessary. This is
because, the primitive ectoderm will also give rise to the neural tube during
development (Pispa and Thesleff, 2003).
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The ultimate generation of bona fide stratified epithelial cells from PSC for translational
applications

requires

more

investigations

regarding

combinations

of

ECMs,

recombinant proteins and small molecules. Besides, further improved differentiation
protocols must be evaluated regarding essential features such as epithelial functionality,
grafting potential and molecular comparisons, such as transcriptomic profile, with their
primary, ex vivo or in vivo counterparts.

Transcriptomic features of induced keratinocytes (iKCs)

In Chapter 5, we used the established differentiation protocol (Chapter 3) and obtained
a comprehensive view of the transcriptome of normal PSC throughout the epidermal
commitment.

Our bulk and single-cell RNA-seq data show that we successfully

modelled how epidermal commitment is achieved in normal PSC. Shortly, the main
cellular transitions throughout normal epidermal commitment are: (1) the transition from
a pluripotent (OCT4, SOX2, KLF4high; KRT8/18low; TP63negative; KRT14negative) to multipotent
simple epithelial fate (KRT8/18high, TP63negative to low, KRT14negative); (2) the shift of the simple
epithelium to a basal stratified epithelial fate (KRT8/18positve, TP63positive, KRT14positive); and
lastly the (3) maturation of the epidermal fate (KRT8/18low or negative, TP63high, KRT14high).
Our data for the normal settings is well correlated with in vivo transcriptomics data for
developing mouse embryonic epidermis (Fan et al., 2018). In brief, the simple epithelial
stages of our in vitro settings show a similar gene expression profile to E9 mouse
embryonic skin, whereas the latest time point of iKCs exhibited comparable
transcriptomic profile to E13 mouse embryonic skin. It is important to notice that the
surface ectoderm in mice at E9 is composed of simple epithelial Krt8+ progenitors while
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at E13, newly specified Krt5+ epidermal progenitors can be detected (Fan et al., 2018).
From this transition between E9 and E13 onwards and postnatal development, the
epidermal cells will progressively develop its barrier function. This analysis approach
strongly reinforces the reliability of our in vitro settings and may be considered for future
transcriptomic characterizations of epidermal commitment protocols.
In one of our analyses in this chapter, we compared bulk RNA-seq differential gene
expression between primary keratinocytes (KCs) and induced keratinocytes iKCs
(Chapter 5). Although the transcriptional profile of iKCs and KCs is very similar,
epidermal-specific genes were expressed at lower levels in iKCs, as compared to KCs
(examples: FGF2, KRT14, LAMA3, CDH13) (Biorxiv version of Chapter 5, Soares et al.,
2018). Therefore, it is possible that iKCs retain embryonic signatures.
Given that several meso/endodermal genes, many of them involved in epithelialmesenchymal transition (EMT) as well as angiogenesis-related genes were expressed in
higher levels in iKCs, as compared to KCs, we tested three compounds, Heparin,
Valproic acid (VA) and Suramin, which have been used to repress mesoderm formation
or angiogenesis in vivo and in vitro (Michaelis, 2004; Michaelis et al., 2006; Mitrani et al.,
1990). Upon treatment, a few epidermal genes, such as FGF2, KRT14, LAMA3, CDH13,
were upregulated in the presence of these compounds, especially of Heparin and VA.
This upregulation in epidermal marker genes indicates positive effects of Heparin and
VA in epidermal maturation of iKCs.
Our findings for EEC-PSC showed that Suramin enhanced stratified epithelial
differentiation of PSC and Heparin and VA were effective on epidermal maturation. The
combination of these compounds could be further investigated for generating PSCderived bona fide epidermal cells in a standardized manner. In this case, early Suramin
supplementation (e.g. From days 7 to 15) followed by Heparin and VA supplementation
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(e.g. From day 15 until 30) could show better results when compared to the traditional
“RA+BMP-4” methods.
Although our initial findings are relevant, a further test of different small molecules or
recombinant proteins to upregulate epidermal genes, via alternative lineages repression,
is necessary. Moreover, the direct comparison of the transcriptional profile of iKCs with
oral mucosal (e.g. datasets from Conway et al., 2015; Yang et al., 2017) or corneal
epithelial cells (Kaplan et al., 2019; You et al., 2018) would give opportunities for
manipulation of differentiation procedures either via chemical or transgenic modulation.
Overall, in the transcriptomic analysis of normal PSC at bulk and single-cell levels
ensures the reliability for our in vitro system as a robust platform to study development
and disease.

Assessing functionality of iKCs

As discussed in Chapter 1, one of the most relevant functions of basal stratified epithelia
is to promote a permeable barrier between the organism and its environment. The
barrier function is achieved through a process called stratification in which progenitors
from the basal epithelium divide asymmetrically, producing a committed suprabasal cell
and a proliferative basal cell (Lechler and Fuchs, 2005). In our study (Chapter 3 and 5),
we assessed iKCs functionally by inducing their stratification in two-dimensional (2D)
settings in vitro. Stratification of iKCs was induced in basal keratinocyte medium (KSFM)
supplemented with Fetal Bovine Serum (FBS). In our iKCs 2D stratification model, we
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observed downregulation of the basal keratinocyte marker KRT5 and upregulation of
the suprabasal markers INVL and CYSME. This switch of markers characterizes
stratification of stratified epithelia in general, such as skin epithelial or corneal epithelial
(Alam et al., 2011). For more than 40 years, this serum supplementation approach has
been used to generate stratified epithelia from primary skin keratinocytes (KCs) in 2D
settings (Rheinwald and Green, 1975). Although 2D models have answered several
important biological questions regarding epithelial stratification, it does not fully
recapitulate the tissue architecture of the epidermis, making the reproduction an in vivolike phenotype more challenging.
So far, a few studies reported successful generation of 3D epidermal equivalents from
PSC-derived epidermal cells (Itoh et al., 2011; Petrova et al., 2014; Umegaki-Arao et al.,
2014). More sophisticated systems, such as 3D full skin, derived from PSC and
composed of iKCs as well as induced fibroblasts, has been shown to be comparable to
3D skin constructs derived from primary cultures (Itoh et al., 2013; Kim et al., 2018).
Generally, 3D-based models are advantageous to 2D models regarding the deposition
of extracellular matrix (ECM) proteins, cell-cell interactions, as well as the formation of
nutrient, waste and gas exchange in the extracellular environment, therefore mimicking
the in vivo settings in a more realistic manner (Hirschhaeuser et al., 2010; Randall et al.,
2018). Ultimately, a 3D epidermal equivalent or a 3D full system could be developed
using the iKCs generated under our conditions (Chapter 3 and 5). Once established,
these models could facilitate drug testing for epithelial diseases, more specifically, for
those where patient material is difficult to obtain.
Moreover, ex vivo assays are essential for testing the functionality of iKCs. In this case,
either basal iKCs (Bilousova et al., 2011), stratified iKCs without (Guenou et al., 2009) or
with induced-fibroblasts (Kim et al., 2018) are grafted onto immunodeficient mice. After
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a few weeks, the grafted skin-equivalents can be evaluated regarding the expression of
epidermal stratification markers, tumour formation, and development of skin
appendages, such as hair follicles. In summary, these reports have shown that mouse
iKCs can regenerate normal skin expressing epidermal stratification markers without
tumour development, and without (Guenou et al., 2009; Kim et al., 2018) or with signs
of hair follicle development (Bilousova et al., 2011).
Ultimately, the capability of generating a completely safe functional PSC-derived basal
stratified epithelium in vitro system would increase its potential for translational
purposes. In addition, similar molecular signatures, such as a transcriptional profile, to
their in vivo counterparts could reinforce their reliability and pave the way for the
potential use of PSC-derived stratified epithelial cells for regenerative purposes.

In vitro models to study epithelial specification

In Chapter 3, we described an efficient and reproducible protocol for the generation of
induced keratinocytes (iKCs). However, morphological and molecular observations have
shown that normal and diseased basal stratified epithelial commitment from PSC is
heterogeneous (Chapter 5). As PSC differentiation can be assessed by expression of
lineage-specific genes, cell heterogeneity may be sorted out and minimized using this
strategy. In this regard, a cellular system to track PSC differentiation towards the
stratified epithelial lineage is warranted.
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Transcription factor (TF) p63 plays a pivotal role in the development and homeostasis of
stratified epithelia, and it is a well-known marker for proliferating basal cells of human
epithelial tissues, including epidermis, cervix, urothelium and prostate (Pignon et al.,
2013; Yang et al., 1998). Due to its central role, we reasoned to create a cellular model
to track basal stratified epithelial commitment on human iPSC. As p63 expression is
associated with the activation of two long-range enhancers (p63LRE) (Antonini et al.,
2015), we expect that stratified epithelial commitment could be tracked based on GFP
fluorescence driven by p63LRE. A cellular system as such is essential either for the
enrichment of a more homogeneous PSC-derived population of epithelial cells or for
high throughput screening of small molecule compounds that can enhance the stratified
epithelia commitment. Thus, in Chapter 4, we describe new normal iPSC-p63-LRE-GFP
cell lines that are highly suitable for these proposes.
Recently, Drick et al. (2020) have used p63 expression to track commitment of hPSC
towards airway basal epithelial lineage. The authors reported the generation of an
NKX2.1/p63 double transgenic knock-in reporter PSC line using the transcription
activator-like effector nucleases (TALENs) technology (Drick et al., 2020). The rationale
behind their study is that basal epithelial cells from the lung are dually positive for
NKX2.1 and p63 (Yang et al., 2018). Thus, this cell line enables the monitoring and
optimization of PSC differentiation towards NKX2.1/p63 double-positive cells, marking
basal airway epithelial commitment. This study reinforces the relevance of p63 as a
marker gene of PSC differentiation towards the epithelial fate.
In line with these findings, cell lines integrated with our p63-LRE-GFP and other lineagespecific reporters could help to trace diverse epithelial lineages. For example, a double
reporter system combining the PAX6 promoter with p63-LRE-GFP would be interesting
to track PSC commitment towards the corneal epithelial lineage. Moreover, the
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investigation of other TF that cooperate with p63 to establish diverse epithelial lineages
could be used in a similar approach. In conclusion, our study described in Chapter 4
represents an interesting alternative to track PSC commitment towards diverse
epithelial lineages.

P63 acts as a pioneer transcription factor controlling the
enhancer landscape during epidermal development

In Chapter 2, we reviewed the currently available knowledge about p63-mediated gene
regulation in epidermal development and disease. We concluded that p63 plays a
pivotal role in epidermal commitment and terminal differentiation, not only by directly
regulating the expression of epidermal-related genes but also by shaping the chromatin,
specifically, the enhancer landscape (Fessing et al., 2011; Kouwenhoven et al., 2015;
Mardaryev et al., 2014, 2016; Rapisarda et al., 2017; Rinaldi et al., 2016). Based on the
findings from Kouwenhoven et al. (2015), it is evident that p63 binds to a large number
of enhancer regions during epidermal stratification in skin keratinocytes (KCs). However,
not all but only a subset of p63 binding site are co-localized with the histone
modification H3K27ac which marks active enhancers. Moreover, based on RNA
polymerase II deposition, which marks active gene transcription, the authors observed
that only this subset of p63 binding sites marked by H3K27ac showed correlation to
gene activity. In this regard, it is plausible that the inactive p63-bound enhancers in
epidermal keratinocytes could be active during the development of other epithelial or
epithelial-related tissues (Kouwenhoven et al., 2015).
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Another study showed that in p63-negative cells, the genomic regions of p63-bound
enhancers present in epidermal keratinocytes are nucleosome-enriched and therefore
inaccessible, to prevent p63 ectopic activation (Bao et al., 2015). Moreover, p63 and
BAF mutually recruit each other to open and maintain several open chromatin regions
in KCs. Given that p63 plays a crucial role in organizing the chromatin in epidermal cells,
in Chapter 2 we speculated about the role of p63 as a pioneer transcription factor
during epidermal development (Soares and Zhou, 2018). Pioneer TFs have the property
to bind to inaccessible chromatin and promote its opening during development (Zaret
and Carroll, 2011). However, this assumption was challenging to test using in vitro
epidermal stratification models since the epidermal cell fate was already defined.
Recently, Li et al. (2018) defined the epigenomic landscape during epidermal
specification of human PSC. The authors identified two major chromatin networks
during surface ectoderm initiation and keratinocyte maturation, which are determined
by TFAP2C and p63, respectively. In summary, they emphasized that TFAP2C prepares
the chromatin landscape, characteristic of the simple epithelial fate. Later in
development, p63 remodels the sites opened by TFAP2C and thereby orchestrates the
epidermal commitment (Li et al., 2018). These results clearly support the idea of p63
acting as a chromatin organizer (Kouwenhoven et al., 2015). Besides, the study from Li
et al. (2018) reinforces our findings in Chapter 5 and previous reports (ShalomFeuerstein et al., 2011a, 2013) that p63 does not affect the PSC commitment towards
the simple epithelial fate, which is mainly regulated by TFAP2C. Instead, p63 expression
affects the transition between the simple epithelial and stratified epithelial fates. Yet,
whether p63 was able to bind to closed chromatin regions and act as a pioneer TF was
still unclear based on the in vitro findings from Li et al. (2018).
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In a recent study focused on the embryonic ectoderm specification of zebrafish embryos,
Santos-Pereira et al. (2019) demonstrated that p63 acts a pioneer transcription factor
by binding to closed chromatin regions at enhancers strongly associated with epidermal
genes. P63, thereby, promotes the opening of these enhancer regions, which leads to
upregulation of the expression of epidermal genes in later developmental stages
(Santos-Pereira et al., 2019). Furthermore, during epidermal commitment, p63 binds to
enhancers associated with neural genes, limiting the binding of Sox3, a neuronal
regulator, reducing neural gene expression. It seems that p63 binds not only to
promoter and enhancer regions of epidermal genes for their activation but also to
enhancers of non-epithelial genes for repressing alternative transcriptional programs in
epidermal cells.
Altogether, results from epidermal commitment and stratification emphasize the crucial
role of p63 as a pioneer TF (Santos-Pereira et al., 2019) and in organizing the chromatin
for the establishment of the epidermal cell fate (Li et al., 2018). Once the epidermal cell
fate is defined, p63 acts as a placeholder and bookmarks enhancers in the genome
(Kouwenhoven et al., 2015). However, the molecular and cellular outcomes of mutated
or abrogated p63 expression during epidermal development are still understudied. The
answer to these questions could help to elucidate the molecular mechanisms underlying
epidermal related-disorders associated with p63 mutations.
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P63 is essential for the establishment of the stratified
epithelial cell identity and its maintenance

In addition to the detailed characterization of the epidermal commitment of normal
PSC, Chapter 5 describes that P63 mutant EEC-PSC show impaired stratified epithelial
commitment and did not develop further from the simple epithelial stage (KRT8/18high,
P63negative

or low,

KRT14negative). A previous report on EEC-patient derived epidermal

keratinocytes (EEC-KCs) have shown that p63 binding is affected in these EEC-KCs (Qu
et al., 2018). This is due to amino acid substitutions in the DNA-binding domain of the
p63 protein. The mutations in EEC patients are single point mutations (Rinne et al.,
2007; Soares and Zhou, 2018). The R304W and R204W mutations in the TP63 gene,
together with other three hotspot mutations, account for more than 90% of the EEC
cases (Shalom-Feuerstein et al., 2013). Most phenotypes of EEC patients can be
observed in tissues of the epithelial origin such as the skin or in tissues where the
signalling produced by the nearby epithelial cells is crucial for morphogenesis such as
limbs and craniofacial appendages. In order to focus on the effects of p63 EEC
mutations on epithelial specification, we dissected the epidermal commitment of EECPSC using bulk and single-cell RNA-seq.
We showed that during epidermal commitment, EEC-PSC are highly heterogeneous in
their gene expression, when compared to normal PSC. More specifically, the
committing EEC-PSC shows a decreased induction of stratified epithelial genes and an
aberrant expression of meso/endodermal genes at bulk and single-cell level.
Pseudotime analyses suggest multiple lineage diversification, and consequently, loss of
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cellular identity, in contrast to normal iKCs that follows a trajectory that leads to the
epidermal fate (Chapter 5).
In order to investigate whether this impaired differentiation was due to genotypic
differences or cause by the p63 mutations specifically, we created isogenic PSC from
normal PSC, named as iso-R304W PSC. We observed that these cell lines do not reach
a stratified epithelial fate, with a lack of induction of stratified epithelial markers, such
as KRT14. Hence, we conclude that p63 is essential in promoting the transition from
the simple towards the stratified epithelium. Recent studies on the epidermal
commitment of PSC have emphasized our findings in Chapter 5 that p63 is crucial for
the basal stratified lineage identity (Fan et al., 2018; Li et al., 2019; Pattison et al., 2018;
Santos-Pereira et al., 2019).
Using human PSC, Pattison et al. (2018) compared chromatin accessibility, histone
modification profiles and long-range chromatin interactions of p63 WT and p63knockout (p63KO). The authors showed that p63-mediated epigenetic changes only
occur after morphogen induction, such as retinoic acid (RA) and bone morphogenetic
protein-4 (BMP-4). These changes include alteration of the chromatin accessibility the
epigenetic landscape. After the changes in chromatin accessibility promoted by
morphogens, p63 distally closes chromatin accessibility and promotes accumulation of
H3K27me3 (trimethylated histone H3 lysine 27), silencing subsets of genes during the
transition from the simple epithelium to the epidermal fate. More specifically, there is
a p63-dependent H3K27me3 deposition at enhancer regions related to the neuronal
fate (Pattison et al., 2018). These observations are consistent with data from early
zebrafish development and with our in vitro system (Santos-Pereira et al., 2019; Soares
et al., 2019).
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Overall, our findings in Chapter 5 indicate that p63 is a key regulator in the activation
of epidermal genes and repression of other lineage genes. The repressive role of p63
during epidermal commitment is in accordance with the knowledge that cell fate
decisions are stochastic and depend on the activation of lineage-specifying TFs which
as a result promote fate conversion through cross-antagonistic interactions with
alternative lineage-specifying TFs (Graf and Enver, 2009). Cross-antagonistic
interactions, in this case, is the repression of transcriptional activity of TFs associated
with opposing lineages. This phenomenon occurs, for example, during the commitment
of cells to different lineages through the transition from morula to blastocyst (Nimmo
et al., 2015).

The potential role of p63 in facilitating interchangeable
epithelial fates

One of the ultimate goals in stem cell biology and regenerative medicine is to generate
cells and tissues potentially for transplantation. As previously mentioned, p63, as its ΔN
isoform, is highly expressed in epithelial cells of the skin, hair follicles, cornea,
uroepithelium, prostate, in vitro and in vivo (Pignon et al., 2013; Soares and Zhou, 2018).
In epithelial tissues, high p63 expression is commonly associated with the basal stem
cell phenotype, which is important for self-renew capacity as well as terminal
differentiation (Fletcher et al., 2011; Koster et al., 2004; Yang et al., 1999). Recent
reports have shown that epithelial cells, with high p63 expression, can interchangeably
be converted to another epithelial cell type, upon overexpression of a few specific
factors or modification of culturing conditions.
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As an example of epithelial fate transitions, epidermal keratinocytes (TP63highPAX6negative
or low

), can be transdifferentiated into corneal epithelial cells (TP63highPAX6high), through

overexpression of the transcription factor PAX6 (Ouyang et al., 2014). Besides
expressing a high level of p63, skin keratinocytes (KCs) share the same surface
ectodermal origin as that of corneal epithelium, which might facilitate this conversion.
In the same report, the authors also showed that p63 depletion resulted in the loss of
the epithelial fate of the cells. It might be possible that the enhancer regions occupied
by p63 in epidermal KCs (Kouwenhoven et al., 2015) might aid the binding of PAX6 in
these genomic regions allowing this cell fate transition to happen. In another
transdifferentiation study, overexpression of PPARγ1 and GATA3 in buccal epithelial
cells (BECs) changed the epithelial phenotype of these cells into the urothelial-like
phenotype, both p63high (Hustler et al., 2018) (Figure 2).
In an induction medium-approach, researchers converted skin keratinocytes, PAX6neg
into

corneal

epithelial-like

cells,

PAX6high

by

culturing

KCs

in

a

limbal fibroblast conditioned medium (LFCM) (cultivated limbal fibroblasts) (details on
Gopakumar et al., 2016). Another example is that oral mucosal epithelial cells
(OMECs) can be converted into corneal epithelial-like cells through the culturing of
OMECS in combination with limbal niche cells (LNCs) (Zhao et al., 2018). Similarly, hair
follicle (HF) epithelial stem cells are efficiently differentiated into corneal epithelial-like
cells in vitro when exposed to a limbus- specific microenvironment. When HFs are
cultured laminin-5 coated dishes and conditioned medium from limbal stromal
fibroblasts they are clonally enriched HF stem and progenitor cells. Conditioned
medium from limbal fibroblasts would mark the upregulation of expression of cornea
epithelial-specific markers KRT12 and PAX6, whereas expression of the epidermal
keratinocyte marker KRT10 is downregulated (Blazejewska et al., 2009). Similarly, hair
follicle stem cells have been converted into urothelial-like cells, using a urothelial cell249
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conditioned medium (conditions based in Zhang et al., 2001). The authors reported that
after two weeks of culture there was an upregulation of the expression of urothelial
markers such as KRT7, KRT8 and KRT18, whereas the expression of the hair follicle
marker KRT15 was decreased. This medium was able to sustain the epithelial phenotype
of the culture (Drewa et al., 2013).
It is known that the embryonic urogenital sinus mesenchyme (UGM) induces prostate
epithelial morphogenesis in development. Li et al. (2008) showed that the TGF-ß
signalling pathway directs this fate conversion. In their findings, Tgfbr2fspKO UGM was
not capable of differentiating into a prostate epithelial (PE)-like phenotype, as opposed
to the UGM of Tgfbr2floxE2/floxE2 mice. Their data suggest that stromal TGF- ß activity
mediated by paracrine Wnt is necessary for the conversion of UGM into PE. Interestingly,
p63 null mice do not develop a PE during development (Signoretti et al., 2000),
indicating the important role of p63 in establishing the epithelial cell fate. Besides, p63
overexpression in combination with other TFs in non-epithelial cell types, such as
fibroblasts or wound-resident mesenchymal cells, has been shown to be crucial for the
conversion of these cell types into an epithelial-like phenotype (Chen et al., 2014; Kurita
et al., 2018).
In summary, p63 is a common highly expressed marker in epithelial cell types. All these
examples illustrate that p63 might prime a basal epithelial phenotype which can be
interchangeably re-modulated. However, whether p63 facilitates this conversation
between epithelial cell types could be better investigated. Given that high p63
expression often marks highly proliferative epithelial cells, the use of the p63-LRE-GFP,
described

in Chapter

4, could

facilitate

these

investigations.

Besides,

these

investigations would shed light p63 as an important marker in regenerative medicine as
a gatekeeper of an interchangeable basal epithelial phenotype.
250

Chapter VI

Figure 2: P63 positive-epithelial cell types can be interchangeably differentiated upon overexpression of
a few transcription factor (TFs) or changes in the culture media.

Future perspectives of regenerative medicine for p63-related
disorders

In Chapter 5, we observed that an abnormal activation of a mesodermal program, and
tested Heparin, VA and Suramin in the rescue of the impaired differentiation of EEC-PSC
by downregulation of meso/endodermal genes, including the genes involved in EMT,
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and induction of stratified epithelial genes. Overall, Suramin promoted the most effective
rescue (Chapter 5). In this regard, the mechanism by which Suramin promotes these
gene expression changes could be further investigated. For example, chromatin
accessibility, histone marker deposition and long-range chromatin interaction
comparisons between Suramin treated and non-treated could clarify high order
chromatin regulation of gene expression mediated by Suramin treatment in p63-related
disorders.
Largely, the study presented in Chapter 5 provides a novel scientific basis for the disease
mechanism of EEC syndrome and opens new avenues that could be applied in clinical
research for other p63 related disorders. Importantly, our data is easily reconciled with
the speculated role of p63 “as a gatekeeper of the epidermal morphogenesis” during
basal stratified epithelial commitment (Shalom-Feuerstein et al., 2011). Our model raises
exciting new questions; for example, whether the abnormal expression of mesodermal
genes in EEC-PSC is a direct or indirect effect of p63 binding defects. To solve these
questions, the use of our system with open chromatin techniques or chromatin
immunoprecipitation would be interesting. Moreover, the investigation of the
developmental problems caused by p63 EEC-mutations in other tissues besides the
epithelial would be interesting for a more comprehensive view about the role of p63
during organogenesis.
Besides the characteristic epithelial-related phenotype, described in Chapters 1, 2 and
5 EEC patients are affected with malformation of limbs and craniofacial structures. Our
system described in Chapters 3, 4 and 5 is a useful tool for the dissection of molecular
mechanisms associated with epithelial development. Although p63, on its ΔNp63
isoform is mainly expressed in epithelial cells, in where it acts as guardian of the epithelial
lineage, aspects regarding the interaction between developing epithelium and other
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cell types could shed light novel aspects concerning the role of p63 during human
development. It is plausible that paracrine signalling between the p63-positive
developing epithelium and other cell types is crucial for human organogenesis (Celli et
al., 1999; Niswander, 1997). However, more complex cellular models are warranted for
the investigation of the molecular phenotype of developing limbs or craniofacial
structures.
Recently, researchers were able to generate limb buds (LBs) from murine PSC. mPSCderived LBs consist of tissues derived from the lateral plate mesoderm mesenchyme and
ectoderm-derived surface epithelium (Mori et al., 2019). According to Mori et al. (2019),
mesenchymal cells wrapped by an ectodermal layer of cells expressing markers such as
E-cadherin, p63, AP2-α, Keratin8/18, and Keratin5, similar to basal epithelial cells
described on Chapters 3, 4 and 5, could be observed after nine days of culture. From a
fundamental perspective, the investigation of p63-mediated gene regulation during LBs
development could elucidate p63-mediated mechanisms behind limb malformations
observed in EEC patients. Therefore, the optimization of the system to human PSC and
subsequent LBs commitment using the cell lines described in Chapter 5, both patientspecific and isogenic, would be interesting for dissecting the role of p63 during limb
development. Given that p63 has been detected on LBs epithelial cells, our P63-LRE PSC
model described in Chapter 4, would be useful to discriminate between epithelial and
mesenchymal cells in the LBs. Moreover, the use of our P63-LRE PSC model, together
with scRNA-seq-based approaches, would reinforce the discrimination amongst different
epithelial and non-epithelial populations. Ultimately, the used of small molecules to
rescue p63-mediated gene regulation, such as the ones described in Chapter 5, would
reinforce the potential of these molecules in rescuing EEC-related phenotype. However,
it should be noted that this investigation is highly interesting at the fundamental level; it
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would be difficult to be translated at the clinical level since limb malformations are
acquired during embryonic development.
In contrary to the skin, limbs and craniofacial phenotypes, the onset of limbal stem cell
(LESCs)-deficiency of EEC-patients take place in adulthood, and less frequently in
childhood (Di Iorio et al., 2012). Therefore, our approach of testing small molecules
enhancing the basal stratified epithelial commitment of p63 mutant EEC-PSC could
illuminate new therapeutic options for ameliorating symptoms, such as LESCs-deficiency
in EEC-patients. Besides, the small molecule approach here applied could be extended
to test on other types of p63 mutations if similar mechanisms are found during basal
stratified epithelial commitment. The dissection of the molecular mechanisms by which
different p63 mutations, such as the ones causative of Ankyloblepharon-Ectodermal
defects-Cleft lip/palate (AEC, OMIM 106260), Limb Mammary Syndrome (LMS, OMIM
603543), Acro-Dermato-Ungual-Lacrimal-Tooth syndrome (ADULT, OMIM 103285) and
Rapp–Hodgkin Syndrome (RHS, OMIM 129400) (see Figure 1, Chapter 2) affects
stratified epithelia commitment would create opportunities to improve drug-based
treatment not only for EEC-syndrome but also other p63-related disorders. Ultimately,
our findings are of great potential for the generation of basal stratified epithelial cells for
aiming regenerative purposes.
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Overall conclusion

In this thesis, we aimed to dissect the role of p63 in the stratified epithelial specification.
We established a reproducible protocol to differentiate human PSC towards stratified
epithelial lineage, epidermal cells. The differentiation process involves the commitment
of PSC towards a simple epithelial fate, and thereafter, simple epithelial cells gives rise
to basal stratified epithelial cells. This transition is based on downregulation of simple
epithelial markers (KRT8/18) and upregulation of basal stratified epithelial cells
(TP63/KRT14/5). Afterwards, these cells can be further stratified with the expression of
suprabasal epithelial markers such as TGM1, CYSME and INVL. Our in vitro model serves
as an important platform for modelling development and disease, as well as for drug
screening. However, it should be better investigated at functional and molecular levels
for regenerative medicine purposes.
As p63 plays an essential role in the stratified epithelial specification, we created a
cellular model to track this differentiation process in vitro. Our data showed that p63
works as an excellent readout for defining the stratified epithelial lineage. Moreover,
our cellular platform could be extended for high-throughput screenings aiming to
regulate p63 expression during early commitment, epithelial transdifferentiation or
cancer. Addition of other epithelial transcriptional regulators to our reporter construct
could be used to track the commitment towards several epithelial cell types.
In our comparison between normal versus mutated (EEC-PSC) p63 expression PSC
model, p63 showed to be essential to ensure the stratified epithelial cellular identity.
EEC-PSC showed loss of cellular identity with abnormal expression of mesodermal
markers. This impaired differentiation can be partially reduced with the supplementation
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of culture medium with mesodermal inhibitors. Nevertheless, the bulk and single-cell
RNA-seq data generated in our study could be used to design new drug screening
studies to improve diverse cellular models for epithelial commitment.
In conclusion, this thesis covers novel essential aspects of molecular developmental
biology, specifically, regarding p63 regulation in the specification of the basal stratified
epithelial fate. Recent technological advances in cellular and molecular biology offer the
possibility of refinement of our findings. Nevertheless, our research could be extended
for therapy-oriented screenings that could be beneficial for EEC-patients or other
epithelial related disorders.
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Research data management

Findability:
The data described in this thesis are stored at the department of Molecular
Developmental Biology, Radboud University in Nijmegen, the Netherlands.
Accessibility:
Data, protocols, cell lines and plasmids can be obtained on request from the
department of Molecular Developmental Biology, Radboud University in Nijmegen, the
Netherlands.
Bulk and single-cell RNA-sequencing results from Chapter V are accessible in the Gene
Expression Omnibus (GEO) database:
https://www-ncbi-nlm-nih-gov.ru.idm.oclc.org/geo (accession no. GSE120107).
Data obtained from p63 patients have been deposited in the Genotypes and
Phenotypes (dbGaP) database (accession no. phs001737.v2.p1)
Interoperability:
The data are documented in English according to the FAIR principles.
Reusability:
The data described in this thesis are documented to be reused for further research and
analysis.
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Summary
In this thesis, I have explored mechanisms underlying epidermal commitment and
studied the role of p63 throughout this process. First, aspects regarding stem
cell/epithelial biology, epithelial-mesenchymal transition, next-generation sequencing
approaches (NGS) at bulk and single-cell levels are summarized in the general
introduction (Chapter 1). Next, studies on the regulatory function of p63 during
epidermal development and disease are discussed in details in Chapter 2. To study
epidermal commitment, I have optimized a novel efficient feeder-free protocol from
pluripotent stem cells (PSC) towards the epidermal lineage, and this is described in
details in Chapter 3. Moreover, given that p63 is a master regulator of basal stratified
epithelial specification, a cellular model to track this commitment process was
generated based on tracking p63 expression (Chapter 4). Lastly, the epidermal
commitment of healthy and p63 mutant PSC established from ectodermal dysplasia and
cleft lip/palate syndrome (EEC) patients is dissected at the functional and molecular
level (Chapter 5). While normal PSC successfully achieved an epidermal-like phenotype,
an abnormal mesodermal program was activated and maintained during the
commitment of EEC-PSC. Importantly, based on differential gene expression of normal
and diseased cells, an effective small molecule-based approach to improve
differentiation of mutant p63 cells was successfully carried out. Altogether, this study
represents a significant advance towards the understanding of basal stratified epithelial
commitment and molecular mechanisms of p63 related disorders, and it paves the way
for future translational outcomes.
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Samenvatting
In dit proefschrift heb ik mechanismen onderzocht die ten grondslag liggen aan
epidermale commitment en heb ik de rol van p63 tijdens dit proces bestudeerd.
Allereerst worden aspecten met betrekking tot stamcel-/epitheliale biologie,
epitheliale-mesenchymale transitie, volgende generatie sequencing-benaderingen
(NGS) op bulk- en eencellige niveaus samengevat in de algemene inleiding (Hoofdstuk
1). Vervolgens worden studies over de regulerende functie van p63 tijdens epidermale
ontwikkeling en ziekte in detail besproken in Hoofdstuk 2. Om de epidermale
commitment te bestuderen, heb ik een nieuw efficiënt feeder-vrij protocol
geoptimaliseerd van pluripotente stamcellen (PSC) naar de epidermale afstamming, en
dit wordt in detail beschreven in hoofdstuk 3. Bovendien, aangezien p63 een
hoofdregulator is van basaal gestratificeerde epitheliale specificatie, werd er een
cellulair model gegenereerd om dit commitmentproces te volgen gebaseerd op het
volgen van p63-expressie (Hoofdstuk 4). Ten slotte wordt de epidermale inzet van
gezonde en p63-mutante PSC vastgesteld bij patiënten met ectodermale dysplasie en
gespleten lip/gehemelte-syndroom (EEC) ontleed op functioneel en moleculair niveau
(Hoofdstuk 5). Terwijl normale PSC met succes een epidermaalachtig fenotype bereikte,
werd een abnormaal mesodermaal programma geactiveerd en gehandhaafd tijdens de
inzet van EEC-PSC. Belangrijk is dat, gebaseerd op differentiële genexpressie van
normale en zieke cellen, met succes een effectieve aanpak op basis van kleine moleculen
werd uitgevoerd om differentiatie van mutante p63-cellen te verbeteren. Al met al
betekent deze studie een belangrijke vooruitgang in de richting van het begrijpen van
basaal gestratificeerde epitheliale commitment en moleculaire mechanismen van aan
p63 gerelateerde aandoeningen, en het maakt de weg vrij voor toekomstige
translatieresultaten.

268

Appendix

Acknowledgments
This PhD trajectory was full of nice moments and experiences. Even the challenging
moments were important and taught me more than I could ever imagine. I would like to
acknowledge each person that supported me either at the professional or personal side.
From the ones I met before moving to Nijmegen or after that, thank you so much for
being part of my journey. But special thanks to the people below.
Foremost, I would like to thank my supervisor Jo for the amazing opportunity of working
with you. I could never imagine I would get this far geographically, professionally and
personally, and you made all of that possible. I’ve learned about commitment not only
from the cells but from you, as you are one of the most committed professionals I know.
I have always valued your excitement for scientific discussions, especially the ones
involving p63. You are an incredible supervisor. And I will always appreciate all the
knowledge, patience and opportunities I got from you throughout this journey: 謝謝.
I acknowledge my promotor, Gert Jan Veenstra, you are one of the smartest and kindest
scientists I’ve ever met, I am grateful for all the scientific discussions over my PhD. I also
would like to express my gratitude to Fuchou Tang for the incredible collaboration and
the chance to meet some of your group members. Also, many thanks to Hans van
Bokhoven, Joost Schalkwijk, Henk Stunnenberg, Klaas Mulder, Simon van Heeringen,
Daniel Aberdam, and many others, for giving me valuable tips whenever we had the
chance to discuss.
I am very glad to be “always” (it still feels like it) part of the p63 group, many thanks to
all the p-sixty-threers, including internship students, for all the shared experience.
Likewise, many thanks to all the Mol(Dev)Bio fellows, it was very nice to meet all of you.

269

Appendix
I would like to thank Anita, Maria, Marion and Josephine for being so nice when helping
me to solve administrative work. Also, many thanks to the members from CAPES-Brazil.
Thank you, Eva, Bowon, Siebe and Rita for all the support in the sequencing experiments.
Também gostaria de agradecer aos meus amigos, ou família, que fiz aqui, os
queridinhos. Angélica, Joames, Bia e Ari obrigado por todos os momentos de
(in)sensatez, (in)sanidade, (im)paciência, companheirismo, vocês foram essenciais
durante todo a minha PhD trajetória. Omar, muito obrigado pela nossa amizade que
vem de Nijmegen ate Maastricht. Sempre irmãos, sempre unidos, sempre Brasil.
Also, I would like to thank the Maastrichters for recent experiences. Vanessa LaPointe,
thank you for the support in the time I needed for solving PhD related-issues. I am very
grateful to Floor Ruiters for the critical reading of my thesis, besides our friendship that
I appreciate very much. I also would like to thank Tony Feliciano and Chloe Trayford for
all the good moments. Many thanks to Samuele too for all the fun moments and help in
the needed moments. Thanks also to all the wonderful people I’ve met over the last
period here for all the pleasant moments.
Finalmente gostaria de agradecer a minha família. A base para tudo que me tornei e
ate onde cheguei se deve ao apoio familiar e suporte que tive a seguir investindo em
mim mesmo. Em especial, gostaria de agradecer a minha mãe que mesmo sem um curso
superior me incentivou a ir bem longe, literalmente. Apesar de vocês pensarem que eu
ainda estou estudando, gostaria de dedicar essa experiência profissional a vocês.
Thank you! Dank u wel! Obrigado! 謝謝!

270

Appendix

Curriculum vitae
Luis Eduardo de Sousa Soares (Eduardo Soares)
Born on April 18, 1987 in Juazeiro do Norte, Brazil

04/2014 – 03/2018
Radboud University | Nijmegen, The Netherlands
PhD: Molecular Developmental Biology
Supervisor: Dr. Huiqing Zhou

PREVIOUS EDUCATION AND EMPLOYMENT HISTORY
04/2011 – 05/2013
Federal University of Rio Grande do Sul | Brazil
MSc: Genetics and Molecular Biology
Supervisor: Dr. Fernanda Bered
10/2006 – 10/2010
State University of Rio Grande do Norte | Brazil
BSc: Biological Sciences
Supervisor: Dr. Kathia Maria Barbosa e Silva
05/2013 – 02/2014
Laboratory Technician (Laboratory of Inborn errors of metabolism UFRGS – Headed by Dr. Moacir Wajner
l Federal University of Rio Grande do Sul, Brazil

271

Appendix

Publications
1. Soares E & Zhou H (2020) - Pluripotent stem cell differentiation towards functional basal stratified
epithelial cells. Springer Protocols (in press).
2. Soares E, Xu Q, Li Q, Qu J, Zheng Y, Raeven HHM, Brandao KO, Petit I, van den Akker WMR,
van Heeringen SJ, Aberdam D, Tang F & Zhou H. (2019). Single-cell RNA-seq identifies a
reversible mesodermal activation in abnormally specified epithelia of p63 EEC syndrome.
Proceeding of the National Academy of Sciences of the United States of America. 116 (35).
17361–17370.
3. Soares E & Zhou H. (2018). Master regulatory role of p63 in epidermal development and disease.
Cellular and Molecular Life Sciences. 75(7):1179-1190. doi: 10.1007/s00018-017-2701-z.
4. Soares LE, Goetze M, Zanella CM & Bered F. (2018). Genetic diversity and population structure
of Vriesea reitzii (Bromeliaceae), a species from the Southern Brazilian Highlands. Genetics and
Molecular Biology 41(1 suppl 1):308-317. doi: 10.1590/1678-4685-GMB-2017-0062.
5. Viegas CM, Zanatta A, Grings M, Hickmann FH, Monteiro WO, Soares LE, Sitta A, Leipnitz G,
de Oliveira FH, Wajner M. (2014). Disruption of redox homeostasis and brain damage caused
in vivo by methylmalonic acid and ammonia in cerebral cortex and striatum of developing rats.
Free Radical Research 48(6):659–669.
6. Zanella CM, Janke A, Palma-Silva C, Kaltchuk-Santos E, Pinheiro FG, Paggi GM, Soares LE,
Goetze M, Büttow MV, Bered F. (2012). Genetics, evolution and conservation of Bromeliaceae.
Genetics and Molecular Biology 35(4 (suppl)):1020-6.
7. Soares LES, Barbosa-Silva KM, Barbosa Z, Albuquerque CC. (2011). Chomosome number of
Lippia gracilis schauer (verbenaceae) from Rio Grande do Norte, Brazil. Caatinga 24 (3): 221-224.

272

Appendix
PhD PORTFOLIO

a)

TRAINING ACTIVITIES
Courses & Workshops
- Introduction day Radboudumc
- Graduate School specific introductory course
- Scientific integrity
- Academic writing
- Presentation skills

b) Seminars & lectures^
- Radboud Research Round
- Radboud Research Round
- Radboud Research Round
- Radboud Research Round
- Journal club Mol (dev) Bio
c)

Symposia & congresses^
- Dutch iPSCs meeting. Rotterdam, The Netherlands (oral)
- Radboud Frontiers in Regenerative Medicine (attend)
- DevCom. Paris, France (poster)
- Dutch iPSCs meeting. Nijmegen, The Netherlands(oral)
- PhD retreat (poster) (oral)
- DSSCR. Utrecht, The Netherlands (poster)
- CSH Stem Cell Biology. New York, USA (poster)
- Radboud Frontiers: Radboud Frontiers in Cilia Medicine
- Dutch Chromatin meeting, Nijmegen, The Netherlands
(poster)
- PhD retreat
- DSSCR. Utrecht, The Netherlands (poster)
- Dutch iPSCs meeting. Rotterdam, The Netherlands (oral)
- PhD retreat
- DSSCR. Utrecht, The Netherlands (attendant)
- Epigenetic Regulation of Stem Cell Differentiation.
Amsterdam, The Netherlands (poster)
- GRC Epithelial Differentiation and Keratinization. Luca,
Italy (poster)
- Dutch iPSCs meeting. Groningen, The Netherlands. (oral)

d) Other
- Organization of Mol(Dev)Bio lab retreat
TEACHING ACTIVITIES
e) Lecturing
f) Practical: Tutoring experimental for Molecular Biology (Colin
Logie)

Year(s)

ECTS

e.g.
2015
2015
2016
2017
2018

e.g.
0.5
2
1
3
1.5
8

2014
2015
2016
2015
2016

0.1
0.1
0.1
0.1
1
1.4

2014
2014
2015
2015
2015
2015
2015
2015
2015
2015
2016
2016
2016

0.5
0.2
1
1.25
0.75
0.5
1.5
0.5

2017

0.5
0.75
0.5
0.5
0.75
0.25

2017

1

2017
2017

1
0.5
11.75

e.g.
2015

2

2016

0.8

273

Appendix
Supervision of internships / other
• Gaonan Zhang (2015) – Establishment of a cellular system
with an easy readout for
epithelial commitment. Bachelor internship – 6 months. HAN
University of Applied Sciences.
• Inge Rondeel (2016) - Optimization of ATAC-sequencing
technique using in vitro systems.
Master Internship – 6 months. Radboud University.
• Noa van den Brink (2016)- Transcriptional effects of p63
mutations on epidermal commitment of human induced
pluripotent stem cells. Bachelor internship (6 months) –
Radboud Honours Academy. Radboud University.
• Liyan Smeding (2017) - Characterization of cellular models
for limbal stem cell deficiency and testing of therapeutical
compounds for phenotypical rescue. Bachelor internship
(6 months) – Radboud UMC Honours Academy. Radboud
UMC.
• Hetty Raven (2017) - Dissecting transcriptional effects of
Tp63 mutations during epidermal commitment of iPSCs by
single cell RNA-sequencing. Master Internship – 6 months.
Radboud University.
• Eva Staudinger (2017) The effect of APR-246/PRIMAMET on
impaired epidermal commitment in p63 mutated cells.
Bachelor internship – 3 months. Radboud University.
• Jonhsons Sulter (2017) - The effect of APR-246 in rescuing
impaired epidermal commitment of induced pluripotent stem
cells of EEC patients. Bachelor internship – 6 months. HAN
University of Applied Sciences.
• Simge Yucel (2017) – visiting from Izmir Institute of
Technology for 6 weeks.
• Matthijs Gerritse (2018) – Characterization of the epidermal
commitment of isogenic p63-R304W hiPSCs lines. Master
Internship – 6 months. Radboud University
TOTAL

274

2
2

2

2

2

1

2
0.75
2
15.75
40

Appendix

275

Appendix

276

277

