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Simple Summary: The protein p63 belongs to the family of the p53 tumor suppressor. Mouse
models have, however, shown that it is not a classical tumor suppressor but instead involved in
developmental processes. Mutations in the p63 gene cause several developmental defects in human
patients characterized by limb deformation, cleft lip/palate, and ectodermal dysplasia due to p63’s
role as a master regulator of epidermal development. In addition, p63 plays a key role as a quality
control factor in oocytes and p63 mutations can result either in compromised genetic quality control
or premature cell death of all oocytes.

Abstract: The p63 gene encodes a master regulator of epidermal commitment, development, and
differentiation. Heterozygous mutations in the DNA binding domain cause Ectrodactyly, Ecto-
dermal Dysplasia, characterized by limb deformation, cleft lip/palate, and ectodermal dysplasia
while mutations in in the C-terminal domain of the a-isoform cause Ankyloblepharon-Ectodermal
defects-Cleft lip/palate (AEC) syndrome, a life-threatening disorder characterized by skin fragility,
severe, long-lasting skin erosions, and cleft lip/palate. The molecular disease mechanisms of these
syndromes have recently become elucidated and have enhanced our understanding of the role of
p63 in epidermal development. Here we review the molecular cause and functional consequences of
these p63-mutations for skin development and discuss the consequences of p63 mutations for female
fertility.

Keywords: p63; EEC syndrome; AEC syndrome; stratified epithelial tissues; enhancer; chromatin
remodeling; transcriptional regulation; fertility; epidermis; aggregation

1. Introduction

Failure to maintain cellular homeostasis is a common driver of diseases like cancer and
neurodegeneration, and also plays a role in ageing, immunological, and metabolic disor-
ders. Quality control systems are the first line of defense that detect potentially stressful or
dangerous conditions and provide the information for the cell to initiate countermeasures.
Similarly, proper response to environmental cues and stress controls correct cell fate deci-
sions that are essential for development and homeostasis of tissues and organs. Depending
on the type of stress, the cellular response can include, for example, activation of DNA
repair, cell cycle arrest, expression of chaperones, inhibition of translation, or activation of
an inflammatory response. If the stress cannot be resolved, cell death pathways can become
activated. One of the most important integrators of cellular stress response pathways is the
tumor suppressor p53 [1]. DNA damage, nucleotide imbalance, as well as activation of
oncogenes and other stress pathways stabilize p53, which under normal conditions is kept
at low concentration in unstressed cells by the action of E3 ligases, in particular Mdm?2
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and Mdm4 [2-4]. Stabilization of p53 triggers its binding to promotor regions of certain
genes, which results in the transcription of genes involved in DNA repair, senescence,
cell cycle arrest, and apoptosis [5-8]. Depending on the type of stress and the severity
of the damage cells can either temporarily get arrested in their cell cycle or permanently
(senescence). If the damage is too severe, an apoptotic program gets initiated [9,10]. This
central surveillance function makes p53 the most important tumor suppressor as well
as the most often mutated gene in tumor cells [11,12], and has earned p53 the nickname
“guardian of the genome” [13].

The discovery that p53 has two siblings—called p63 [14] and p73 [15]—originally
sparked speculations that tumor suppression is orchestrated by the interplay of all three
family members. Inactivation of either gene in mice, however, showed strikingly differ-
ent phenotypes from each other as well as from the p53~/~ mouse. The p73~/~ mouse
suffers from abnormal hippocampal development, hydrocephalus, chronic infections and
inflammation, as well as abnormalities in pheromone sensory pathways [16]. The pheno-
type of the p63~/~ mouse is even more severe. It is born alive, but dies soon after birth
caused by multiple developmental defects that include limb truncations and the lack of a
multilayered skin and other epithelial structures. These mouse models are in stark contrast
to the p53~/~ mouse which shows mostly relatively mild developmental defects such as
ocular abnormalities and defects in tooth formation as well as death of ~20% of female
embryos and newborn mice due to defects in neural tube closure [17,18]. These mouse
models have clearly demonstrated the importance of p63 and p73 in developmental pro-
cesses. Further detailed investigations showed that p73 is involved in regulating cell—cell
contacts between developing sperm cells and Sertoli cells which are important for sperm
cell maturation [19,20]. Male p73’/ ~ mice are infertile due to lack of mature sperm cells.
In addition, p73 is essential for the development of multiciliated cells as, for example,
present in the trachea [21]. Lack of these cells explains the observed chronic infections
of p73’/ ~ mice [16], which is caused by an inefficient mucus transport and clearance of
foreign material including pathogens from the airways.

For p63, two different main functions have been identified: p63 is responsible for
the development and maintenance of stratified epithelial tissues such as skin [22-24], and
it is the main quality control factor that monitors the genetic integrity in oocytes [25,26].
This quality control function seems to be the evolutionary oldest function of the entire p53
protein family, as even evolutionary distant species such as Caenorhabditis elegans [27,28],
Drosophila melanogaster [29,30], Ciona intestinalis [31], or sea anemones [32] express a protein
in their germ cells that resembles p63 [33]. In mammals, the genetic quality control is carried
out by a specific isoform, called TAp63« [25,34]. This isoform gets expressed at the end of
the process of homologous recombination when oocytes have repaired the DNA double
strand breaks inflicted by the type II topoisomerase-like DNA transesterase Spoll [35-37].
If DNA double strand breaks are still present TAp63« initiates an apoptotic program via
the expression of PUMA and NOXA [38] that eliminates damaged oocytes. Following
this check point oocytes enter dictyate arrest and remain arrested in prophase of meiosis I
until they get recruited for ovulation. During the entire time—which in humans can last
for ~50 years—TAp63« is highly expressed. To prevent the initiation of apoptosis in non-
damaged oocytes, TAp63c adopts a closed, inactive, and only dimeric conformation [39,40].
Detection of DNA damage results in the phosphorylation of S582 of TAp63« by the kinase
Chk?2 [41]. While this modification does not activate TAp63c«, it recruits another kinase,
CK1 [42], which in general requires pre-phosphorylated substrates. The addition of four
more phosphate groups switches TAp63« to its active and tetrameric conformation [42].
This activation is irreversible [40,43] and de-phosphorylation does not convert the protein
back to its inactive dimeric state. Oocyte death resulting in Premature Ovarian Insufficiency
(POI) can be triggered, for example, by chemotherapy and irradiation [44—49] as used for
the treatment of cancer patients or by mutations in p63 [50] that abrogate the function of
the C-terminal Transactivation inhibitory domain (TID) [51] (see also Section 5 below).
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The developmental function of p63 in epithelial tissues is based on a different isoform,
ANp63x. The importance of this isoform for epidermal development was further shown
by a knockout mouse model with specific inactivation of the ANp63 isoforms, which
shows the same epithelial defects as the p63~/~ mouse [52] as well as by the rescue of
the p63~/~ phenotype by expressing ANp63« under the K5 promoter [53]. ANp63 is
generated by activation of an alternative promoter located in intron 3. ANp63« lacks
the N-terminal 69 amino acids that include the transactivation domain, which in p63 is
contained exclusively in the first 24 amino acids [54] that form a single helix (in contrast
to the bipartite transactivation domains found in p53 [55] and p73 [56]). Instead, ANp63x
has 14 unique amino acids at its N-terminus [14]. While ANp63« is basically inactive
as a transcriptional activator on promoter sequences that are typically also bound by
P53 (such as the p21 or Mdm2 promoters) [14], RNAseq (RNA sequencing), and ChIPseq
(Chromatin ImmunoPrecipitation DNA-Sequencing) studies have revealed that this isoform
is responsible for an epithelial-specific transcriptional program [57-59] as well as organizing
the chromatin structure [60-63]. Recent progress in our understanding of the function of
this isoform in the development of epithelia and attached appendages has also increased
our knowledge how mutations in p63 result in different human syndromes and affect
female fertility. This progress will be reviewed here.

2. P63 in the Development of Stratified Epithelial Tissues

The analysis of the p63~/~ mouse revealed that it suffers from a lack of stratified
epithelial tissues [22,23]. The skin as the largest organ is composed of several cell layers.
The basal layer cells are attached to the basement membrane separating the epidermis from
the dermis and actively proliferate maintaining tissue homeostasis. When these progenitor
cells detach from the basement membrane, they cease to proliferate and move in an upward
path of differentiation [64,65] that includes several discrete transcriptional stages as they
form the spinous and granular layers before they terminally differentiate into cornified cells
that form the outer most skin layer. As these dead cells are eventually shed, they have to be
renewed continuously. For this tissue homeostasis, a functional stem cell compartment is
essential. The p63~/~ mouse has demonstrated that the maintenance of this compartment
is dependent on the expression of p63 with its homozygous inactivation resulting in a
disorganized pseudostratified epithelium that does not undergo full differentiation and
expresses simple epithelial markers such as keratin K8/K18. Wild type skin shows a
clear gradient of p63 expression with high expression in the basal layer followed by
decreasing expression in more differentiated keratinocytes and loss of expression in the
upper layers [14]. In addition to skin, other stratified epithelia express p63 in their basal
compartment and consequently are not fully developed in the p63~/~ mouse. These
tissues include esophagus, the proximal portion of the stomach, cervix, urogenital tract,
prostate, and breast, as well as structures derived from the same stem cells responsible
for these tissues such as mammary, sebaceous, lachrymal, and salivary glands [22,23].
Furthermore, transient epithelial structures during development are also affected in the
p63~/~ mouse, such as the apical ectodermal ridge (AER) on the limb buds, a region of
specialized, multilayered epithelium, which is essential for the development of distal limbs,
digit patterning, and morphogenesis [66,67], and defects in AER lead to limb abnormalities.

In addition to these squamous stratified epithelial tissues, p63 is expressed also in
pseudo-stratified epithelia such as the epithelium of the trachea where p63 is found in the
basal cell layer [21]. Interestingly, ~50% of these cells also show expression of p73. Since p63
and p73 preferentially form 2:2 hetero-tetramers [68-70], transcriptional regulation in these
cells, as well as in those cells of the epidermis that express both proteins, might depend on
hetero-tetramers formed by combination of different p63 and p73 isoforms. While currently
the role of p73 in skin development has not been fully clarified with the p73~/~ mouse not
showing any obvious epidermal defects [16], first results have demonstrated that a lack of
p73 influences wound healing processes in mice [71].
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The important role of p63 for the integrity of stratified epithelial tissues is tightly
associated with its regulatory role in gene expression. Consistent with in vivo observations,
cellular studies have shown essential roles of p63 in cell proliferation, differentiation, and
cell adhesion [58,72,73] in epidermal keratinocytes. These processes are compromised in
p63 knock-down cells, as evident also from impairment of differentiation and stratification
in 2D and 3D models [59,74]. This defect is caused by reduced expression of proteins
involved in keratinocyte differentiation programs, with several of them being direct tran-
scriptional targets of ANp63« such as K14 [75], Claudin1 [76], or Perp [77], as shown by
classical molecular and cellular approaches. Recent transcriptomic and epigenomic tech-
nologies have provided overwhelming evidence that confirms previous studies (reviewed
in [78]), and further scrutinizes a master regulatory role of p63 in epidermal commitment
and development. Up to now, p63 has been shown to regulate gene expression at three lev-
els: By controlling the enhancers to regulate specific gene expression, by acting as a pioneer
factor through opening chromatin and recruiting other transcription factors to establish
proper chromatin environments for gene expression, and by cooperating with chromatin
modifiers to regulate transcription in a higher-order. These regulatory mechanisms are not
mutually exclusive.

2.1. Binding of p63 to Enhancer Elements

Different from previous expectation that p63 regulates only a few dozens of direct
targets, tens of thousands of p63 binding sites [79] have been reported in human and
mouse keratinocytes by a number of p63 ChIP-seq studies [61,62,80-83]. Another surprise
of these unbiased genome-wide studies is that p63 mainly binds to non-coding genomic
regions, potentially enhancers, rather than gene promoters. The important role of p63
in controlling epidermal enhancers is further underscored by several recent ATAC-seq
analyses that identified enhancers in the genome [84-87]: The p63 binding motif is one of
the most significantly enriched transcription factor binding motifs in identified enhancers
in keratinocytes, consistent with its master regulatory role. Similarly, in a genome wide
study of enhancer elements in keratinocyte progenitors and differentiated keratinocytes p63
binding was found to be enriched in super enhancer elements [88]. This is consistent with a
study showing that in clustered epidermal-specific enhancers (clustered H3K27ac-marked
enhancers that are important for cell-type gene expression [89,90]), p63 binding sites are
enriched, with three binding sites per enhancer on average [61]. Furthermore, p63 was also
found to associate with Dnmt3a to maintain high levels of DNA hydroxymethylation at the
center of enhancers in a Tet2-dependent manner [91]. Interestingly, it seems that not all p63
binding sites are active enhancers. This was shown by a study where ChIP-seq analysis
of p63 and histone H3K27ac, a modification that marks active enhancers, was performed,
and p63 binding sites do not always co-localize with H3K27ac [61]. This study also
demonstrated that gene expression activity does not correlate with p63 binding itself, but
with p63 binding to active enhancer regions. These observations lead to the interpretation
that p63 may function as a bookmarking factor in the genome during epithelial lineage
commitment, and inactive chromatin regions bound by p63 can become active during the
following stages of development/differentiation. By binding to enhancers, p63 may recruit
other transcription factors, co-activators (e.g., p300/CBP) or repressors (e.g., HDACs) to
fine tune gene expression. This is consistent with models that p63 can function as both an
activator and a repressor [85] to regulate specific gene expression.

2.2. Cooperation with Other Transcription Factors

To coordinate specific transcriptional programs, p63 cooperates with other transcrip-
tion factors. Cooperation with TFAP2C was observed in a study using ATACseq (Assay for
Transposase-Accessible Chromatin using sequencing) experiments and transcriptome data
from hESCs undergoing epidermal differentiation [92]. In this investigation, TFAP2C acts
as the “initiation factor”, for a surface ectoderm differentiation program. Subsequently, p63
functions as the “maturation factor”, that modifies the prepatterned chromatin landscape
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into that of functional keratinocytes. Cooperation of p63 with both TFAP2A and TFAP2C
was also seen in ChIPseq analysis of primary human neonatal foreskin keratinocytes.
Depletion of either of these two AP2 transcription factors interferes with terminal differ-
entiation in organotypic epidermal skin cells [81]. Other transcription factors that likely
cooperate with p63 were identified by analysis of ChIPseq experiments and include AP-
1, bZIP, RUNX, ZFX, and EBF1 transcription factor family members [61,80,93,94]. The
importance of p63 in regulating epithelial cell specific transcriptional programs was also
demonstrated in transdifferentiation experiments. Enforced expression of ANp63 and KLF4
in differentiated fibroblasts induces the conversion into keratinocyte-like cells expressing
keratinocyte markers such as K14, but lacking typical fibroblast markers including MME
and COL11A1 [95,96]. Similarly, the combination of ANp63 and PAX6 was shown to be
essential for the epithelial fate of limbal stem cells in the cornea [97-99].

2.3. Role of p63 for Chromatin Remodeling

The combination of several investigations has shown that p63 is involved in higher
order regulatory mechanisms by cooperation with chromatin remodeling proteins. Among
these proteins are SATB1 [100], a protein important for remodeling the chromatin archi-
tecture at the epidermal differentiation complex (EDC) gene locus (a chromosomal region
rich in genes required for terminal epidermal differentiation) and CBX4, a component of
the Polycomb Repressive Complex 1 [101] that is required for repressing nonepidermal
gene expression. Enhanced expression of either of these two remodelers can partially
rescue p63 deficiency in keratinocytes. Further epigenetic reprogramming factors under
p63 transcriptional control are BRG1 [102] and LSH [103] as well as certain components
of the nuclear envelope [82], which plays an important role in the spatial organization of
overall transcriptional activity and provides a mechanistic explanation for the observed
nuclear shape of skin cells in p63~/~ mice. Direct interaction of p63 with epigenetic
factors has also been observed in the case of HDAC1/2 which bind to the C-terminal TI
domain [83,85]. This domain is used to keep TAp63a in oocytes in its inactive, only dimeric
conformation [39,51,104], but is freely accessible in the constitutive open and tetrameric
state of ANp63«. Furthermore, cooperation between p63 and the genome organizer CTCF
has been observed, which may not be based on direct protein—protein interaction, but on
binding to enhancer regions in proximity [84].

In line with the already mentioned bookmarking role of p63 in binding to enhancers,
a pioneer function role of p63 has also been proposed. Comparison of loci to which
p63 is bound in keratinocytes with the same loci in other cell types has demonstrated
that without endogenous p63 expression these loci are nucleosome-enriched, compact,
and hence transcriptionally inactive [105]. In keratinocytes, p63 and the ATP-dependent
chromatin remodeling BAF complex (SWI/SNF in yeast) mutually recruit each other to
DNA sequences to remodel the chromatin structure and to recruit the transcriptional
machinery to sites important for cell-type specific gene expression [106]. However, these
studies using keratinocytes have only provided indirect evidence for the pioneer function of
p63. This is because, by definition, a pioneer factor can bind to nucleosome rich regions and
open the chromatin to regulate gene transcription. In keratinocytes enhancer regions bound
by p63 are accessible, while p63 binding to closed chromatin regions cannot be detected.
One recent study in zebrafish development has, however, convincingly demonstrated that
p63 binds to nucleosomal closed chromatin regions at an early stage of embryogenesis
before the epidermal fate is established, and these regions become open and bound by p63
in cells with epithelial fate [107].

In summary, the data revealed by novel epigenomic technologies have consolidated
the master regulatory role of p63 in stratified epithelia.

3. Syndromes Caused by Mutations in p63 in Human Patients

The publication of the phenotype of the p63~/~ mouse led to the identification of
mutations in p63 being responsible for several human syndromes [108-110] (Figure 1).
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Originally, five different syndromes could be correlated with mutations in different domains
of p63 [111,112]. Point mutations in the DNA binding domain result in the Ectrodactyly-
ectodermal dysplasia-clefting (EEC) syndrome (OMIM 604292), which is characterized by
a combination of (1) limb deformation, (2) cleft lip/palate, and (3) ectodermal dysplasia.
EEC patients also suffer from a severe corneal limbal stem cell deficiency (LSCD) [98],
which can lead to progressive vision loss at young adult age. The role of these mutations
was confirmed in heterozygous mouse models expressing EEC mutations, which show
defects resembling the human phenotype [113]. Most of the reported mutations affect five
hot spots located at amino acids R204, R227, R279, R280, and R304 that are all involved
in the DNA-protein interface. Genotype-phenotype analysis, however, has revealed that
mutations of these residues affect patients differently, and the effects depend on the exact
amino acid change [112]. For example, the R304 mutation is connected to a high likelihood
of developing cleft lip/palate, while patients with the R227 mutation only rarely show this
defect. Similarly, syndactyly is absent in these patients, while it has a 30-60% prevalence
in patients with the other hot spot mutations. In contrast, genito-urinary defects are seen
significantly more often in patients with R227 mutations than in patients with mutations of
the other hot spot residues [112]. In addition to missense mutations in the DNA binding
domain, the EEC syndrome can also be caused by frame shift mutations in the C-terminus
of the protein (Figure 1).

EEC, LMS and ADULT (ELA) R555*%  W559*

AEC and RHS 15505 ) (562N
SHFM4 154InsR D544V/Y. D564H
nsOFC R279C/H/Q/S 1537N/T 1709DelA

S90L/W V202N C273Y 1285Del 534In 15737 7
Isolated POI ; rELeh Es oy . JES,NIS?F UL
F526C/L.
1572InsA
OF 1217DelACTT C522G/R/W
D312E/G/H/N L514F/S/V l

3DelAA

1787DelG
R598L

R&0:

2E/G/H/ 1859DelA
A315E  V366M R448C 1510T 1

T ) 9 sAam L

Ke32*
1846DelC
01V

G518V
L523P

L [ |
V185l £229K D316H R369H  Afxonll 1456InsA 55091
R313C F5135/V/
52717

452Del8bp S272N/T

304G/P/Q/W G530V/W 1783DelC
K193E G275E Q294* T533P 1742DelC
K194E R280C/H/S Qas36L 1716Dupllbp
H208L/R/Y S'Sf%lFfP/\/ 1697DelG

Pssm,fK/L/TSSWG'T;g;B/v

Figure 1. Domain structure of TAp63c and ANp63c and distribution of mutations identified in different syndromes
of human patients. TAD: Transactivation domain; DBD: DNA binding domain; TD: Tetramerization domain; SAM:
Sterile alpha motif domain; TID: Transactivation inhibitory domain. Mutations causing the EEC (Ectrodactyly-ectodermal
dysplasia-clefting), LMS (Limb mammary syndrome), and ADULT (Acro-Dermato-Ungual-Lacrimal-Tooth malformations)
syndromes (light blue) are mainly found in the DBD, mutations causing the AEC (Ankyloblepharon-ectodermal defects-cleft
lip/palate), RHS (Rapp-Hodgkin syndrome) syndromes, or isolated premature ovarian insufficiency (POI) cluster in the
C-terminus (SAM and TID). Mutations causing SHFM4 (split-hand/split-foot malformations) or nsOFC (non-syndromic
orofacial clefting) are found throughout the sequence. NA (grey color) summarizes mutations that cannot be assigned to
any of the above mentioned disorders.

Mutations responsible for the Ankyloblepharon-ectodermal defects-cleft lip/palate
(AEC, OMIM 106260) syndrome are found in the C-terminus of p63 [110] including the Ster-
ile alpha Motif (SAM) domain and the transactivation inhibitory domain (TID, Figure 1).
Most patients suffering from AEC syndrome show severe skin erosions at or after birth
that can be life threatening and can last for long time. Approximately, 45% of patients
show ankyloblepharon (closed eye lids) and defects in nail, teeth, and other epidermal
appendages are more present than in other p63-related syndromes. Other defects include
genito-urinary defects, hearing impairment, cleft lip, and cleft palate. Limb defects, how-
ever, are rarely reported (mild syndactyly) and ectrodactyly is absent. Only preventive
and palliative care is provided for this serious illness as there are no approved therapeutic
options.
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Other p63-related syndromes—Limb mammary syndrome (LMS, OMIM 603543),
Acro-Dermato-Ungual-Lacrimal-Tooth malformations syndrome (ADULT, OMIM 103285),
and Rapp-Hodgkin syndrome (RHS, OMIM 129400) are similar to either the EEC (LMS,
ADULT; also summarized as the ELA syndrome [114]) or AEC (RSH) syndrome [115],
respectively. The two non-syndromic disorders isolated split hand /foot malformation [116]
(SHEM4, OMIM 605289) and non-syndromic cleft lip [117] (OFC8, OMIM 129400) have
a less well defined genetic basis as mutations connected to these disorders are spread
throughout the p63 gene.

Mutations in p63 that cause the syndromes mentioned above are believed to act via
a dominant negative or gain of function mechanism. Haploinsufficiency was thought
not to be relevant for p63-caused syndromes. This interpretation was mainly based on
the observation that individuals who have a constitutive terminal deletion of the long
arm of chromosome 3, which harbors the p63 gene locus do not suffer from EEC like
syndromes [118]. This was further supported by knockout mouse studies showing that
mice with a heterozygous TP63 deletion develop normally [22,23]. In contrast to these
earlier observations the recent identification of patients with premature stop codons in
the DBD or missense mutations in the OD showing orofacial clefting suggests that also
gene dosage can affect p63-dependent developmental programs in humans [119]. The two
stop codons identified in the DBD likely result in degradation of the mRNA via nonsense-
mediated decay, while for at least one of the missense mutations within the OD it could
be shown that it destabilizes the tetrameric state. These results show that loss of function
of p63 is a risk factor for orofacial clefting. An overview of the most common phenotylic
characteristics of patients suffering from syndromes caused by mutations in p63 is given in
Table 1.

Table 1. Overview of the most common characteristics seen in patients suffering from different syndromes caused by

mutations in p63. +++: Frequent; +: Occasional; -: Rare or absent; *: Skin erosion; *: Excessive freckling; 1: Absence of
ovaries for mutation 1576-1577DelTT and R604* [120,121]; 2: Premature menopause for mutation 1783DelC [122]. See

also [112].
EEC LMS ADULT AEC RHS SHFM4 nsOFC
Limb Ectrodactyly +++ +++ +++ - - +++ -
Defects Syndactyly +++ +++ +++ + + +++ -
Orofacial Cleft Lip +++ - - +4+ +++ - 4+
Clefting Cleft Palate +++ +++ - +++ +++ - e+
Skin +++ + +++ #) +4+4 (*) +4++ - -
Hair +++ + +++ +++ +++ - -
Nails +++ +++ +++ +++ +++ - -
Teeth +4++ +++ +++ +++ +++ - -
Lacrimal Duct +++ +++ +++ +++ +++ - -
Ectodermal .
Dvsplasi Mammary Gland/Nipple + +++ +++ + + - -
ysplasia .
Hypohydrosis + +++ + + +++ - -
Ankyloblepharon - - - +++ + - -
Hearing Impairment + + - +++ + - -
Genitourinary /Kidney + 444+ @ - T +@ ) )
Limbal Stem Cell Deficiency +++ - - - - - -

EEC (Ectrodactyly-ectodermal dysplasia-clefting), LMS (Limb mammary syndrome), ADULT (Acro-Dermato-Ungual-Lacrimal-Tooth
malformations), AEC (Ankyloblepharon-ectodermal defects-cleft lip /palate), RHS (Rapp-Hodgkin syndrome), SHFM4 (split-hand /split-
foot malformations), nsOFC (non-syndromic orofacial clefting).

4. Molecular Disease Mechanism
4.1. EEC Syndrome

The Ectrodactyly, Ectodermal Dysplasia, and Cleft lip/palate syndrome is the most
common and best investigated p63-related syndrome. Biochemical studies have revealed
that the missense mutations in the DNA binding domain result in loss of DNA binding
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ectodermal cells,
other cells

epidermal cells

p63WTIWT

epidermal cells

p63WUMm

capability [108], which due to the formation of tetramers through the oligomerization
domain exhibits a dominant negative effect in the typical heterozygous patient situation
(Figure 2). This dominant negative effect of p63 EEC mutants on p63 binding was confirmed
by a recent ChIP-seq study using EEC patient keratinocytes [62]. In addition, mutant p63
shows an increased half-life in patients as well as in cell culture [123], which leads to an
accumulation of the mutated protein. Through mutational analysis in cell culture and
the use of siRNA to decrease the p63 level it was shown that p63 knock down leads to
proliferation defects resulting in hypoplasia [59]. Mechanistically, knock-down of ANp63«
or loss of DNA binding due to mutation increases expression of cell cycle inhibitors such
as p21 [86] and a decreased expression of positive regulators such as Fos and c-Jun [124].
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2

I_| I—’ E ' EEC mutations
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2‘ ' AEC mutations
E

epidermal genes
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Figure 2. p63-mediated gene regulation affected by syndromic mutations. (a) In ectodermal and other non-epidermal cell
types, the chromatin of enhancer and promotor regions of epidermal genes is not accessible, resulting in repression of those
genes. (b) In epidermal cells p63 binds to promotor and (super-)enhancer regions of epidermal genes and cooperates with
other transcription factors (TFs) and epigenetic modifiers as co-activators in transcribing those genes. Transcription of
non-epidermal genes is repressed by the recruitment of epigenetic modifiers acting as co-repressors. Other non-epidermal
genes are repressed indirectly (due to lack of non-epithelial TFs or inaccessible chromatin). (c) In cells with heterozygous
p63 mutations, the proper p63-mediated chromatin and transcriptional regulation is affected, resulting in silencing of
epidermal genes as well as the expression of non-epidermal genes. This is caused either by loss of p63-related repression or
by a gain of function (GOF) mechanism via transcriptional activation by overexpressed/deregulated transcription factors
normally associated with p63. In case of the EEC syndrome, this GOF mechanism has been demonstrated for the RUNX1
transcription factor. While not formally demonstrated yet, GOF effects are also predicted for the AEC syndrome via a
co-aggregation mechanism.

Due to the master regulator function of p63, loss of DNA binding by EEC-type mu-
tations has drastic effects on the chromatin landscape and transcriptome. Through a
combination of ChIPseq and ATAC-seq analysis, it was shown that the entire enhancer
landscape is changed in EEC patient keratinocytes [61,62,84]. While loss of active en-
hancers bound by p63 is expected, surprisingly, other active enhancer elements appeared.
These new active enhancers are often bound by the transcription factor RUNX1 (as a gain
of function effect of EEC mutations). Down regulation of RUNX1 in mutant p63 cells
could partially rescue this effect. Similar to the developmental defects reported in p63
knock-down keratinocytes [59], EEC patient keratinocytes bearing either the R204W, the
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R304W, or the R279H p63 mutation showed deregulated gene expression in combina-
tion with a rewired enhancer landscape resulting in differentiation defects in 2D and 3D
culture [125]. Investigating the effect of EEC mutations (R204W and R304W) in human
induced pluripotent stem cells during differentiation into keratinocytes showed defects in
epidermal commitment [63]. In particular the transition from the simple epithelium to the
basal stratified epithelium was blocked in cells bearing EEC mutations as identified via
transcriptome analysis. This analysis also identified mesodermal genes being upregulated
in the EEC mutant cells. The use of inhibitors of mesodermal activation resulted in a partial
rescue of the transcriptome indicating an enhanced epidermal commitment [63].

Investigation of the defects in limb formation has revealed that DIx5 and DIx6 are
direct targets of ANp63c [80,126]. Both belong to the group of distal-less-related home-
odomain transcription factors that are essential for the development of head and limb
skeleton [127,128]. ANp63c as well as DIx5 and DIx6 are expressed in the apical ectodermal
ridge (AER) of the limb buds [22,23,129]. Similar results with defects of the formation of
the AER by loss of p63 have been reported in zebrafish where the AER is responsible for
fin formation and ectodermal derivatives [130].

4.2. AEC Syndrome

The Ankyloblepharon Ectodermal defects-Cleft lip /palate (AEC) syndrome is caused
by three different types of genetic variations in the p63 gene: (1) Point mutations in the
SAM domain, (2) point mutations within the TI domain, and (3) frame shift mutations
C-terminal to the oligomerization domain [110]. To gain further insight into the disease
mechanism of AEC-causing missense mutations, a knock-in mouse harboring a L514F
mutation (p63*/514F), known from human patients to cause AEC, was created and an-
alyzed [131]. This mutation acts as a dominant negative resulting in a defective stem
cell compartment that leads to severe epidermal hypoplasia. Analysis of differentiation
markers, however, showed that no significant difference to wild type keratinocytes could
be detected. This led to the interpretation that the L514F mutation in the SAM domain
results in a transient reduction in cell proliferation during epidermal development, but
no overt defects in terminal differentiation. While no difference could be detected in the
expression level of typical p63 controlled cell cycle genes (p21, p16, p19, or miR-34a) or in
keratinocyte differentiation markers, FGF signaling components were markedly reduced
in p63*/1214F epidermis and palate. In particular, the mRNA level of the epidermal specific
isoforms Fgfr2b and Fgfr3b were reduced, while the levels of Fgfrl and Fgfr4 did not show
differences relative to wild type or p63*/~ tissues. These results are consistent with the
identification of p63 binding sites in Fgfr2 and Fgfr3 loci by ChlPseq. Epidermal cells
self-renewing potential was affected both in p63+/I514F and in Fgfr2b=/~ keratinocytes.
Interestingly, the Fgfr2b—/~ mouse shows epidermal hypoplasia, tooth and hair defects, as
well as cleft palate, strongly phenocopying the AEC syndrome.

Other transcriptional p63 target genes that were found downregulated by AEC muta-
tions, at least in human cells exogenously expressing AEC mutant p63, are HOPX, GRHLS3,
KLF4, PRDM1, and ZNF750 [132,133], transcriptional regulators required for epidermal
differentiation. Restoring expression of ZNF750 in these model tissue resulted in rescue of
epidermal differentiation. The skin fragility observed in AEC patients could be explained at
least in part by microscopic blistering among basal cells and between basal and suprabasal
compartments caused by reduced expression of desmosomal cadherins and desmoplakin,
which are direct p63 target genes [73]. Interestingly, treatment with the Epidermal Growth
Factor Receptor (EGFR) inhibitor Tyrphostin AG1478 resulted in increased mechanical
resistance of keratinocytes with a L514F mutation or siRNA based p63 knockdown [73] in
agreement with results from epithelial cancer cells [134,135].

To understand the structural consequences of the L514F mutation in the SAM domain,
the structure of the mutant form was determined by NMR spectroscopy and compared
with the structure of the wild type domain [96]. No significant differences could be
seen between the structures, the only difference being a slightly looser packing of the
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hydrophobic core of the mutant. This results in a destabilization of the SAM domain with
the melting temperature reduced from 78 °C to 65 °C [96], however, still much higher
than the 37 °C body temperature. The decisive difference between the wild type and the
mutant domain is that the unfolded wild type domain refolds upon cooling while the
mutant domain aggregates and precipitates [96]. Sequence analysis showed that the SAM
domain contains two sequence stretches with high aggregation propensity. These stretches
are usually inaccessible because they are located in helices 1 and 3 of the folded structure.
Destabilization and—probably a slower kinetics of folding—result in the exposure of these
sequences, which triggers aggregation of p63 [96] (Figure 2). This aggregation behavior
could be confirmed in vitro, in cell culture, as well as in cell extracts obtained from the
epidermis of a conditional p63*/1514F mouse model [96]. Analysis of other mutations in
the SAM domain revealed the same destabilization, which in some cases (G530V, 1537T)
can be dramatic and result in the inability of the domain to fold at body temperature at
all [136]. Interestingly, sequence analysis of the point mutations in the TID of p63 and
frame shift mutations show that in each case, aggregation prone peptides are being formed
(missense mutations) or newly created (frameshift mutations). Variants of p63 that abolish
aggregation of the mutant proteins are able to rescue its transcriptional function and
restore fibroblast-to-keratinocyte conversion [96]. Aggregation of p63 is, thus, the unifying
molecular mechanism of all mutations causing the AEC syndrome and mechanistically
clearly distinguishes the AEC syndrome from the EEC syndrome (Figure 2).

5. Impact of p63 Mutations on Female Fertility

In addition to its role as master regulator of epidermal development, p63 is the master
quality control factor in oocytes (“guardian of the female germ line”) [34,137,138]. In the
germ cells, a different isoform of p63, TAp63«, which contains the full length N-terminal
transactivation domain, is expressed. The importance of p63 for maintaining the genetic
quality in oocytes was originally not discovered by the analysis of the p63~/~ mouse
despite lacking functional p63 in the oocytes and required a later TA-isoform specific knock
out mouse [25]. This original oversight of the oocyte function can be explained by the
fact that ovaries lacking p63 appear normal with a high number of primary oocytes as
typical around the time of birth in mice. Only upon detection of DNA damage—either
due to natural sources such as unrepaired DNA double strand breaks (DSBs) following
homologous recombination or external sources such as DSBs inflicted by ionizing radiation
or chemotherapeutics—TAp63 o becomes activated and eliminates oocytes, thus reducing
their number [25,39,42]. P63 mutations seen in human patients do not only affect epidermal
development, but also impact either the monitoring function of p63 and thus the quality
of genetic surveillance or result in uncontrolled activity of p63 leading to premature
exhaustion of the oocyte pool. While EEC mutations in the DBD of p63 will disable its
ability to induce an apoptotic program in oocytes, EEC frame shift mutations that eliminate
the TI domain create constitutively tetrameric and active p63 mutants that result in the
rapid elimination of all oocytes. AEC missense mutations in the SAM domain will likely
have no effect on the oocyte pool and will result either in closed dimeric conformations (if
the SAM domain folds correctly) or in an inactive aggregate (if the SAM domain unfolds).
Frame shift mutations and missense mutations in the TI domain can create open and in
principle active tetramers, which however will have a reduced overall activity due to
aggregation of the p63 mutants. If aggregation is slow compared to translation, formation
of tetramers, and nuclear import, these mutants can result in a premature loss of the oocyte
pool (Figure 3).
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TAp63a mutation
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quality control

s —
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Figure 3. In resting oocytes, TAp63« is kept in an inactive state as a closed dimer. This dimer is converted into an active

tetrameric state through a kinase cascade following the detection of DNA damage. In its active tetramer form, TAp63c

induces an apoptotic program in damaged oocytes. Certain mutations of TAp63« result in the formation of a constitutive
active and tetrameric form that induces oocyte death even without DNA damage, thus resulting in premature ovarian

insufficiency.

Some reports of the effect of p63 mutations on female fertility have started to appear
in the literature. Nonsense mutations within the SAM domain (R555%, W559*) [139,140]
have been reported in two young women suffering from premature ovarian insufficiency.
Two frameshift mutations (delC1783) [122] and (delTT1576) [120] resulting in POI or even
a complete absence of ovaries were reported as well as nonsense mutations in the TID of
p63 [121]. In addition, POI patients with an intragenic duplication in TP63 [141], leading to
a nonfunctional TID and thus activated TAp63, were described.

6. Conclusions

The p53 protein family is arguably one of the most important protein families for
genetic quality control and integration of stress and repair pathways in the cell. The
P73 and p63 knock out mouse studies in combination with the identification of several
developmental syndromes in human patients have shed a new light on the evolutionary
origin of this family. Likely, the original function was that of a genetic quality control
factor in germ cells, which are virtually immortal, as germ cells are also the source of the
germ cells of the following generation. Strict quality control of the genetic integrity is,
therefore, important for all organisms. In the case of p63, this control function of germ cells
as the most important stem cell was then transformed into its role as a master regulator
of epithelial development. Despite its high sequence similarity to p53, p63 does not seem
to have a tumor suppressor activity [142], which is also supported by the observation
that human patients with p63 mutations do not have a higher risk of developing cancer
(although the number of patients is admittedly rather low). Instead, overexpression of
ANp63a is reported in several squamous cell carcinoma (SCC) types, in particular head
and neck SCC [143]. One effect of overexpression of ANp63« in these cells is that it blocks
the activity of p53 and p73 [70,144]. The identification of p63 as a master regulator of
epithelial development, however, makes it likely that its overexpression has additional
disruptive effects on gene expression programs. The role of p63 in tumorigenesis has been
well investigated in the case of breast cancer. p63 is expressed in the basal compartment
of mammary glands that includes rare stem cells and myoepithelial cells [145,146]. The
regulation of stemness, proliferation, and differentiation in these basal cells of the breast
epithelium is particularly crucial as this tissue shows a high degree of expansion and
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involution during puberty, pregnancy, and breastfeeding suspension. Interestingly, in the
regulation of expansion as well as apoptosis of cells during involution both TAp63« as
well as ANp63x seem to be involved. Mice specifically lacking the TAp63 isoform develop
metastatic mammary and lung adenocarcinoma [147], and TAp63« has been found in
several breast cancer derived cell lines with mutations in the TA domain [148]. Recently,
another isoform, called TA*p63«, was identified in Sum 159 cells [149]. This isoform also
adopts a closed, only dimeric conformation that, through an N-terminal extension, is
even more inhibited than TAp63«x [14,149]. While clearly more research is required to
understand the specific transcriptional programs regulated by different p63 isoforms, it
seems likely that, in cells of the basal compartment of mammary glands, the interplay
of ANp63x and TAp63w is crucial for normal tissue development and its misregulation
contributes to the development of breast cancer. The current knowledge on the role of
p63 in mammary gland and breast cancer development is presented in a recent excellent
review [150]. p63’s role in regulating mammary gland biology is not restricted to the basal
cells that express this transcription factor. It has been the discovered that the epidermal
growth factor family ligand gene Nrg1 is a direct transcriptional target of p63 in basal cells
of the mammary gland [151]. As Nrgl is required for the activation of ERBB4/STAT5A in
the luminal cells and thus for luminal progenitor cell maturation, loss of p63 in the basal
cells results in defects in luminal cell proliferation and differentiation and consequently in
lactation failure during pregnancy through defects in paracrine cell-cell signaling. Further
research on p63’s role in epithelial development will certainly increase our understanding
of the molecular mechanisms of normal epithelial development, as well as of its role as an
oncogene.
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