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Although p53 has long been known as the “guardian of the genome” with a role in tumor
suppression in many tissues, the discovery of two p53 ancestral genes, p63 and p73, more
than a decade ago has triggered a considerable amount of research into the role of these
genes in skin development and diseases. In this review, we primarily focus on mechanisms of
action of p53 and p63, which are the best-studied p53 family members in the skin. The
existence of multiple isoforms and their roles as transcriptional activators and repressors are
key to their function in multiple biological processes including the control of skin morpho-
genesis, regeneration, tumorigenesis, and response to chemotherapy. Last, we provide di-
rections for further research on this family of genes in skin biology and pathology.

The p53 gene family is derived from a com-
mon ancestor that appeared very early dur-

ing evolution in the metazoan sea anemone
more than a billion years ago (Belyi et al. 2010).
This ancestor gene duplicated in early verte-
brates resulting in the appearance of the gene
that is closely related to p53, whereas its second
duplication in bony fish led to the appearance of
the p63 and p73 genes (Belyi et al. 2010). Dur-
ing evolution, the p63 and p73 genes showed a
marked increase in the number of introns re-
sulting in the appearance of their numerous
isoforms in vertebrates. In contrast, the struc-
ture of the p53 gene did not change dramatically
(Belyi et al. 2010). The expansion of the p53
gene family in vertebrates, whose role was orig-
inally linked to the protection of germ cells
against DNA damage in early metazoans, result-

ed in a diversity of novel functions including the
control of cell proliferation, differentiation, tis-
sue development, stem cell regulation, and tu-
mor suppression (Flores et al. 2005; Belyi et al.
2010; Allocati et al. 2012).

During the last two decades, tremendous
progress has been achieved in the delineation
of the functions of the p53 family of genes in
mammals (Lane and Levine 2010). In particu-
lar, the structure and role for the p63 gene as a
master regulator of the development and main-
tenance of the stratified epithelia as well as its
involvement in the control of aging and tumor
growth were shown (reviewed in Koster and
Roop 2007; Crum and McKeon 2010; Melino
2011; Vanbokhoven et al. 2011; Su et al. 2013).
Furthermore, the roles of the distinct p63 and
p73 isoforms in the control of cell proliferation,
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differentiation, and apoptosis in the skin were
dissected by using a number of genetically en-
gineered mouse models and in vitro analyses.

Consistent with the role of p53 in genome
surveillance, p53 mutations are found in more
than half of human tumors including squamous
cell carcinomas, and missense p53 mutations
lead to aggressive cancer phenotypes (Muller
and Vousden 2013). In contrast to p53, muta-
tions of the p63 gene cause numerous ectoder-
mal dysplasia syndromes also associated with
craniofacial and limb abnormalities (for review,
see Rinne et al. 2007; Vanbokhoven et al. 2011).
Unlike p53 and p63, mutations in the p73 gene
are extremely rare; however, p73 is inactivated in
cancers epigenetically, that is, via hypermethy-
lation of its promoter (Maas et al. 2013).

In this review, we summarize our current
knowledge of the role of the p53 gene family in
the control of skin development, regeneration,
tumorigenesis, and response to chemotherapy.
We also discuss the distinct roles for different
p63 and p73 isoforms in the regulation of skin
regeneration and tumor growth. Finally, we dis-
cuss directions for further research in these ex-
citing areas of skin biology and pathology.

THE p53 FAMILY AND ITS ISOFORMS

All three family members, p53, p63, and p73,
share structural similarities in three main do-
mains: the transactivation domain (TA), the
DNA-binding domain (DBD), and the oligo-
merization domain (OD) (Fig. 1). All three pro-
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Figure 1. p53 family gene organization and isoforms. The p53 family members have four main domains: the
transactivation domain (TA), the DBD, the oligomerization domain (OD), and the sterile alpha motif domain
(SAM; present in a subset of the isoforms). For each gene, full length (TA) and amino-terminal spliced isoforms
exist (DN). Multiple carboxy-terminal spliced isoforms exist as shown (a, b, d, etc.).
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teins are transcription factors, and each domain
of the three plays a critical role in the down-
stream transactivation of target genes. The OD
is necessary for the formation of functional tet-
ramers that bind to DNAvia the DBD. The acid-
ic TA domain is needed for transcriptional ac-
tivity of the family members.

Over the last decade or so, data from mul-
tiple laboratories indicates that all three family
members have isoforms that perform overlap-
ping and unique functions. The isoforms that
have been identified for p63 and p73 can be cat-
egorized into two groups that are driven by dis-
tinct promoters. One set contains an acidic
TA domain and is known as the TA isoforms.
The other set of isoforms lack this domain. In
addition to these amino-terminal variants of
p63 and p73, carboxy-terminal spliced isoforms
of each TA andDN isoforms of p63 and p73 exist.
These areknownasa,b,d,1,g,z (Fig.1) (Suetal.
2013). The alternatively spliced isoforms dif-
fer in their ability to transactivate downstream
target genes that induce biological activities,
such as cell-cycle arrest and apoptosis (Yang
et al. 1998). Importantly, some of the isoforms
share more structural similarity to p53 and have
been found to transactivate the same target genes
such as p21, bax, NOXA, PUMA, and Perp (Yang
et al. 1998; Su et al. 2013). p53 has also been
found to have multiple isoforms driven by two
promoters with carboxy-terminal spliced iso-
forms (Bourdon et al. 2005): p53, p53b, p53g,
D133p53, D133p53b, and D133p53g (Fig. 1).
Similar to the DN isoforms of p63 and p73, the
D133 isoforms lack an acidic TA domain.

The existence of multiple isoforms of all p53
family members leads to great complexity in
biological function. This is because the isoforms
are not ubiquitously expressed, but are only ex-
pressed in specific tissues. A prime example is
DNp63a, which is highly expressed in the basal
layer of the epidermis (Mills et al. 1999; Yang
et al. 1999; Koster and Roop 2007). This isoform
is essential for terminal differentiation of all
epithelial tissues and has been best studied in
the skin, as discussed below (Koster et al. 2004;
Koster and Roop 2007). The function of other
isoforms of p53 and p73 in epidermal morpho-
genesis has not been as well studied, but they

may also play different roles or form heterote-
tramers with the isoforms of p63, leading to
various types of tetramers with varying trans-
activation ability that induce a certain comple-
ment of target genes depending on spatial and
temporal cues.

p53, p63, AND p73 IN EPIDERMAL AND HAIR
FOLLICLE MORPHOGENESIS

p63 and Control of Epidermal Development

The process of skin development results in the
formation of a stratified epidermis with self-
renewing ability and a number of skin append-
ages (hair follicles, nails, glands) (Blanpain and
Fuchs 2009; Chuong and Richardson 2009;
Dhouailly 2009). The p63 transcription factor
serves as a master regulator of epidermal devel-
opment and differentiation (Fig. 2) (Koster and
Roop 2007; Mikkola 2007). In mice, develop-
ment of the epidermis begins after the onset of
DNp63 expression in cells of the embryonic ec-
toderm that express epithelial keratins K8 and
K18, which is followed by the appearance of
basal epidermal keratins K5/K14 at E9.5 (Byrne
et al. 1994; Koster and Roop 2007; Blanpain and
Fuchs 2009). Between E9.5 and E12.5, K5/K14-
positive epidermal progenitors expand laterally
via symmetric cell division to cover the rapidly
growing embryo (Weiss and Zelickson 1975;
Lechler and Fuchs 2005). The onset of epider-
mal stratification in mice occurs at about E12.5
when basal keratinocytes begin to form the in-
termediate epidermal layer between the basal
layer and periderm via asymmetric cell division
(Poulson and Lechler 2012). The intermediate
layer is subsequently transformed into the spi-
nous layer (Byrne et al. 1994), in which kerati-
nocytes occasionally proliferate and begin to
express suprabasal keratins K1/K10 at about
E13.5–E14.5, whereas expression of K5/K14 is
down-regulated (Byrne et al. 1994).

By day E14.5–E15.5 of mouse embryonic
development, keratinocytes of the upper spi-
nous layer accumulate lamellar granules en-
riched in lipids and lipid-processing enzymes
and form the granular epidermal layer (Byrne
et al. 2003; Candi et al. 2005). The final step of
the differentiation process of epidermal cells is
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the formation of the cornified layer, which oc-
curs in the mouse embryo between E17.5–
E18.5 (Byrne et al. 2003). Cells of the granular
epidermal layer undergo cornification, which
represents a unique form of cell death and in-
cludes formation of the cytoplasmic cornified
envelope, a submembranous structure, in which
intermediate filaments, proteins, lipids, frag-
ments of degraded organelles, and nuclear rem-
nants are cross-linked (Simpson et al. 2011).

Genetic p63 ablation in mice results in the
failure of stratification of the epidermis and
other squamous epithelia, lack of formation of
epidermal appendages (hair follicles, glands,
teeth), and severe abnormalities in the develop-
ment of the limbs and external genitalia (Mills
et al. 1999; Yang et al. 1999; Ince et al. 2002). The
p63 isoforms play distinct roles in the control of
epidermal development; the DNp63 isoforms
are much more abundant in the epidermis com-
pared to TAp63, which is strongly expressed in
basal epidermal keratinocytes and is marked-
ly down-regulated in the spinous epidermal lay-
er (Laurikkala et al. 2006; Romano et al. 2009,

2012; LeBoeuf et al. 2010; Shalom-Feuerstein
et al. 2011). TAp63 is also expressed in response
to stresses such as wound healing (Su et al.
2009b). DNp63 plays a major role in mediating
the effects of p63 on epidermal development,
whereas TAp63 keeps stem cells within the skin
in quiescence to avoid early depletion of these
cells and suppresses tumorigenesis in postnatal
epidermis (Su et al. 2009b; Romano et al. 2012;
Chakravarti et al. 2014).

p63 is a master regulator of epidermal devel-
opment and operates as a transcriptional acti-
vator and repressor regulating the expression of
several groups of genes involved in the control
of cell proliferation, adhesion, cytoskeletal orga-
nization, DNA repair, transcription, and chro-
matin remodeling (Fig. 2) (for review, see Koster
and Roop 2007; Vanbokhoven et al. 2011; Bot-
chkarev et al. 2012; Su et al. 2013). p63 induces
in epidermal keratinocytes the expression of
the genes encoding basal epidermal keratins
5/14, distinct cell adhesion molecules (P-cad-
herin, integrin-a3, Perp, dystonin, etc.), cell
matrix regulators (Fras-1), transcription factors
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Figure 2. Transcriptional targets of p63 in epidermal keratinocytes. p63 functions as a transcriptional activator
and repressor and regulates expression of distinct groups of genes in epidermal keratinocytes. In turn, p63
expression in keratinocytes is controlled by microRNAs, the DEC1 transcription factor, and Setd8 histone
methyltransferase (see references in the text).
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(AP-2g, IKK-a, IRF6, HBP1, Runx1, ZNF750),
and DNA repair machinery (BRACA2, MRE11,
Rad51) (Koster et al. 2004; Ihrie et al. 2005;
Koster and Roop 2007; Lin et al., 2009; Sha-
lom-Feuerstein et al. 2011; Vanbokhoven et al.
2011; Sen et al. 2012). p63 transcriptional ac-
tivity is also regulated and inhibited by the
FoxO transcription factor, which directly binds
to p63 protein and prevents its interaction with
gene promoters. In basal epidermal cells, the
levels of intranuclear FoxO are negatively reg-
ulated by the IGF-1 signaling that stimulates
the nuclear export of FoxO (Gunschmann et
al. 2013).

As a transcriptional repressor, p63 maintains
proliferation of basal epidermal keratinocytes
by directly repressing expression of antiprolifer-
ative target genes, including 14-3-3s, p16/Ink4a,
p19/Arf, p21, and PTEN (Westfall et al. 2003;
Watt et al. 2008; Su et al. 2009a; Leonard et al.
2011; Ferone et al. 2012). In addition to cell-
cycle-associated genes, p63 inhibits the expres-
sion of nonkeratinocyte genes (i.e., mesodermal
genes), as well as a number of other genes such
as distinct components of the Notch (Notch1,
Hes1) and bone morphogenetic protein (BMP)
signaling pathways (Smad7) in epidermal kera-
tinocytes (Nguyen et al. 2006; De Rosa et al.
2009; Shalom-Feuerstein et al. 2011). Repres-
sive effects of p63 on the expression of nonepi-
dermal genes are mediated, at least in part, by
Smad7 inhibition, which activates the BMP sig-
naling pathway and promotes expression of epi-
dermal genes (De Rosa et al. 2009).

There are several indications that many ef-
fects of p63 on gene expression in epidermal
keratinocytes are mediated by its interactions
with epigenetic regulatory machinery (Botch-
karev et al. 2012; Frye and Benitah 2012; Zhang
et al. 2012). For instance, p63 directly regulates
expression of several genes encoding the genome
organizer and AT-rich-binding protein Satb1, as
well as ATP-dependent chromatin remodelers
Lsh and Brg1 in epidermal keratinocytes (Fessing
et al. 2011; Keyes et al. 2011; Mardaryev et al.
2014). Both Brg1 and Satb1 play important roles
in mediating a p63-regulated program of higher-
order chromatin remodeling within the epider-
mal differentiation complex (EDC) locus. Brg1

regulates relocation of the EDC away from the
nuclear periphery into the nuclear interior and
propinquity with nuclear speckles. This is fol-
lowed by Satb1-regulated arrangement of chro-
matin conformation within the central domain
of the locus, which contains a large number of
genes activated during terminal keratinocyte
differentiation (Fessing et al. 2011; Mardaryev
et al. 2014). In turn, Lsh regulates chromatin
remodeling and mediates DNp63-dependent
proliferation and survival of Keratin 15-positive
stem cells in the skin (Keyes et al. 2011).

p63 also localizes to the genes that show
binding of histone acetyltransferase complex
containing ING5, but not ING5 þ meCpG
(Mulder et al. 2012). DNp63 also cooperates
with HDAC1/2 to directly repress p16/INK4a
in epidermal keratinocytes, whereas HDAC1/2
independently deacetylate p53 and suppress
its ability to induce apoptosis and activate tar-
get genes, including p21 (LeBoeuf et al. 2010).
Conversely, p63 gene expression in epidermal
keratinocytes is positively regulated by the his-
tone methyltransferase Setd8, as well as by the
DEC1 transcription factor (Driskell et al. 2011;
Qian et al. 2011).

The p63-dependent transcriptional pro-
gram is also regulated by distinct microRNAs,
whereas selected microRNA genes represent an
important class of p63 targets in basal epidermal
keratinocytes (reviewed in Botchkareva 2012).
Global effects of p63 on microRNAs are real-
ized via direct regulation and transactivation of
the Dicer promoter by TAp63 (Su et al. 2010) and
the DiGeorge syndrome critical region gene 8
(DGCR8) promoter by DNp63 (Chakravarti et
al. 2014). In addition, p63 negatively regulates
expression of several microRNAs of the miR-34
family, which show reciprocal expression pat-
terns with p63 in the epidermis (Antonini et al.
2010). Furthermore, p63 directly inhibits ex-
pression of miR-138, miR-181a/b, and miR-
130b in primary human keratinocytes (Rivetti
di Val Cervo et al. 2012). In turn, p63 expression
in epidermal keratinocytes is regulated by miR-
203, miR-720, and miR-574-3p, which are ex-
pressed in cells within the suprabasal epidermal
layer and restrict p63 expression to basal cells (Yi
et al. 2008; Chikh et al. 2011).
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p53/p63 and Regulation of Hair Follicle
Development and Cycling

Hair follicle development is governed by the
signaling exchanges between the epidermal ke-
ratinocytes committed to hair-follicle-specific
differentiation and the mesenchymal cells of
the follicular papilla (Hardy 1992; Millar 2002;
Schmidt-Ullrich and Paus 2005; Blanpain and
Fuchs 2009; Lee and Tumbar 2012). Hair follicle
morphogenesis results in formation of the hair
bulb in which hair matrix keratinocytes prolif-
erate and differentiate into six distinct cell line-
ages: the cuticle, Huxley and Henle layers of the
inner root sheath, as well as the medulla, cor-
tex, and cuticle of the hair shaft (Hardy 1992;
Millar 2002; Schmidt-Ullrich and Paus 2005).
In addition to the hair bulb, epidermal pro-
genitors generate the sebaceous gland, which
secretes sebum via the duct penetrating the up-
per part of the follicular epithelium and ex-
trudes it into the hair follicle infundibulum
(Niemann and Horsley 2012). Postnatally, the
hair follicle undergoes cyclic transformations
with periods of active growth (anagen), involu-
tion (catagen), and resting (telogen) (Stenn and
Paus 2001).

DNp63 is expressed in the epithelial cells of
the developing hair follicle as well as in the bulge,
outer root sheath, and hair matrix of the post-
natal hair follicles, whereas TAp63 is expressed in
cells of the dermal sheath and follicular papilla
(Su et al. 2009b; Romano et al. 2010). TAp63
keeps skin-derived precursorcells (SKPs), which
reside in the dermis in the postnatal hair follicle,
in quiescence to protect them from premature
depletion via transcriptional regulation of the
cyclin-dependent kinase inhibitor p57Kip2 (Su
et al. 2009b). DNp63 is also involved in regu-
lation of hair follicle stem cell maintenance
and self-renewal, although its overexpression
in the outer root sheath results in the switch of
hair-follicle-specific differentiation toward epi-
dermal differentiation and depletion of bulge
stem cells (Romano et al. 2010). TAp73 might
also play a role in the control of bulge stem cell
activity because its conditional ablation results
in failure of the hair follicles to enter anagen
phase (Rufini et al. 2012).

p53 is also expressed in the outer root sheath
and hair matrix of the postnatal hair follicles,
and its expression is increased during the hair
follicle transition from anagen to catagen (Botch-
karev et al. 2001). p53 regulates apoptosis
in hair matrix keratinocytes during catagen
(Botchkarev et al. 2001), and BRCA1 operates
upstream of p53, suppressing DNA damage in
hair matrix cells and resulting in p53 stabiliza-
tion (Sotiropoulou et al. 2013). The roles of p63
and p73 in the control of apoptosis in hair ma-
trix keratinocytes during hair follicle involution
remain to be defined, although DNp63 might
antagonize the proapoptotic function of p53,
which is evident from the fact thatDNp63-over-
expressing mice show a markedly delayed tran-
sition from anagen to catagen (Romano et al.
2010).

Taken together, these data show that dif-
ferent members of p53 family play distinct, yet
partially overlapping, functions in the control
of epidermal and hair follicle development,
and their effects on epithelial or mesenchymal
cell populations in the skin are largely isoform
specific.

THE ROLES OF p63 AND ITS ISOFORMS
IN WOUND HEALING

The TA and DN isoforms of p63 have distinct
roles in wound healing. The expression of the
isoforms differs in adult skin. Whereas DNp63
is expressed throughout the basal layer of the
epidermis (Koster and Roop 2007), TAp63 is
undetectable under normal conditions and is
up-regulated on stress (Su et al. 2009b). One
example of stress in which TAp63 is detected is
in the wound healing response (Su et al. 2009b).
This distinct expression pattern gives rise to dif-
ferent roles of these isoforms in various biolog-
ical processes from cancer to wound healing as
has been shown using mouse models, and is
discussed further below.

Using a TAp63 conditional knockout mouse
model, the roles of TAp63 in the wound healing
response have been defined. Mice with a germ-
line deletion of TAp63 (TAp632/2) developed
alopecia, a severe blistering disease giving rise to
spontaneous wounds, and wound healing de-
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fects evidenced by a failure to completely heal
wounds created on the epidermis. These defects
are reminiscent of those seen in human patients
with Hay–Wells syndrome, in which patients
with mutations in p63 develop skin abrasions,
dermatitis, and alopecia (McGrath et al. 2001).
In contrast, mice deficient for TAp63 in K14-
expressing cells only, generated by intercrossing
TAp63 conditional knockout mice (TAp63fl/fl)
with K14cre-expressing mice, displayed no such
wound healing defect. These data suggested a
role for TAp63 in a K14 negative progenitor
cell that is critical for the wound healing and
hair regeneration. Indeed, TAp63 was shown to
be critical to maintain dermal-derived stem cells
known as SKPs (Biernaskie et al. 2009) in qui-
escence through transcriptional regulation of
the cyclin-dependent kinase inhibitor, p57KIP2.
Consequently, in mice deficient in TAp63, SKP
cells hyperproliferate and are subsequently de-
pleted, and wound healing is impaired (Fig. 3)

(Su et al. 2009b). Thus, TAp63 plays a key role
in maintaining quiescence of dermal stem cells
critical for wound healing. When regulation of
TAp63 is lost, these stem cells are prematurely
depleted leading to deficits in wound healing.

The role of DNp63 in wound healing was
also shown using genetically engineered mice.
In this case, the mice were engineered to ex-
press a DNp63 small hairpin RNA (shRNA)
under the control of an inducible-epidermal-
specific promoter to silence DNp63 in the basal
layer of the epidermis. After induction ofDNp63
shRNA, the mice displayed skin fragility char-
acterized by skin erosions. In a wound-healing
model, the DNp63 knockdown mice showed
severely impaired healing with a failure of the
epidermis to terminally differentiate over the
wound site. Importantly, DNp63 was found
to function by its ability to transactivate two
key genes, Fras1, required for basement mem-
brane integrity, and IKK-a, required for termi-

Dermal
papilla
TAp63-positive SKPs

Hair
shaft

Epidermal
basal layer
p53-, ΔNp63-, and
p73-positive cells

Dermal sheath
TAp63-positive SKPs

p57Kip2

Figure 3. TAp63 andDNp63 are expressed in distinct cell types within the skin. TAp63 is expressed in SKPs within
the dermal papilla and dermal sheath (TAp63 positive). TAp63 maintains these cells in quiescence by transcrip-
tional regulation of p57Kip2. p53, DNp63, and p73 isoforms are expressed in the basal layer of the epidermis.
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nal differentiation and formation of the spinous
layer. Thus,DNp63 orchestrates a transcription-
al program critical for epithelial integrity and
morphogenesis (Fig. 3). Taken together, these
data indicate that p63 isoforms play distinct
roles in wound healing and epidermal homeo-
stasis.

THE p53 FAMILY IN SKIN CANCER

p53 Mutations in Skin Cancer

A variety of skin cancers harbor p53 mutations
including basal cell carcinomas (BCCs), squa-
mous cell carcinomas (SCC), precursors of
SCCs known as actinokeratosis, and melanoma
(Hodis et al. 2012). The p53 mutations observed
in these cancers and precancerous lesions are UV
induced and frequently C–T transitions at di-
pyrimidine sites. The most frequently detected
mutations in both BCCs and SCCs are located at
codons 196, 248, and 282 of p53. Phosphory-
lation of the p53 protein at specific residues,
like Serine 389, has been found to be of partic-
ular importance in the UV response (Bruins et
al. 2004). Mouse models genetically engineered
with a serine to alanine mutation at codon 389
(p53 S389A) showed increased sensitivity to
UV-induced skin tumors (Bruins et al. 2004).
Additional mouse models with mutations in
the p53-binding domain combined with a
KrasG12D mutation also showed increased sus-
ceptibility to skin tumors (Caulin et al. 2007).
Mouse models for each of the common p53
mutations in skin cancers have not yet been de-
veloped; however, these models will likely shed
light on unknown functions of p53 and its fam-
ily members in skin cancer.

p63 in Skin Cancer

The expression patterns of p63 in cutaneous
SCCs have been well studied. In many studies
of human cutaneous SCCs, p63 levels are high
and now used as diagnostic markers (Dotto et al.
2006). A large majorityof these studies have been
performed using pan-p63 antibodies that bind
in the DBD of the protein and do not distinguish
between the TA andDN isoforms. Although spe-

cific isoforms were not detected in these studies,
it is well known and accepted that the DNp63a
is the most highly expressed in basal epithelial
cells and detected in these tumors, indicating
the potential role of DNp63 a as an oncogene.
Consistent with this function, DNp63a is
down-regulated in response to UV, allowing
p53, TAp63, and TAp73 to be freed from inhib-
itory transcriptional complexes with DNp63.
This, in turn, results in downstream TA of target
genes that protect the cell (Liefer et al. 2000).

Mouse models have also shed light on the
roles of p63 in SCC formation. In a mouse
model heterozygous for both p53 and p63
( p53þ/2;p63þ/2), 50% of mice spontaneously
develop head and neck SCC or cutaneous SCC
(Flores et al. 2005). Moreover, 100% of these
tumors undergo loss of heterozygosity and
lose the wild-type allele of p63 (Flores et al.
2005). Loss of heterozygosity of p53 was not
detected in this model. Because of the com-
plexity of p63 and the existence of multiple
isoforms, TAp63 knockout mice have been gen-
erated. Both TAp632/2 and TAp63þ/2 mice
develop spontaneous cutaneous SCCs at high
frequency that are highly metastatic (Su et al.
2010). These findings were further validated in
human SCC patient samples in which high-
grade, metastatic tumors lose expression of
TAp63 and its downstream target genes. These
findings indicate that TAp63 is a critical sup-
pressor of SCC metastasis and acts through tran-
scriptional regulation of Dicer and miR130b.

p73 in Skin Cancer

p73 resides on chromosome 1p36.33, a region
frequently lost in multiple tumor types. p73 may
also play a role in skin cancer. Although infre-
quently mutated, p73 mutations have been iden-
tified in Merkel cell carcinoma (MCC) (Van Gele
et al. 2000). p53 mutations have been identified
in MCC indicating that these two p53 family
members may play a role in the suppression of
this tumor type. In mouse models heterozygous
for p53 and p73 ( p53þ/2;p73þ/2), mice spon-
taneously develop cutaneous SCC, further indi-
cating that p73 may play a role in skin cancer
(Flores et al. 2005). To date, no extensive re-
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search on p73’s role in skin tumorigenesis has
been performed and further investigation is war-
ranted.

p53 AND SKIN RESPONSE
TO CHEMOTHERAPY

Chemotherapeutic drugs alter mitotic cell divi-
sion and metabolism in the hair follicles, actively
generating hairs via induction of DNA dam-
age in proliferating hair matrix keratinocytes
(Paus et al. 2013). DNA damage sites are de-
tected by the MRN (MRE11-RAD50-NBS1)
complex (primary damage sensor), followed
by activation of ATM and ATR kinases, which
phosphorylate the histone H2AX (Jackson and
Bartek 2009). g-H2AX foci serve as sites for
further recruitment of the 53BP1 and BRAC1,
whereas ATM and ATR kinases operate as trans-
ducers of the response from the DNA damage
sensors to a number of proapoptotic effectors
including p53 (Jackson and Bartek 2009).

p53 and DNp63 are expressed in proliferat-
ing hair matrix keratinocytes (Botchkarev et al.
2000, 2001; Romano et al. 2010). Whereas the
role of DNp63 in the response of hair follicles to
chemotherapy remains to be defined, several
lines of evidence show an essential role for p53
in the control of chemotherapy-induced hair
loss. First, massive apoptosis in hair matrix ker-
atinocytes induced by cyclophosphamide in
mice in vivo or in human hair follicles ex vivo
is preceded by a marked increase in p53 protein
levels in hair matrix keratinocytes (Botchkarev
et al. 2000; Bodo et al. 2007). Second, p53 knock-
out mice show complete resistance to hair loss
induced by cyclophosphamide in vivo (Botch-
karev et al. 2000). Finally, other p53 transcrip-
tional targets, such as Fas, Bax, or IGFBP-3, are
also up-regulated in hair matrix keratinocytes of
mice treated with cyclophosphamide (Botch-
karev et al. 2000), and Fas knockout mice show
significant protection against chemotherapy-
induced hair loss (Sharov et al. 2004).

In contrast to hair matrix keratinocytes, ep-
ithelial stem cells residing in the bulge and der-
mal papilla fibroblasts show relative protection
against DNA damage induced by chemotherapy
or ionizing radiation (Blanpain et al. 2011; Paus

et al. 2013). Both cell populations are slow cy-
cling and survive chemotherapy, and their pro-
tection against DNA damage is mediated, at least
in part, by high levels of expression of the anti-
apoptotic Bcl2 protein that blocks p53-depen-
dent apoptosis (Lindner et al. 1997; Sotiropou-
lou et al. 2010). In addition to Bcl2, protection
of bulge stem cells against ionizing radiation is
mediated by high activity of the DNA repair ma-
chinery including DNA-PK (Sotiropoulou et al.
2010). Interestingly, DNp63 is capable of inhib-
iting DNAdamage inducedbychemotherapy (Li
et al. 2012). Thus, because DNp63 is also ex-
pressed in the bulge stem cells of telogen hair
follicles and likely inhibits the proapoptotic ef-
fects of p53 in hair matrix keratinocytes during
physiological hair follicle involution (Romano
et al. 2010), it may play a role in the protection
of bulge stem cells and hair matrix keratinocytes
against DNA damage after chemotherapy.

CONCLUSIONS

Over the last decade, a wealth of knowledge has
accumulated on the function of the p53 familyof
genes in multiple systems from stem cell main-
tenance and renewal to the suppression of cancer
and metastasis. The functions of this family of
genes are now well understood in the skin and
include critical roles for p63 and its isoforms in
epidermal morphogenesis and maintenance.
Importantly, we know that the p53 family plays
important roles in responses to stresses like DNA
damage, wound healing, and tumor suppres-
sion. Functions for p73 and its isoforms in the
skin are not as well known.

Given that the p53 family of genes has been
shown to interact extensively in the DNA dam-
age response, it will be important to understand
how they form complexes in various contexts to
regulate the ever-growing list of downstream
transcriptional target genes. Performing chro-
matin immunoprecipitation using antibodies
for the various isoforms of the p53 family cou-
pled with next-generation sequencing (ChIP-
Seq) in discrete stem cell compartments within
the skin and during development or after vari-
ous stresses will be key to understanding tran-
scriptional regulation by this family of genes.
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Recently, roles for p63 and p73 in metabolism
have been identified (Flores and Lozano 2012;
Rufini et al. 2012; Su et al. 2012) and under-
standing how the p53 family influences the cel-
lular metabolism of skin cells will be an area of
new research.

The next decade will bring additional in-
sights to the functions of p53 family genes in
multiple contexts and, in particular, skin biol-
ogy. This knowledge will be important for the
generation of therapies for patients afflicted
with skin diseases harboring p63 mutations
and also aid in the design of targeted therapies
for patients with tumors harboring alterations
in the p53 family of genes.
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