1
Cellular and Molecular Life Sciences

p63 in epithelial development
Eleonora Candi'*, Rita Cipollone', Pia Rivetti di Val Cervo*, Stefania Gonfloni?, Gerry

Melino™*and Richard Knight®

1 Biochemistry Laboratory IDI-IRCCS and University of Rome "Tor Vergata”, 00133 Rome, Italy.

2 Department of Biology, University of Rome "Tor Vergata", 00133 Rome, Italy.

3 Medical Research Council, Toxicology Unit, Leicester University, Leicester LE1 9HN, United Kingdom.
4Corresponding Author: Dr Eleonora Candi, University of Rome "Tor Vergata", via Montpellier, 1, 00133,
Rome, Italy. Phone:+39-06-7259-6487, Fax: +39-06-2042-7290,

email: candi@uniromaz2.it.

Key words: p63, epidermis, cornification, skin, development, Itch, Ubiquitin E3 ligase

List of abbreviations: K, keratin; p63-/-, mouse knockout for p63; p63-/-;TA, p63 knockout
mice complemented with TAp63; p63-/-;AN, p63 knockout mice complemented with
ANp63; p63-/-;TA;AN, p63 knockout mice complemented with both TAp63 and
ANp63;IKKa, kB kinase-a; TA, transactivation domain; AN, amino-terminal truncated
protein.

Abstract

The epidermis, the outer layer of the skin composed of keratinocytes, is a stratified
epithelium that functions as a barrier to protect the organism from dehydration and
external insults. The epidermis develops following the action of the transcription factor
p63, a member of the p53 family of transcription factors. The Trp63 gene contains two
promoters, driving the production of distinct proteins, one with an N-terminal
transactivation domain (TAp63) and one without (DeltaNp63), although their relative
contribution to epidermal development is not clearly established. Trp63 mutations are
involved in the pathogenesis of several human diseases, phenotypically characterized by
ectodermal dysplasia. In this review we summarise the current advances that have been
made in understanding the role of p63 in epidermal morphogenesis.



Introduction

The epidermis is a multilayered, stratified epithelium that provides a physical
barrier for the organism, protecting it from dehydration and a variety of environmental
insults. The epidermis is continuously regenerated by mitotically active keratinocytes that
reside in the inner basal layer and which, following detachment from the basement
membrane, migrate to the outer cornified layer (terminal differentiated compartment): this
process is called cornification [1]. The epidermis is continuously renewed due to a
regulated balance between proliferation and differentiation. The renewal capacity is due
to the presence of epidermal stem cells and transient amplifying (TA) cells in the basal
layer of the interfollicular epidermis and in the bulge (at least in mouse) of the hair follicle
[2]. The concept that the transcription factor p63 is essential for the formation of the
epidermis and other stratified epithelia arises from two lines of evidence. First, mice
lacking all p63 isoforms have no epidermis [3-5] or squamous epithelia (prostate,
urothelium) and also lack epithelial appendages, such as mammary, salivary and
lachrymal glands, hair follicles and teeth. p63™ mice also show truncated limbs and
abnormal craniofacial development, due to failure to maintain or differentiate the apical
ectodermal ridge, a structure which is important for coordination of epithelial-
mesenchymal interactions [4,5] and is required for limb outgrowth and palatal and facial
structure formation. Second, mutations in the human p63 gene are responsible for
ectodermal dysplastic syndromes [6,7]. But how does p63 contribute to the formation of
the epidermis? Through which underlying mechanism? And what is the molecular
pathogenesis of ectodermal dysplasic syndromes?

In this review, we will focus on the involvement of p63 isoforms in the development
of the epidermis. We will also discuss how the stability of this transcription factor is
regulated in keratinocytes.

Trp63 gene organization and p63 protein structure

The human p63 gene is located on chromosome 3g27-29 and comprises 15

exons. Like the other members of the p53 family, p63 is expressed from two different
promoters, P1 and P2, that generate two classes of proteins, TAp63, which contains the
N-terminal transactivation (TA) domain, and the N-terminal truncated (ANp63) isoform,
which lacks this transactivation domain (Fig. 1B) [8,9]. Alternative splicing at the 3' end of
the transcripts also contributes to the diversity of the p63 protein, generating three
different C-termini: o, 3 and y. Both TAp63 and ANp63 can be alternatively spliced at the
carboxy-terminus, leading to a total of six p63 isoforms (Fig. 1C).
All six p63 isoforms contain a DNA-binding domain (DBD) and an oligomerization domain
(OD). The DBD has about 60% amino acid identity to the DBD of p53, while the OD has
about 37% identity to that of p53. TAp63 isoforms have an N-terminal transactivation
domain (TA) with about 22% identity to the transactivation domain of p53. In addition, the
o isoforms contain a Sterile Alpha-Motif (SAM) and a Trans Inhibitory Domain (TID). The
former is a protein-protein interaction domain, also present in other molecules [10,11],
while the latter is an inhibitory domain that blocks transactivation by masking a few
residues on the N-terminal TA, (it could also be responsible for oligomerisation between
different p63 isoforms) [12].

It is not yet possible to clearly attribute specific functions to the distinct isoforms.
Although RNA transcripts of both TAp63 and ANp63 have been detected in mouse
embryos and in post-developmental epithelial cells and tissues [13,14], at the protein
level ANp63 is much more strongly represented than TAp63, and it remains debatable
whether TAp63 is expressed at all. TAp63 is, however, strongly expressed in oocytes
[15,16].
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Expression of p63 isoforms during epidermal development and in adult epidermis

Epidermal development proceeds in multiple stages from a single-layered
epithelium on the surface of the ectoderm which expresses keratin (K) 18 [17]. At
embryonic day E9.5, stratification occurs with the formation of the periderm around the
upper limb buds and the expression of the stratification markers, K5 and K14. At this
stage, the developing outer layer of the embryo exhibits barrier function [18].
Subsequently, at embryonic day E15.5, the epidermis forms the spinous and granular
layers with the concomitant expression of the differentiation markers, K1 and loricrin [19].
At E19.5, epidermal stratification and maturation is complete, although periderm is no
longer present at this stage. In the adult, the epidermis continuously regenerates with a
finely regulated differentiation program taking place progressively as committed cells in
the basal compartment move upwards to the epidermal surface (Fig. 1A).
p63 isoform expression during epidermal development has been detected by RT-PCR
and in situ hybridization techniques. p63 is first expressed before stratification occurs at
embryonic day E8.5. RT-PCR analysis using specific probes to discriminate between
TAp63 and ANp63 isoforms demonstrates that the latter is the main isoform expressed at
all embryonic stages during epidermal, tooth and hair development, accounting for 100%
of all p63 isoforms expressed up to embryonic day E9 and for 99% at embryonic day
E13. TAp63 isoform expression starts at E13, and only accounts for 1% of total p63
MRNA expressed at this embryonic stage. However, TAp63 isoforms have not been
detected by in situ hybridization or immunoblot; thus TAp63 protein levels appear to be
barey detectable [13,20]. Studies in ES-derived cells shows that BMP-4 treatment,
leading to the ectodermal fate, induces ANp63, while exogenous expression of the
ANp63 isoform in ES-derived ectodermal cells efficiently leads to their differentiation into
keratinocytes [21].

Studies performed in the mature epidermis using antibodies directed against the
C-terminal region of the p63a proteins and the DNA-binding domain have shown that
ANp63o. is the main isoform expressed in keratinocytes of the proliferative basal layer;
but its expression is reduced in the suprabasal differentiated layers of mature epidermis
[22-24]. Expression of the full-length TAp63 MRNA has also been described [23,24] and
some studies, using not commercially available specific anti-TAp63 antibodies, have
detected TAp63 proteins in adult epidermis [22,25]. The TAp63 isoform has also been
shown to be constitutively expressed in female germ cells during meiotic arrest, and is
essential (after post-translational modification) for DNA damage-induced oocyte death
independently of p53 [15].

Differential function of p63 isoforms in epidermal formation

Despite its structural similarity to p53, the central role of p63 in epidermal
development, as opposed to tumour susceptibility, became established with the
publication of two independent studies on p63”~ mouse models generated by disrupting
exons common to both TA and AN isoforms [4,5]. Although the phenotype of the mice
was very similar, different conclusions were reached concerning the molecular
mechanism.
Both groups of mice were born alive but died within hours of birth because they failed to
develop skin. However, in the p63” mice developed by McKeon’s lab [4] some patches of
the skin expressed markers of differentiation including loricrin, involucrin, and filaggrin.
Thus, it was concluded that the lack of p63 does not affect the differentiation process but
impairs the proliferation potential of stem cells. In contrast, Roop’s lab [5] did not detect
any markers of skin differentiation such as loricrin or involucrin, and suggested that, in
the absence of p63, skin development aborts at an early stage without starting a
pluristratification program, and that p63 is therefore required for the commitment of the
immature ectoderm to the epidermal lineage.
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Furthermore, one group claimed that TAp63 isoforms appeared first during

embryogenesis and were required for epithelial stratification [13,22]. Recently, McKeon's
lab demonstrated [26], that p63 was strongly expressed in epithelial cells with high
clonogenic and proliferative capacity and that p63™ epithelial stem cells undergo
premature proliferation rundown, both is epidermis and in thymus, indicating that p63 is a
key determinant of the proliferative capacity in epithelia stem cells [26]. Indeed, a detailed
analysis of the expression of K5 and loricrin in the epidermis of E16 wt and p63™ mice,
revealed that cells remaining on the surface of the p63 embryos are committed to an
epidermal lineage that progress through differentiation [26].

We have obtained similar evidences using a different approach, we complemented p63-
deficient mice by expressing TAp63 and ANp63 transgenes under the control of the K5
promoter [27]. Hence, by crossing TAp63a. or ANp63a epidermal transgenic mice into
p63-/- mice, we generated mice expressing one single isoform to identify the relative
contribution of each isoform to the development of the epidermis and in thymic epithelial
cells [27; 28]. Although we were unable to obtain a full reversion of the phenotype of the
null mice, the study showed that transgenic mice complemented with ANp63 (p63™;AN)
developed a significant basal layer, while transgenic mice complemented with TAp63
(p637;TA) did not differ from p63” mice. Double complemented mice exhibited a greater
degree of re-epithelialization with expression of keratins of the basal layer (K5 and K14),
and differentiation-specific markers such as K1 and loricrin but complete cornification
remained impaired [27]. These data suggest that, although ANp63a plays a pivotal role
in development, any contribution by TAp63a is only concomitant or subsequent to the
function of ANp63ca.. We therefore asked which genes are transcriptional targets of p63.
In addition to TAp63, ANp63 also showed transcriptional activity which is due to the
presence of a C-terminal TA domain see Fig.1C. Analysis of target genes induced by
either TAp63 or ANp63 in Saos2 cells showed that TAp63a mainly regulates terminal
differentiation markers such as K1, K10, profilaggrin and involucrin, while ANp63a
induces the early differentiation marker K14 [27]. These data suggested that ANp63 is
important for maintaining the proliferative potential of the basal layer, whereas TAp63
contributes by acting synergistically and/or subsequently to ANp63 to allow differentiation
[27]. Furthermore, these results are consistent with a study based on RNA interference
directed against p63 isoforms, in which the authors demonstrated that ANp63 isoforms
are the main mediators of p63 effects and that TAp63 isoforms contribute to later stages
of differentiation in mature keratinocytes. In the same work the roles of p63 in
differentiation and cell proliferation were shown to be separated, indeed down-regulation
of p63 causes a cell cycle arrest in keratinocytes that is p53-dependent [29;30].
Simultaneous knockdown of p53 in the context of p63 loss is able to rescue cell
proliferation, however the differentiation defect is still present [29]. These data [27,29] are
therefore somewhat in contrast with the results from Roop’s group [24,31], who showed
that, in vivo siRNA for TAp63 produced a dramatic phenotype, with failure to organize
pluristratified epithelia but no significant effect was observed on the basal layer.
However, in our model [27] we investigated the role in early development using a
genetically pure model, with the total absence of one isoform, the elegant in vivo study by
Roop using siRNA addressed a slightly different question, representing a model of
isoform unbalance.

Transcriptional regulation by p63

Transcriptional activities of p63 isoforms

For long time, ANp63 was thought unable to drive the expression of target genes
due to the lack of a transactivation domain. The accepted activity was its dominant
negative effect exerted towards the TAp63 isoform, as suggested by co-transfection
experiments in luciferase reporter assays [3]. However, in addition to the competition
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between TAp63 and ANp63 isoforms, growing evidence indicated that these N-terminal
isoforms had different transcriptional specificities a specificity confirmed by functional
domain characterization [32-34], and microarray analysis showing that both isoforms can
induce gene transcription [35,29]. As expected from genes important for developmental
and differentiation processes, the more strongly represented classes of target genes are
those concerned with cell adhesion, the cytoskeleton, and the cell cycle. Moreover, as
p63 is a master gene regulator, it is not surprising that many of its targets are themselves
transcription factors or co-regulators.

Depending on the specific p63 isoform and promoter being tested, p63 can either
be a transcriptional activator or repressor. Additionally, emerging evidence underlines the
importance of ANp63 interaction with other transcription factors by which its functional
activity can be modulated. For instance, in the case of HSP70 transcriptional regulation,
ANPp63 interacts with the NF-Y transcription factor to form a complex with the CCAAT box
located in the HSP70 promoter, thus enhancing HSP70 expression [36,37]. In contrast,
the same functional interaction between ANp63a and the CCAAT binding factor NF-Y,
again at the level of CCAAT boxes, determines the repression of transcription of cell
cycle-related genes such as cyclin B2, Cdc2 and topoisomerase lla [37].

p63 target genes relevant in epidermal formation and differentiation

While it is indisputable that the p63 gene plays a master role in epidermal
development, the molecular mechanisms underlying the regulation of the development
and maintenance of the epidermis are still under investigation. In this context, a genome-
wide approach led to the identification of several high-confidence target genes for ANp63
[35]. However, only a few of these have been demonstrated to have a defined impact on
epidermal formation and differentiation in vivo.

In proliferating primary keratinocytes ANp63a interacts with and represses the
promoters of p21VAFYCPL and 14-3-3c, two genes required for keratinocyte terminal
differentiation. Thus, a reduced proliferative capacity of p63” mouse keratinocytes could
be the consequence of an increased expression of p21 [38]. In fact, it has been shown
that the blockade of cell proliferation due to lack of p63, is p53-dependent. Consistently,
p53 down regulation rescues the cell proliferation defect due to a p63 knockdown, but not
the incapacity of p63-less cells to differentiate [29, 30]. An additional signaling pathway
playing a crucial role in epidermal stratification and keratinocytes differentiation is through
Notch [39-43]. Although several evidences indicate that p63 functions as a modulator of
Notchl-dependent transcription and function and also directly transactivates the Notch
ligand, JAGG-1 [39], the role of p63 in modulating Notch signaling is not clear. It has
been shown that p63 functions as selective modulator of Notch-dependent transcription
and function through the negative regulation of Hes-1 by p63 [40] in keratinocytes.
However, in vivo studies demonstrated that absence of Notch pathway did not lead to a
decrease of p63 expression [43].

IKKa (IkB kinase-a) is also a p63 target gene. Like p63, IKKa is essential for
normal epidermal development [44]. The phenotypic similarities between p63” and IKKa
" mice suggested that IKKo.may be a downstream target of p63 that is positively
regulated by both TAp63 and ANp63. p63 regulation of IKKo was both direct and indirect,
as well as isoform-specific (Fig. 2). Indeed, TAp63 directly transactivates IKKa by binding
a p53-like consensus sequence on the IKKa promoter. In addition TAp63 also
transactivates IKKa indirectly through the induction of Ets-1 and GATA-3, whose
consensus binding sites are present in the IKKa promoter [45,46] (Fig. 2). GATA-3 is an
important mediator of skin and hair development [47], although its specific function in
epidermal development and differentiation has not yet been established. However,
ANp63 can transactivate IKKa only indirectly via GATA-3 (Fig. 2).
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The p53 responsive transmembrane protein Perp is also positively regulated by
both TAp63 and ANp63, and Perp” mice exhibit blistered skin, a stratified epithelium
characteristic of compromised adhesion [48]. Other epithelial genes regulated by p63
are: K14, a marker of the basal layer [27], envoplakin, an early envelope precursor [49],
and BPAG-1, a component of hemidesmosomes [50].

p63 protein degradation
Regulation of epidermal keratinocyte differentiation

Given the self-renewal properties of the epidermis, p63 expression must be finely
tuned. We have identified Itch as the ubiquitin E3 ligase responsible for the degradation
of p63 [51]. Itch, a HECT type E3 ligase, also known as atrophin-1 interacting protein 4
(AIP4), typically regulates the stability of both transmembrane receptors through mono-
or multi-ubiquitylation, and intracellular substrates via mono- or poly-ubiquitylation, driving
them to proteasomal degradation. Iltch possesses a WW domain which preferentially
binds a PPXY consensus sequence in its substrates. p63 displays a unique PY motif
spanning residues 501-504 (TAp63 sequence) which render the protein susceptible to
Itch-mediated ubiquitylation and degradation [51] (Fig. 3A). p63 and ltch distribution in
the adult human normal epidermis is respectively predominant in the basal and upper
layers [51] (Fig. 3B). Intriguingly, a number of Itch substrates (c-Jun, JunB, Notch, Glil)
are transcription factors controlling epidermal stem cell maintenance and keratinocyte
specification, as well as orchestrating the spatio-temporal progression of terminal
differentiation [52]. It is therefore likely that Itch-mediated degradation would have a
regulatory role in skin biology [40,43,51,53]. Moreover, the in vivo expression gradient of
the substrate (p63) and the ligase (ltch) parallels their expression pattern during
keratinocyte differentiation, when an accumulation of Itch is accompanied by a reduction
of ANp63 and by the expression of keratin 1 and involucrin (Fig. 3C-D). Recently we have
also identified a binding patner of Itch able to inhibit its function: NABP1 [54]. While there
is good evidence on how N4BP1 regulates Itch function, there is currently no evidence on
its role in the epidemis. Altogether, these observations strongly indicate that ltch
physiologically controls p63 steady-state protein levels, and therefore, the capacity of the
transcription factor to direct the expansion of the basal compartment [51]. In addition it
has been very recently published that p63 is not only regulated by post-translational
mechanisms, but also post-transcriptionally through the microRNA machinery. miR 203
targets the 3’'UTR of the p63 mRNA and most likely blocks its translation process [52].
The role of miR-203 was also studied in vivo by ectopic expression under the K14
promoter and it resulted in a thinner skin with aberrant expression of differentiation
markers throughout the epidermal layers, and most transgenic mice died shortly after
birth. The depletion of basal stem cells in transgenic mice reminds of the p63-/-
phenotype, and indeed, these mice show low levels of p63 in basal cells [53].

Conclusion

From an evolutionary perspective, p63 not only belongs to the p53 family but it is
the founding member of the family, from which p53 evolved to specifically act in DNA
damage by regulating cell cycle arrest and cell death. p63, the more ancestral member of
the family, is a key regulator of the expansion of the basal keratinocyte population and is
essential for the development of several different epithelia. In the skin, p63 functions as a
key regulatory element of cellular proliferation, differentiation and survival in both
physiological and pathological contexts. Despite accumulating evidence about the p63
network, the molecular mechanisms by which p63 participates in epidermal self-renewal
and homeostasis are complex and still far from being fully understood. The discovery of
Trp63 has indeed opened a new theme of research.
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FIGURE LEGENDS

Figure 1

(A) The epidermis is formed by layers of proliferating and differentiating keratinocytes,
which have to be constantly renewed by the action of epidermal stem cells that are
located in the basal layer of the epidermis. Stem cells are not the only epidermal cells
that are competent to proliferate: the progeny of a stem cell that is destined to terminally
differentiate may first undergo a few rounds of division, during which time they are known
as transit amplifying (TA) cells. bm= basal membrane; bl= basal layer of keratinocytes;
CE= cornified envelope; TA cells= transient amplifying cells.

(B) Structure of p63 gene. The alternative promoters P1 and P2 drive the expression of
transactivating (TA) and the N-terminally truncated (AN) isoforms. Variants (o, 3, and v)
arise from the alternative splicing at the 3’ end of the gene.

(C) Schematic representation of the modular structure of the TAp63a and ANp63a
proteins. The main structural domains are indicated: transactivation domain (TA), DNA-
binding domain, oligomerization domain (OD), second transactivation domain (TA2),
sterile a motif (SAM), and transinhibitor domain (TID). The additional SAM and the TI
domain are exclusive to the o isoforms.

Figure 2

The epidermis is maintained throughout adult life by stem cells, which self-renew and
produce progeny that undergoes terminal differentiation. A simplified scheme of the
actions of p63 in epidermal development, with particular emphasis on IKKa and K14, is
shown here. Several studies have been performed to identify the target promoters of p63.
Here is shown a simplified and limited list of published p63 target genes which have been
experimentally validated. The scheme does not necessarily imply that other target genes
may be less important.

Figure 3

Itch degrades p63. (A) Schematic representation of the modular structure of the TAp63a
and ANp63a proteins. The main structural domains are indicated as in figure 2. The p63
region containing the PPXY motif is also shown (in the box). (B) Human adult skin
sections stained with monoclonal mouse anti-ltch antibodies, secondary goat anti-mouse
Alexa Fluor 488, rabbit polyclonal anti-p63 (H129), and secondary goat anti-rabbit Alexa
Fluor 568. Nuclei were counterstained with DAPI and analyzed by confocal microscopy.
Human primary keratinocyte extracts were induced to differentiate for 3 and 5 days in a
high calcium concentration and Western blotting was performed with antibodies against
Itch, p63, involucrin and a-tubulin (loading control). (D) The scheme indicates the
existence of an opposing gradient between Itch and p63 in the epidermis.
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