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Abstract: Skin cancer is the most common type of cancer worldwide. Ozone depletion and climate
changes might cause a further increase in the incidence rate in the future. Although the early detection
of skin cancer enables it to be treated successfully, some tumours can evolve and become more
aggressive, especially in the case of melanoma. Therefore, good diagnostic and prognostic markers
are needed to ensure correct detection and treatment. Transcription factor p63, a member of the
p53 family of proteins, plays an essential role in the development of stratified epithelia such as skin.
In this paper, we conduct a comprehensive review of p63 expression in different types of skin cancer
and discuss its possible use in the diagnosis and prognosis of cutaneous tumours.
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1. Transcription Factor p63: Gene Structure and Function in Normal Skin and Skin Cancer

p63, like its sibling p73 [1], belongs to the p53 family of transcription factors [2]. Phylogenetic
analysis classifies p63 as the most ancient member of the family, followed by p73 and the more
recently evolved p53 [3,4]. In evolutionary terms, family members share conserved gene structure and
show high sequence homology. Notably, the three members present peculiar functional properties,
as indicated, for example, by the phenotypes of the Trp53, Trp63, and Trp73 knockout mice [5–7].
Among these, p63 regulates different cellular responses that primarily affect epithelial biology.

1.1. Gene Structure and Isoforms of p63

The TP63 gene gives rise to several protein isoforms resulting from the use of alternative
transcription start sites and alternative C-terminus splicing events. Indeed, the TP63 gene harbours
two different promoters that generate two N-terminal isoforms (TAp63 and ∆Np63) (Figure 1a).
The TAp63 isoforms present an N-terminus transactivation domain (TA), which is responsible for
its transcription activity, while the ∆Np63 isoforms lack this domain and may act as repressors, also
exhibiting a dominant-negative effect towards p53 and TAp63/TAp73 [8]. Importantly, ∆Np63 harbours
an additional short TA domain, which can positively affect the transcription of specific genes [9].
Through alternative splicing, p63 mRNA generates at least three C-terminal isoforms: p63α, p63β, and
p63γ [10], for both the TAp63 and ∆Np63 isoforms. However, unlike p53, the p63α variant presents
a protein–protein interaction domain of unknown function, the sterile alpha motif (SAM) [4,11,12],
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and the transactivation inhibitory domain (TID), which is involved in transcriptional inhibition of the
TAp63 isoform [13–15] (Figure 1a).
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Figure 1. p63 function in normal skin. (a) Two different promoters on the TP63 gene can give rise
to TAp63 and ∆Np63 isoforms. These can be further spliced at the C-terminus, producing α, β, or γ
isoforms. ∆Np63α is the most abundant isoform in normal skin as well as in skin tumours. p63 protein
harbours TA (transcription activation), PR (proline-rich), DBD (DNA-binding), OD (oligomerisation),
SAM (sterile α-motif), and TID (transcriptional inhibitory) domains. (b) p63 is expressed in most
cells of the basal and suprabasal layers of the epidermis but its expression is decreased in the upper
spinous layer and absent in the granular and cornified layers of epidermis. p63 intensively marks
basal cells of the sebaceous and sweat glands, yet it is not present in mature sebocytes as well as the
ductal cells of sweat glands. The cells of the hair matrix, hair bulge stem cells, and outer root sheath
show high expression of p63. By contrast, well differentiated cells of the inner root sheath and hair
shaft lack p63. Melanocytes and cells of mesenchymal origin, fibroblasts and endothelial cells (not
shown), are p63 negative. No data are available regarding p63 expression in Langerhans and Merkel
cells (shown as negative); (c) In basal layer keratinocytes, p63 plays a crucial role in the maintenance of
cell proliferation as well as adhesion. Through direct binding to the promoters of target genes, p63
can repress (upper panel) or activate (lower panel) gene expression; (d) During the early stages of
keratinocyte differentiation, p63 activates expression of the master regulator of epithelial differentiation,
ZNF750, and chromatin remodelers, Brg1 and Satb1. Furthermore, p63 co-operates with chromatin
remodeler complex SWI/SNF and binds to epithelial-specific enhancers to allow for the transcriptional
activation of a terminal differentiation programme (e.g., ZNF185).
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1.2. p63 Expression in Normal Skin

The ∆Np63 isoform is mainly expressed in ectoderm-derived tissues, such as the epidermis, skin
appendages, simple epithelia, and the thymus [4,16–19]. The striking developmental abnormalities
found in ∆Np63 genetic-complemented mice [19] and in ∆Np63-null mice [20], demonstrate the
indispensable role of the ∆Np63 isoform in epithelial biology. Figure 1b summarises the expression of
p63 in normal skin (p63 positive cells are highlighted in green). p63 is expressed in virtually all cells
of the basal layer of the epidermis, and the level of its expression decreases towards the outermost
terminally differentiated granular and cornified layers. It is detected in all basal germinative cells of the
sebaceous gland as well as some sebocytes; however, it is absent in mature excreting cells. In eccrine
and apocrine sweat glands, p63 is diffusely expressed in myoepithelial cells but is not present in cells
facing the lumen of the ducts. In the hair follicle, p63 can be readily detected in the keratinocytes of the
outer root sheath of the hair, stem cells of the hair bulge, and the transit-amplifying cells of the matrix
in the bulb of the follicle [21,22]. However, p63 is not expressed in the hair papilla nor in the cells of
the inner root sheath. By contrast, neuronal cells and cells of a mesodermal nature, such as the smooth
muscle of arrector pili (Figure 1b), dermal fibroblasts, endothelial cells, and adipocytes (not shown in
Figure 1b) are p63 negative [23–25].

Remarkably, no direct evidence has been provided using immunohistochemistry for p63 expression
in Langerhans cells and melanocytes. However, p63 was found to be absent in normal melanocytes
by polymerase chain reaction (PCR) [26]. This observation was supported by RNA-sequencing
performed in melanocytes [27]. Furthermore, no data are available to support p63 expression in the
mechanosensory Merkel cells of the touch dome in human skin, even though high levels of p63 have
been found in feline Merkel cells [28].

In summary, p63 appears to be expressed in stem cells and highly-proliferating transit-amplifying
cells of ectodermal origin. However, it is present at low levels or absent in differentiating cells as well
as cells of mesenchymal origin.

1.3. Transcription Regulation of Skin Development by p63

As a transcription factor, p63 can activate or repress expression of its target genes through direct
binding to their promoter regions (Figure 1c). For instance, in basal keratinocytes, p63 is believed
to repress the expression of CDKN1A [29], a gene codifying for cyclin-dependent kinase inhibitor 1
(p21), and HES1 [30], one of the members of the Notch pathway, thus supporting proliferation of
transit-amplifying cells and inhibiting their differentiation. By contrast, p63 positively regulates the
expression of a plethora of structural proteins to ensure proper cell–cell and cell–matrix adhesion.
Among the bona fide p63 target genes are components of hemidesmosomes such as BPAG1 [31]
and PERP [32]; integrin-coding genes ITGA6 and ITGB4 [33]; the P-cadherin-coding gene CDH3, a
component of adherens junctions [34]; FRAS1 codifying for an extracellular protein [35]; and KRT14, a
component of keratin intermediate filaments [19]. Furthermore, p63 has been shown to attenuate the
metabolism of keratinocytes [36] by directly activating hexokinase II [37] and cytoglobin [38]. Different
chromatin remodelers such as HDAC1/2 [39,40] and KMT2D [41] cooperate with p63 to determine its
transcriptional activity.

Conversely, p63 is closely involved in the process of keratinocyte differentiation in both early
and late stages. ZNF750 is one of the earliest transcription factors activated during differentiation by
p63 [42]. It induces and later interacts with KLF4 to allow terminal differentiation of keratinocytes [43].
Among the other p63 regulated genes are chromatin remodelers SATB1 [44] and SMARCA4 (codifying
for Brg1) [45]. Their activity is of pivotal importance in establishing a proper genomic 3D structure
and accessibility of the epidermal differentiation complex of genes on chromosome one.

Recent investigations have unveiled the existence of pre-established epithelia-specific enhancers
in undifferentiated keratinocytes. These might interact with the promoter regions of target genes to
allow their transcription during differentiation [46]. Notably, p63 was found to cooperate with the
Brg1/Brm subunit of the switch/sucrose nonfermenting (SWI/SNF) chromatin remodelling complex
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on epidermal enhancers [47]. Indeed, it is suggested that p63 bookmarks multiple enhancers already
present in proliferating keratinocytes. Many of these loci overlap with active chromatin marks such
as H3K27ac. This is the case even if p63 alone cannot induce expression of these genes and needs
partners to allow the transcription [48]. One example of this type of network is a component of
adherens junctions, ZNF185, whose expression is regulated by p63 during differentiation. Binding to an
epithelia-specific enhancer already present in undifferentiated cells, p63 is essential for the maintenance
of the enhancer–promoter interaction in order to allow ZNF185 transcription in the suprabasal layers
of the epidermis [49].

Altogether, p63 is well the established master regulator of epidermal homeostasis and
differentiation. Its transcriptional network is an example of an extremely complex spatiotemporal
system of positive and negative regulation, which allows for the proper development, self-renewal,
and differentiation of the skin. p63 both impedes and triggers keratinocyte differentiation depending
on the epithelial compartment, proliferative state, and the network of interacting proteins.

1.4. Transcription Regulation of Skin Cancer Mediated by p63

Although mechanistic aspects of p63 function in the cutaneous basal cell carcinoma (cBCC) and
rare skin tumours remain poorly investigated, the role of p63 in tumourigenesis has been intensively
studied in squamous cell carcinoma (SCC). A transcriptional programme of p63 in cutaneous SCC
is similar to SCC from other epithelial origins such as the head and neck (see recent reviews [50,51]).
In the next section, we will highlight specific pathways with a focus on understanding tumourigenic
activities of p63 conducted exclusively in the context of cutaneous SCC (cSCC).

The oncogenic properties of ∆Np63 were established in in vivo experiments that showed
overexpression of ∆Np63 enhances mutant Ras-driven tumourigenesis of undifferentiated cSCC [52].
Indeed, p63 contributes to cancer development, preventing oncogene-induced senescence of
keratinocytes by activating the expression of the chromatin remodeler LSH [53]. A well-known
inhibitor of p53, iASPP, was shown to regulate p63 expression via repression of miR-574 and miR-720
in the normal epidermis [54]. This pathway is epigenetically dysregulated in cSCC, leading to high
levels of p63 expression and induction of epithelial-to-mesenchymal transition [55]. However, the
nuclear localisation of p63 appears to be an important issue in its oncogenic transcriptional activity.
Indeed, Rho-dependent phosphorylation of NUP62 leads to nuclear translocation of p63 and permits
its oncogenic activity [56]. Furthermore, p63 can attenuate the function of other members of the
p53 family. For instance, p63 represses p73-mediated apoptosis in cSCC [57]. It can also co-operate
with mutant p53 in tumour cells to induce the expression of KLF4 and therefore enhance tumour
growth [58]. Although the role of p63 in tumour initiation is well established, Bornachea and colleagues
reported that, in more advanced tumours, p63 represses the epithelial–mesenchymal transition, thus
inhibiting the development of metastases [59]. Overall, these studies indicate that p63 is a multifaceted
transcription factor; the ∆Np63 isoform acts as a potent oncogene that exerts its pro-tumourigenic effects
by regulating specific transcriptional programmes to sustain malignant cell proliferation and survival.

2. Expression Pattern of p63 in Skin Cancer

Skin cancer is the leading type of cancer worldwide with up to 3 million new cases every year.
The most common risk factor for the development of skin cancer is ultraviolet (UV) exposure to the sun.
This provokes multiple cytosine-to-thymine transitions that result in DNA mutations [60]. However,
in some cases, skin cancer can arise due to other causes such as human papilloma virus infection or
chronic arsenic exposure [61]. If detected early and treated appropriately, skin cancer can, in most
cases, be cured. However, more aggressive tumours might metastasise and cause death. Therefore,
good diagnostic and prognostic markers are needed to ensure the correct diagnosis has been made and
the appropriate treatment has been chosen. Herein, we therefore summarise our existing knowledge of
p63 expression in different types of skin cancer. A scheme representing the morphological issues of
p63 positive tumours as well as a list of p63 negative tumours is presented in Figure 2.
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Figure 2. p63 expression in skin cancer. p63 positively marks both benign precancerous lesions
(seborrheic-, actinic-, and porokeratoses, keratoacanthoma, Bowen’s disease, and Bowenoid papulosis)
and malignant tumours of the skin (basal cell carcinoma, squamous cell carcinoma, spindle cell
squamous cell carcinoma (SCC), adenosquamous carcinoma, and SCC with single cell infiltration).
Multiple adnexal neoplasms of both a benign and malignant character stain intensively for p63.
Merkel cell carcinoma shows positive p63 expression in less than 50% of cases; indeed, its expression is
correlated with poor prognosis of Merkel cell carcinoma (MCC). By contrast, neural tissue, mesenchymal
tissue tumours, cutaneous lymphomas and histiocytosis, Paget’s disease, and atypical fibroxanthoma
lack p63 in most cases. Metastatic carcinoma to skin stains positively for p63 in only 15% of cases.
Melanocytic naevi as well as malignant melanoma are virtually all p63 negative, with the exception of
one report [26].

2.1. p63 Expression in Non-Melanoma Skin Cancer

Cutaneous basal cell carcinoma (cBCC) is the most common type of cancer worldwide with almost
750,000 cases detected every year in the USA. cBCC accounts for up to 80% of all non-melanoma skin
tumours. Basal cell carcinomas are slowly growing and rarely metastasise. Among the most frequently
mutated genes are TP53 and PTCH1. However, cBCC genomes are considered genetically stable
compared to those from aggressive types of cancer [62]. Recent reports have indicated that cBCC might
arise from stem cells of the hair follicle and touch dome [63]. Multiple studies have demonstrated high
expression of p63 in cBCC [23]. Moreover, p63 has been detected in all tumour cells [24,25,64–68].

The second most frequent type of skin cancer after cBCC is cutaneous squamous cell carcinoma.
With a diagnosis rate of 15–30 per 100,000 people, cSCC accounts for 20% of all skin cancer cases.
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Notwithstanding a lower frequency with respect to cBCC, cSCC is characterised by a higher incidence
of metastases and poorer prognoses [69]. RAS and TP53 are frequently mutated in cSCC. In contrast
to cBCC, cSCC can originate from hair follicle bulge stem cells as well as interfollicular epidermal
stem cells [70]. p63 is highly expressed in all cSCC [24,25,64,65,67,68,71]. However, unlike cBCC, p63
exhibits a diffuse pattern of expression in cSCC [72] with higher expression on the periphery of the
tumour gradually reducing towards the well-differentiated centre [64].

A rare variant of cSCC is cutaneous spindle cell squamous cell carcinoma (cSCSCC).
The epidemiology of cSCSCC is associated with sun- or radiation-exposure of the skin. Radiation
exposure is thought to be correlated with more aggressive phenotypes of the disease. Histologically,
cSCSCC is characterised by bizarre and pleomorphic tumour cells that infiltrate deep into the dermis [73].
Several studies have shown that p63 is diffusely expressed in cSCSCC in 70%–100% of cases [74–77].
Remarkably, two single reports have highlighted the possible utility of p63 in detecting the squamous
component in adenosquamous carcinoma of the skin as well as in rare forms of squamous cell carcinoma
with single cell infiltration. Indeed, in both cases, the tumours were p63 positive [78,79].

Although several cutaneous lesions are of a benign nature, they can be precursors of skin tumours
such as cSCC. The most frequent benign tumour of the skin is seborrheic keratosis (SK), which
primarily affects people over the age of 50 and has low malignant potential [80]. Another relatively
common benign tumour is keratoacanthoma (KA), which arises from the cells of hair follicles [81].
Notwithstanding their benign nature, these pathological conditions show an increased level of p63
positive basaloid cells relative to non-affected skin [64,67,68,72]. Another rare precancerous condition
of the skin, generally found in young people, is porokeratosis (PK). It is believed that PK originates
from abnormal keratinocytes due to an aberrant programme of terminal differentiation; however, a
genetic predisposition has also been demonstrated. PK is mainly benign, although in rare cases it
can evolve into skin cancer [82]. In PK, p63 stains positive all cell layers with higher intensity in
basaloid cells [65]. Actinic or solar keratosis (AK) is a precancerous condition of the skin with a higher
risk of malignant transformation relative to other benign lesions that, if not treated, can evolve into
cSCC. In fact, AK is now considered an early form of cSCC in situ [83]. Several research groups have
demonstrated high expression of p63 in the basaloid part of skin regions affected by AK [65,68,71,72],
although the percentage of p63 positive cells was lower than that of SCC [72]. Bowen’s disease (BD) is
cSCC in situ that in 3%–5% of cases leads to invasive and metastatic cSCC [84]. Like other precancerous
conditions, BD is characterised by high expression of p63 [64,65,67,68,72]. A very rare form of cSCC in
situ is Bowenoid papulosis (BP). This is an uncommon sexually transmitted disease believed to be
caused by viruses such as the human papilloma virus [85]. However, it is important to note that p63
positive staining was only found in 9 out of 15 cases [71].

Takeuchi and colleagues performed a comprehensive analysis of p63 expression in several skin
tumours of different origins, including very rare cases. As expected, p63 was found to be positive
in epidermal tumours as well as most adnexal neoplasms (as will be discussed in the next section).
In contrast, in all neural tissue tumours, mesenchymal tumours, lymphomas, and histiocytosis, p63
expression was found to be negative [64,86]. Remarkably, extramammary Paget’s disease, a slowly
growing rare intraepithelial adenocarcinoma of unknown origin [87], also tested negative for p63 [64,68].
These findings confirm a strong positive correlation between p63 expression and the epidermal origin
of neoplastic cells.

2.2. p63 Expression in Melanoma

Although malignant melanoma (MM) is less frequent than cBCC or cSCC, it is among the deadliest
forms of skin cancer, leading to 50,000 deaths every year [88]. MM arises from mature melanocytes
from both chronically sun-exposed and non-chronically sun-exposed regions of skin [89].

No consensus has been reached regarding the pattern of p63 expression in melanoma. Multiple
lines of evidence suggest that p63 is virtually never expressed in MM samples (positive in 5 out of 131
samples [64,68,77,90–92]) and benign melanocytic naevi [64]. However, Matin and colleagues reported
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up to 60% of p63 positive specimens (63/121) of melanoma [26]. Furthermore, unexpected evidence
recently emerged of a high incidence of mutation in the TP63 gene in melanoma samples (14.7% of
samples) [93]. In contrast to the cancer, mutations within the TP63 gene are common in epidermal
dysplasia [94]. Therefore, the possible impact of TP63 mutation of melanomagenesis remains elusive.

3. Diagnostic and Prognostic Value of p63 in Skin Cancer

p63 is used as a gold standard marker for highlighting myoepithelial cells in multiple types of
cancer [95–97]. In the following section, we discuss the utility of p63 for the diagnosis of different skin
tumours and also for prognosis prediction in Merkel cell carcinoma.

3.1. p63 in the Diagnosis of Metastases in Skin

Cutaneous adnexal neoplasms (CANs) are a wide group of benign and malignant skin tumours
that normally exhibit differentiation towards one of the cutaneous appendages: hair follicle, sebaceous
gland, eccrine, or apocrine glands. Even though the precise origin of these neoplasms remains
unknown, it has been hypothesised that CANs might arise from stem cells located within normal
cutaneous adnexa [98]. CANs are mainly found in patients aged between 20 and 50 years and most
have a benign character [99]. Diagnosis of CANs can be facilitated by histological examination of the
morphology of differentiated cells. However, in more complicated cases, specific markers are needed
to ensure the correct diagnosis of CANs [100]. As mentioned previously, p63 is expressed in the basal
cells of cutaneous appendages in normal skin, therefore, high expression can be expected in adnexal
tumours. Indeed, multiple studies have confirmed the presence of p63 in these tumours and proposed
the utility of p63 for distinguishing CANs from metastatic carcinoma to skin. Qureshi and colleagues
demonstrated strong expression of p63 in cylindroma, poroma, hidradenoma papilliferum, nodular
hidradenoma, hidradenocarcinoma, adenoid cystic carcinoma, sebaceous carcinoma, porocarcinoma,
digital papillary adenocarcinoma, and syringomatous carcinoma. By contrast, 92% of metastatic
carcinoma samples of different origins were found to be negative for p63, except for metastasis of
oesophageal and urothelial carcinoma [101]. The same group later reported that p63 can be useful in
recognising primary cutaneous mucinous carcinoma from those that metastasise to other tissues by
highlighting p63 and CK5/6 positive myoepithelial cells (Figure 3a) [102]. Other reports have confirmed
high p63 expression not only in primary cutaneous adnexal carcinoma but also in their cognate
metastases (eccrine, apocrine, pilomatrical, sebaceous, and hidradenocarcinoma). Moreover, in the
same study, 20 out of 20 metastases analysed in skin from other tissues tested negative for p63 [103,104].
Recent reports have strongly supported previous observations demonstrating high specificity (100%)
and sensitivity (58%) in distinguishing CANs from metastasis of breast cancer to skin [105]. Another
challenge for pathologists can be well-differentiated neuroendocrine tumours (WDNT) that originate
in the stomach or lungs and can metastasise to skin. A total of 10 out of 10 samples of WDNT tested
negative for p63, which can be useful in distinguishing them from CANs [106].

3.2. p63 in the Diagnosis of Atypical Fibroxanthoma

Atypical fibroxanthoma (AFX) is a rare benign tumour with a favourable prognosis that mainly
occurs in sun-exposed skin on the head and neck regions of elderly patients, predominantly men. AFX is
believed to be of fibroblastic origin and is characterised by myofibroblastic differentiation. The diagnosis
of AFX is difficult and is performed by excluding other malignancies such as cSCSCC [107,108].

p63 was found to be negative in 188 out of 199 samples. Notably, in several reports the expression
of p63 in AFX samples was assessed in parallel with its expression in cSCSCC. Indeed, 110 out of 130
cSCSCC samples stained positively for p63 [74–77,86,109–112]. Thus, in addition to the classical panel
of cytokeratins, p63 is suggested for use in excluding cSCSCC in AFX diagnosis (Figure 3b).
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3.3. p63 in the Prognosis of Merkel Cell Carcinoma

Merkel cell carcinoma (MCC) displays neuroendocrine features and is a rare but aggressive type of
skin cancer. It mainly affects elderly patients (>75 years old) and can be caused by chronic UV exposure
or Merkel cell polyomavirus. The origin of MCC remains elusive; however, it is speculated that this
kind of cancer may arise from Merkel cell precursors as well as pre-B cells or fibroblasts, rather than
mature post-mitotic Merkel cells. MCC is characterised by a high risk of metastases and death [113].
Due to the rare character of MCC, initial investigations based on small samples showed negative
staining for p63 in MCC; indeed, p63 was proposed as a differential marker for distinguishing MCC
from other epithelial types of cancer [64,67]. However, Asioli and colleagues published a striking report
in 2007 demonstrating that more than 50% of MCC samples stained positively for p63. Furthermore,
p63 expression was correlated with a poorer prognosis [114]. This finding was supported further by
the same group [115] as well as by others (Figure 3c) [116–118]. Notwithstanding this clear correlation
between p63 status and survival, Lim et al. reported that only 5 out of 103 samples positively stained
for p63 [119]. Another group later found similar results [120]. One possible explanation for this may
be the geographical factor: Higher percentages of p63 positive cases (up to 50%) were reported by
American, Canadian, and European groups, and lower percentages of cases (5%–17%) by Australian
groups. Therefore, the clinical utility of p63 as a prognostic marker remains uncertain. Nevertheless,
the unusual differential pattern of p63 positivity raises many questions about the role of p63 role
in MCC tumourigenesis. For instance, Asioli and colleagues detected TAp63, ∆Np63, as well as β

isoforms by PCR in MCC tumours. It is speculated that p63 may be expressed in a portion of tumour
cells, triggering the switch towards stemness and thus rendering the tumour more aggressive [115].
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Figure 3. Diagnostic and prognostic value of p63 in skin cancer. p63 can be used in diagnostics to
distinguish adnexal tumours from metastases to skin (a) as well as spindle cell squamous cell carcinoma
from atypical fibroxanthoma (b); (c) In Merkel cell carcinoma, p63 expression is correlated with poor
prognosis. The Kaplan–Meier plot shows the MCC-specific survival of patients with p63-positive and
p63-negative tumours (modified from [117]); (d) 4A4 antibody is a pan-p63 antibody that recognises
the DNA-binding domain of all isoforms of p63. By contrast, the p40 antibody recognises a specific
portion of the N-terminus of ∆Np63 isoforms; (e) p40 is superior to pan-p63 4A4 in the diagnosis of
atypical fibroxanthoma (modified from [111]).
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3.4. p40 as an Alternative to the Pan-p63 Antibody

Since the discovery of p63 [4], researchers have been interested in understanding the role and
patterns of expression of multiple isoforms of p63 in normal tissues as well as in cancer. Indeed, as
early as 2001, Senoo and colleagues investigated by PCR the expression of different isoforms of p63
in SCC and concluded that ∆p73L, now known as ∆Np63α, is the most abundant isoform of p63 in
squamous cell carcinoma of the skin [121]. Two years later, Geddert and colleagues used a ∆Np63
specific antibody (p40) for the analysis of oesophageal SCC, which indeed recapitulated the staining
using the pan-p63 antibody 4A4 [122]. The position of epitopes recognised by pan-p63 and p40 is
shown in Figure 3d. However, it was only in the 2010s that the p40 antibody was re-introduced into
diagnostics as a more precise molecular marker for squamous carcinoma. Bishop and colleagues
reported an equal sensitivity of p40 with respect to pan-p63 in lung SCC, but higher specificity in lung
adenocarcinomas and large cell lymphomas [123].

The reason for the discrepancy between 4A4 and p40 staining patterns remains unclear. One
possible explanation might be that tumour cells express not only ∆N but also TA isoforms of p63 that
are recognised by 4A4 but not p40. Another, more plausible, hypothesis is that different staining results
are due to the non-specific binding of 4A4 to other members of the p53 family or even other proteins.
Indeed, it has been shown that the 4A4 antibody can readily recognise p73 isoforms in vitro [124].

Several reports have also confirmed the utility of p40 in the diagnosis of skin tumours. Lee et al.
demonstrated higher specificity of p40 with respect to pan-p63 (92% vs. 83%, respectively) in
distinguishing adnexal carcinoma from metastases in skin [125]. As described previously, atypical
fibroxanthoma can be a challenge for diagnosis. Notably, Henderson and colleagues reported the
usefulness of p40 in distinguishing AFX from cSCSCC: 8 out of 27 cases of AFX were variably positive
for pan-p63 whereas none were positive for p40, rendering p40 superior to pan-p63 in AFX diagnosis
(Figure 3e) [111]. These findings were further supported by another study [112]. Ha Lan and colleagues
debated the superior quality of p40; while p40 and pan-p63 antibodies gave similar results for AFX
and desmoplastic melanoma, pan-p63 showed higher sensitivity in the detection of cSCSCC relative
to p40 (81% vs. 56%, respectively) [86]. Notwithstanding this discrepancy, other recent studies have
suggested using p40 in the diagnosis of skin cancer [126,127] and as a gold standard for other tumours
as non-small cell lung cancer [128]. In line with increased evidence for the usefulness of p40, a
monoclonal MMp40 antibody against ∆Np63 (clone BC28) was produced and is currently commercially
available for diagnostics (Roche, Cat No. 790-4950). The high specificity and sensitivity of MMp40
BC28 was confirmed in multiple types of cancer such as lung, prostate, breast, and skin cancer [129].

4. Concluding Remarks

Forty years ago, the master tumour suppressor p53 was discovered, heralding a new era of
understanding regarding the ubiquitous molecular mechanisms of cellular defence against cancer
initiation and progression (Figure 4). Almost two decades later, p73 and p63 were described as close
homologues of p53. Further investigation led by the research group of Frank McKeon unveiled the
essential role of p63 in epithelial development and homeostasis. Multiple lines of evidence supported
the existence of the N-truncated isoform, ∆Np63, predominantly expressed in stratified epithelia.

Recent studies carried out with primary keratinocytes have elucidated a very complex and
thorough transcriptional programme governed by p63. Via interaction with chromatin remodelers,
p63 enables the establishment of a well-organised three-dimensional genomic architecture to ensure
the proper development of the skin as well as its homeostasis. Not surprisingly, in skin cancer, p63
pathways can be altered, disrupting the balance between proliferation and differentiation.

The paramount importance of p63 in epithelia development encouraged researchers and
pathologists to explore its expression in epithelial cancer. Multiple groups in the early 2000s carried
out an extremely comprehensive study of different types of skin cancer using immunohistochemistry,
providing strong evidence for high expression of p63 in virtually all types of non-melanoma skin cancer,
including pre-cancerous lesions as well as rare forms of squamous cell carcinoma. By contrast, several
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skin-related tumours of non-epithelial origin such as atypical fibroxanthoma, along with diverse
metastases to skin from other organs, are in most cases p63 negative.
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discovery of p73[1]
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Smirnov et al.  Figure 4 Timeline of important discoveries in studying of p63 in skin cancer   

Figure 4. Timeline of important discoveries in the study of p63 in skin cancer. Since the discovery of
p63 in 1998, significant progress has been achieved in understanding its role in normal epithelia as well
as in cancer. In the early 2000s, multiple lines of evidence demonstrated its possible use as a diagnostic
marker in excluding cutaneous spindle cell SCC (cSCSCC) and adnexal neoplasms during the diagnosis
of atypical fibroxanthoma and metastases to skin, respectively. Development of the ∆Np63-specific
antibody, p40 (ab), improved the specificity of diagnosis. Moreover, p63 expression is associated with a
poorer prognosis in Merkel cell carcinoma, rendering it a new predictive marker of MCC.

Even though no decision has been made regarding the use of p63 as a gold standard in skin cancer,
multiple reports have proposed its utility in differential diagnosis. Furthermore, p63 has emerged as a
putative marker for outcomes in Merkel cell carcinoma, where high p63 expression is associated with a
poorer prognosis. Based on the pre-clinical studies, summarised in this review, we can speculate that
p63 might be an important and targetable molecule, although no clinical trials have been reported that
address how the level of p63 expression could modify current therapies. Nevertheless, a growing body
of evidence suggests that p63 could be a promising diagnostic and predictive marker for unusual cases
of skin cancer.
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BD Bowen’s disease
BP Bowenoid papulosis
CANs cutaneous adnexal neoplasms
cBCC cutaneous basal cell carcinoma
CK cytokeratin
cSCC cutaneous squamous cell carcinoma
cSCSCC cutaneous spindle cell SCC
KA keratoacanthoma
MCC Merkel cell carcinoma
MM malignant melanoma
PCR polymerase chain reaction
PK porokeratosis
SK seborrhoeic keratosis
UV ultraviolet



Int. J. Mol. Sci. 2019, 20, 5781 11 of 17

References

1. Kaghad, M.; Bonnet, H.; Yang, A.; Creancier, L.; Biscan, J.C.; Valent, A.; Minty, A.; Chalon, P.; Lelias, J.M.;
Dumont, X.; et al. Monoallelically Expressed Gene Related to P53 at 1p36, a Region Frequently Deleted in
Neuroblastoma and Other Human Cancers. Cell 1997, 90, 809–819. [CrossRef]

2. Levine, A.J.; Oren, M. The First 30 Years of P53: Growing Ever More Complex. Nat. Rev. Cancer 2009, 9, 749.
[CrossRef] [PubMed]

3. Melino, G.; Lu, X.; Gasco, M.; Crook, T.; Knight, R.A. Functional Regulation of P73 and P63: Development
and Cancer. Trends Biochem. Sci. 2003, 28, 663–670. [CrossRef] [PubMed]

4. Yang, A.; Kaghad, M.; Wang, Y.; Gillett, E.; Fleming, M.D.; Dötsch, V.; Andrews, N.C.; Caput, D.; McKeon, F.
P63, a P53 Homolog at 3Q27–29, Encodes Multiple Products with Transactivating, Death-Inducing, and
Dominant-Negative Activities. Mol. Cell 1998, 2, 305–316. [CrossRef]

5. Donehower, L.A. The P53-Deficient Mouse: A Model for Basic and Applied Cancer Studies. Semin. Cancer
Biol. 1996, 7, 269–278. [CrossRef]

6. Yang, A.; Schweitzer, R.; Sun, D.; Kaghad, M.; Walker, N.; Bronson, R.T.; Tabin, C.; Sharpe, A.; Caput, D.;
Crum, C.; et al. P63 Is Essential for Regenerative Proliferation in Limb, Craniofacial and Epithelial
Development. Nature 1999, 398, 714–718. [CrossRef]

7. Yang, A.; Walker, N.; Bronson, R.; Kaghad, M.; Oosterwegel, M.; Bonnin, J.; Vagner, C.; Bonnet, H.; Dikkes, P.;
Sharpe, A.; et al. P73-Deficient Mice Have Neurological, Pheromonal and Inflammatory Defects but Lack
Spontaneous Tumours. Nature 2000, 404, 99. [CrossRef]

8. Petitjean, A.; Ruptier, C.; Tribollet, V.; Hautefeuille, A.; Chardon, F.; Cavard, C.; Puisieux, A.; Hainaut, P.;
De Fromentel, C.C. Properties of the Six Isoforms of P63: P53-like Regulation in Response to Genotoxic Stress
and Cross Talk with ∆Np73. Carcinogenesis 2008, 29, 273–281. [CrossRef]

9. Duijf, P.H.G. Gain-of-Function Mutation in ADULT Syndrome Reveals the Presence of a Second
Transactivation Domain in P63. Hum. Mol. Genet. 2002, 11, 799–804. [CrossRef]

10. Yang, A.; McKeon, F. P63 and P73: P53 Mimics, Menaces and More. Nat. Rev. Mol. Cell Biol. 2000, 1, 199.
[CrossRef]

11. McGrath, J.A. Hay-Wells Syndrome Is Caused by Heterozygous Missense Mutations in the SAM Domain of
P63. Hum. Mol. Genet. 2001, 10, 221–229. [CrossRef] [PubMed]

12. Der Ou, H.; Löhr, F.; Vogel, V.; Mäntele, W.; Dötsch, V. Structural Evolution of C-Terminal Domains in the
P53 Family. EMBO J. 2007, 26, 3463–3473.

13. Serber, Z.; Lai, H.C.; Yang, A.; Ou, H.D.; Sigal, M.S.; Kelly, A.E.; Darimont, B.D.; Duijf, P.H.G.; van
Bokhoven, H.; McKeon, F.; et al. A C-Terminal Inhibitory Domain Controls the Activity of P63 by an
Intramolecular Mechanism. Mol. Cell. Biol. 2002, 22, 8601–8611. [CrossRef] [PubMed]

14. Straub, W.E.; Weber, T.A.; Schäfer, B.; Candi, E.; Durst, F.; Ou, H.D.; Rajalingam, K.; Melino, G.; Dötsch, V.
The C-Terminus of P63 Contains Multiple Regulatory Elements with Different Functions. Cell Death Dis.
2010, 1, e5. [CrossRef] [PubMed]

15. Tuppi, M.; Kehrloesser, S.; Coutandin, D.W.; Rossi, V.; Luh, L.M.; Strubel, A.; Hötte, K.; Hoffmeister, M.;
Schäfer, B.; De Oliveira, T.; et al. Oocyte DNA Damage Quality Control Requires Consecutive Interplay of
CHK2 and CK1 to Activate P63. Nat. Struct. Mol. Biol. 2018, 25, 261. [CrossRef]

16. Crum, C.P.; McKeon, F.D. P63 in Epithelial Survival, Germ Cell Surveillance, and Neoplasia. Annu. Rev.
Pathol. Mech. Dis. 2010, 5, 349–371. [CrossRef]

17. Candi, E.; Rufini, A.; Terrinoni, A.; Giamboi-Miraglia, A.; Lena, A.M.; Mantovani, R.; Knight, R.; Melino, G.
∆Np63 Regulates Thymic Development through Enhanced Expression of FgfR2 and Jag2. Proc. Natl. Acad.
Sci. USA 2007, 104, 11999–12004. [CrossRef]

18. Candi, E.; Cipollone, R.; Di Val Cervo, P.R.; Gonfloni, S.; Melino, G.; Knight, R. P63 in Epithelial Development.
Cell. Mol. Life Sci. 2008, 65, 3126. [CrossRef]

19. Candi, E.; Rufini, A.; Terrinoni, A.; Dinsdale, D.; Ranalli, M.; Paradisi, A.; De Laurenzi, V.; Spagnoli, L.G.;
Catani, M.V.; Ramadan, S.; et al. Differential Roles of P63 Isoforms in Epidermal Development: Selective
Genetic Complementation in P63 Null Mice. Cell Death Differ. 2006, 13, 1037. [CrossRef]

20. Romano, R.-A.; Smalley, K.; Magraw, C.; Serna, V.A.; Kurita, T.; Raghavan, S.; Sinha, S. ∆Np63 Knockout
Mice Reveal Its Indispensable Role as a Master Regulator of Epithelial Development and Differentiation.
J. Cell Sci. 2012, 139, 772–782.

http://dx.doi.org/10.1016/S0092-8674(00)80540-1
http://dx.doi.org/10.1038/nrc2723
http://www.ncbi.nlm.nih.gov/pubmed/19776744
http://dx.doi.org/10.1016/j.tibs.2003.10.004
http://www.ncbi.nlm.nih.gov/pubmed/14659698
http://dx.doi.org/10.1016/S1097-2765(00)80275-0
http://dx.doi.org/10.1006/scbi.1996.0035
http://dx.doi.org/10.1038/19539
http://dx.doi.org/10.1038/35003607
http://dx.doi.org/10.1093/carcin/bgm258
http://dx.doi.org/10.1093/hmg/11.7.799
http://dx.doi.org/10.1038/35043127
http://dx.doi.org/10.1093/hmg/10.3.221
http://www.ncbi.nlm.nih.gov/pubmed/11159940
http://dx.doi.org/10.1128/MCB.22.24.8601-8611.2002
http://www.ncbi.nlm.nih.gov/pubmed/12446779
http://dx.doi.org/10.1038/cddis.2009.1
http://www.ncbi.nlm.nih.gov/pubmed/21364624
http://dx.doi.org/10.1038/s41594-018-0035-7
http://dx.doi.org/10.1146/annurev-pathol-121808-102117
http://dx.doi.org/10.1073/pnas.0703458104
http://dx.doi.org/10.1007/s00018-008-8119-x
http://dx.doi.org/10.1038/sj.cdd.4401926


Int. J. Mol. Sci. 2019, 20, 5781 12 of 17

21. Vanbokhoven, H.; Melino, G.; Candi, E.; Declercq, W. P63, a Story of Mice and Men. J. Investig. Dermatol.
2011, 131, 1196–1207. [CrossRef] [PubMed]

22. Rufini, A.; Weil, M.; McKeon, F.; Barlattani, A.; Melino, G.; Candi, E. P63 Protein Is Essential for the Embryonic
Development of Vibrissae and Teeth. Biochem. Biophys. Res. Commun. 2006, 340, 737–741. [CrossRef]
[PubMed]

23. Di Como, C.J.; Urist, M.J.; Babayan, I.; Drobnjak, M.; Hedvat, C.V.; Teruya-Feldstein, J.; Pohar, K.; Hoos, A.;
Cordon-Cardo, C. P63 Expression Profiles in Human Normal and Tumor Tissues. Clin. Cancer Res. 2002, 8,
494–501. [PubMed]

24. Tsujita-Kyutoku, M.; Kiuchi, K.; Danbara, N.; Yuri, T.; Senzaki, H.; Tsubura, A. P63 Expression in Normal
Human Epidermis and Epidermal Appendages and Their Tumors. J. Cutan. Pathol. 2003, 30, 11–17.
[CrossRef]

25. Reis-Filho, J.S.; Torio, B.; Albergaria, A.; Schmitt, F.C. P63 Expression in Normal Skin and Usual Cutaneous
Carcinomas. J. Cutan. Pathol. 2002, 29, 517–523. [CrossRef] [PubMed]

26. Matin, R.N.; Chikh, A.; Law Pak Chong, S.; Mesher, D.; Graf, M.; Sanza, P.; Senatore, V.; Scatolini, M.;
Moretti, F.; Leigh, I.M.; et al. P63 Is an Alternative P53 Repressor in Melanoma That Confers Chemoresistance
and a Poor Prognosis. J. Exp. Med. 2013, 210, 581–603. [CrossRef] [PubMed]

27. ENCODE Project Consortium. An Integrated Encyclopedia of DNA Elements in the Human Genome. Nature
2012, 489, 57–74. [CrossRef]

28. Dohata, A.; Chambers, J.K.; Uchida, K.; Nakazono, S.; Kinoshita, Y.; Nibe, K.; Nakayama, H. Clinical and
Pathologic Study of Feline Merkel Cell Carcinoma with Immunohistochemical Characterization of Normal
and Neoplastic Merkel Cells. Vet. Pathol. 2015, 52, 1012–1018. [CrossRef]

29. Truong, A.B.; Kretz, M.; Ridky, T.W.; Kimmel, R.; Khavari, P.A. P63 Regulates Proliferation and Differentiation
of Developmentally Mature Keratinocytes. Genes Dev. 2006, 20, 3185–3197. [CrossRef]

30. Nguyen, B.C.; Lefort, K.; Mandinova, A.; Antonini, D.; Devgan, V.; Della Gatta, G.; Koster, M.I.; Zhang, Z.;
Wang, J.; Di Vignano, A.T.; et al. Cross-Regulation between Notch and P63 in Keratinocyte Commitment to
Differentiation. Genes Dev. 2006, 20, 1028–1042. [CrossRef]

31. Osada, M.; Nagakawa, Y.; Park, H.L.; Yamashita, K.; Wu, G.; Kim, M.S.; Fomenkov, A.; Trink, B.; Sidransky, D.
P63-Specific Activation of the BPAG-1e Promoter. J. Investig. Dermatol. 2005, 125, 52–60. [CrossRef] [PubMed]

32. Ihrie, R.A.; Marques, M.R.; Nguyen, B.T.; Horner, J.S.; Papazoglu, C.; Bronson, R.T.; Mills, A.A.; Attardi, L.D.
Perp Is a P63-Regulated Gene Essential for Epithelial Integrity. Cell 2005, 120, 843–856. [CrossRef] [PubMed]

33. Carroll, D.K.; Carroll, J.S.; Leong, C.-O.; Cheng, F.; Brown, M.; Mills, A.A.; Brugge, J.S.; Ellisen, L.W. P63
Regulates an Adhesion Programme and Cell Survival in Epithelial Cells. Nat. Cell Biol. 2006, 8, 551–561.
[CrossRef] [PubMed]

34. Shimomura, Y.; Wajid, M.; Shapiro, L.; Christiano, A.M. P-Cadherin Is a P63 Target Gene with a Crucial Role
in the Developing Human Limb Bud and Hair Follicle. Development 2008, 135, 743–753. [CrossRef]

35. Koster, M.I.; Dai, D.; Marinari, B.; Sano, Y.; Costanzo, A.; Karin, M.; Roop, D.R. P63 Induces Key Target Genes
Required for Epidermal Morphogenesis. Proc. Natl. Acad. Sci. USA 2007, 104, 3255–3260. [CrossRef]

36. Amelio, I.; Melino, G.; Candi, E. P63 Adjusts Sugar Taste of Epidermal Layers. J. Investig. Dermatol. 2017,
137, 1204–1206. [CrossRef]

37. Viticchiè, G.; Agostini, M.; Lena, A.M.; Mancini, M.; Zhou, H.; Zolla, L.; Dinsdale, D.; Saintigny, G.; Melino, G.;
Candi, E. P63 Supports Aerobic Respiration through Hexokinase II. Proc. Natl. Acad. Sci. USA 2015, 112,
11577–11582. [CrossRef]

38. Latina, A.; Viticchiè, G.; Lena, A.M.; Piro, M.C.; Annicchiarico-Petruzzelli, M.; Melino, G.; Candi, E.
∆Np63 Targets Cytoglobin to Inhibit Oxidative Stress-Induced Apoptosis in Keratinocytes and Lung Cancer.
Oncogene 2016, 35, 1493–1503. [CrossRef]

39. Ramsey, M.R.; He, L.; Forster, N.; Ory, B.; Ellisen, L.W. Physical Association of HDAC1 and HDAC2 with
P63 Mediates Transcriptional Repression and Tumor Maintenance in Squamous Cell Carcinoma. Cancer Res.
2011, 71, 4373–4379. [CrossRef]

40. LeBoeuf, M.; Terrell, A.; Trivedi, S.; Sinha, S.; Epstein, J.A.; Olson, E.N.; Morrisey, E.E.; Millar, S.E. Hdac1 and
Hdac2 Act Redundantly to Control P63 and P53 Functions in Epidermal Progenitor Cells. Dev. Cell 2010, 19,
807–818. [CrossRef]

http://dx.doi.org/10.1038/jid.2011.84
http://www.ncbi.nlm.nih.gov/pubmed/21471985
http://dx.doi.org/10.1016/j.bbrc.2005.12.065
http://www.ncbi.nlm.nih.gov/pubmed/16410075
http://www.ncbi.nlm.nih.gov/pubmed/11839669
http://dx.doi.org/10.1034/j.1600-0560.2003.300102.x
http://dx.doi.org/10.1034/j.1600-0560.2002.290902.x
http://www.ncbi.nlm.nih.gov/pubmed/12358808
http://dx.doi.org/10.1084/jem.20121439
http://www.ncbi.nlm.nih.gov/pubmed/23420876
http://dx.doi.org/10.1038/nature11247
http://dx.doi.org/10.1177/0300985815570484
http://dx.doi.org/10.1101/gad.1463206
http://dx.doi.org/10.1101/gad.1406006
http://dx.doi.org/10.1111/j.0022-202X.2005.23801.x
http://www.ncbi.nlm.nih.gov/pubmed/15982302
http://dx.doi.org/10.1016/j.cell.2005.01.008
http://www.ncbi.nlm.nih.gov/pubmed/15797384
http://dx.doi.org/10.1038/ncb1420
http://www.ncbi.nlm.nih.gov/pubmed/16715076
http://dx.doi.org/10.1242/dev.006718
http://dx.doi.org/10.1073/pnas.0611376104
http://dx.doi.org/10.1016/j.jid.2017.02.967
http://dx.doi.org/10.1073/pnas.1508871112
http://dx.doi.org/10.1038/onc.2015.222
http://dx.doi.org/10.1158/0008-5472.CAN-11-0046
http://dx.doi.org/10.1016/j.devcel.2010.10.015


Int. J. Mol. Sci. 2019, 20, 5781 13 of 17

41. Lin-Shiao, E.; Lan, Y.; Coradin, M.; Anderson, A.; Donahue, G.; Simpson, C.L.; Sen, P.; Saffie, R.; Busino, L.;
Garcia, B.A.; et al. KMT2D Regulates P63 Target Enhancers to Coordinate Epithelial Homeostasis. Genes Dev.
2018, 32, 181–193. [CrossRef] [PubMed]

42. Sen, G.L.; Boxer, L.D.; Webster, D.E.; Bussat, R.T.; Qu, K.; Zarnegar, B.J.; Johnston, D.; Siprashvili, Z.;
Khavari, P.A. ZNF750 Is a P63 Target Gene That Induces KLF4 to Drive Terminal Epidermal Differentiation.
Dev. Cell 2012, 22, 669–677. [CrossRef] [PubMed]

43. Boxer, L.D.; Barajas, B.; Tao, S.; Zhang, J.; Khavari, P.A. Znf750 Interacts with KLF4 and RCOR1, KDM1A,
And CTBP1/2 Chromatin Regulators to Repress Epidermal Progenitor Genes and Induce Differentiation
Genes. Genes Dev. 2014, 28, 2013–2026. [CrossRef] [PubMed]

44. Fessing, M.Y.; Mardaryev, A.N.; Gdula, M.R.; Sharov, A.A.; Sharova, T.Y.; Rapisarda, V.; Gordon, K.B.;
Smorodchenko, A.D.; Poterlowicz, K.; Ferone, G.; et al. P63 Regulates Satb1 to Control Tissue-Specific
Chromatin Remodeling during Development of the Epidermis. J. Cell Biol. 2011, 194, 825–839. [CrossRef]
[PubMed]

45. Mardaryev, A.N.; Gdula, M.R.; Yarker, J.L.; Emelianov, V.N.; Poterlowicz, K.; Sharov, A.A.; Sharova, T.Y.;
Scarpa, J.A.; Chambon, P.; Botchkarev, V.A.; et al. P63 and Brg1 Control Developmentally Regulated
Higher-Order Chromatin Remodelling at the Epidermal Differentiation Complex Locus in Epidermal
Progenitor Cells. Development 2014, 141, 101–111. [CrossRef]

46. Rubin, A.J.; Barajas, B.C.; Furlan-Magaril, M.; Lopez-Pajares, V.; Mumbach, M.R.; Howard, I.; Kim, D.S.;
Boxer, L.D.; Cairns, J.; Spivakov, M.; et al. Lineage-Specific Dynamic and Pre-Established Enhancer–Promoter
Contacts Cooperate in Terminal Differentiation. Nat. Genet. 2017, 49, 1522. [CrossRef]

47. Bao, X.; Rubin, A.J.; Qu, K.; Zhang, J.; Giresi, P.G.; Chang, H.Y.; Khavari, P.A. A Novel ATAC-Seq Approach
Reveals Lineage-Specific Reinforcement of the Open Chromatin Landscape via Cooperation between BAF
and P63. Genome Biol. 2015, 16, 284. [CrossRef]

48. Kouwenhoven, E.N.; Oti, M.; Niehues, H.; van Heeringen, S.J.; Schalkwijk, J.; Stunnenberg, H.G.; van
Bokhoven, H.; Zhou, H. Transcription Factor P63 Bookmarks and Regulates Dynamic Enhancers during
Epidermal Differentiation. EMBO Rep. 2015, 16, 863–878. [CrossRef]

49. Smirnov, A.; Lena, A.M.; Cappello, A.; Panatta, E.; Anemona, L.; Bischetti, S.; Annicchiarico-Petruzzelli, M.;
Mauriello, A.; Melino, G.; Candi, E. ZNF185 Is a P63 Target Gene Critical for Epidermal Differentiation and
Squamous Cell Carcinoma Development. Oncogene 2018, 38, 1625. [CrossRef]

50. Gatti, V.; Fierro, C.; Annicchiarico-Petruzzelli, M.; Melino, G.; Peschiaroli, A. ∆Np63 in Squamous Cell
Carcinoma: Defining the Oncogenic Routes Affecting Epigenetic Landscape and Tumour Microenvironment.
Mol. Oncol. 2019, 13, 981–1001. [CrossRef]

51. Moses, M.A.; George, A.L.; Sakakibara, N.; Mahmood, K.; Ponnamperuma, R.M.; King, K.E.; Weinberg, W.C.
Molecular Mechanisms of P63-Mediated Squamous Cancer Pathogenesis. Int. J. Mol. Sci. 2019, 20, 3590.
[CrossRef] [PubMed]

52. Ha, L.; Ponnamperuma, R.M.; Jay, S.; Ricci, M.S.; Weinberg, W.C. Dysregulated ∆Np63α Inhibits Expression
of Ink4a/Arf, Blocks Senescence, and Promotes Malignant Conversion of Keratinocytes. PLoS ONE 2011, 6,
e21877. [CrossRef] [PubMed]

53. Keyes, W.M.; Pecoraro, M.; Aranda, V.; Vernersson-Lindahl, E.; Li, W.; Vogel, H.; Guo, X.; Garcia, E.L.;
Michurina, T.V.; Enikolopov, G.; et al. ∆np63α Is an Oncogene That Targets Chromatin Remodeler Lsh to
Drive Skin Stem Cell Proliferation and Tumorigenesis. Cell Stem Cell 2011, 8, 164–176. [CrossRef] [PubMed]

54. Chikh, A.; Matin, R.N.H.; Senatore, V.; Hufbauer, M.; Lavery, D.; Raimondi, C.; Ostano, P.; Mello-Grand, M.;
Ghimenti, C.; Bahta, A.; et al. IASPP/P63 Autoregulatory Feedback Loop Is Required for the Homeostasis of
Stratified Epithelia. EMBO J. 2011, 30, 4261–4273. [CrossRef]

55. Robinson, D.J.; Patel, A.; Purdie, K.J.; Wang, J.; Rizvi, H.; Hufbauer, M.; Ostano, P.; Akgül, B.; Chiorino, G.;
Harwood, C.A.; et al. Epigenetic Regulation of IASPP-P63 Feedback Loop in Cutaneous Squamous Cell
Carcinoma. J. Investig. Dermatol. 2019, 139, 1658–1671. [CrossRef]

56. Hazawa, M.; Lin, D.; Kobayashi, A.; Jiang, Y.; Xu, L.; Dewi, F.R.P.; Mohamed, M.S.; Hartono; Nakada, M.;
Meguro-Horike, M.; et al. ROCK-dependent Phosphorylation of NUP 62 Regulates P63 Nuclear Transport
and Squamous Cell Carcinoma Proliferation. EMBO Rep. 2018, 19, 73–88. [CrossRef]

57. DeYoung, M.P.; Johannessen, C.M.; Leong, C.O.; Faquin, W.; Rocco, J.W.; Ellisen, L.W. Tumor-Specific P73
up-Regulation Mediates P63 Dependence in Squamous Cell Carcinoma. Cancer Res. 2006, 66, 9362–9368.
[CrossRef]

http://dx.doi.org/10.1101/gad.306241.117
http://www.ncbi.nlm.nih.gov/pubmed/29440247
http://dx.doi.org/10.1016/j.devcel.2011.12.001
http://www.ncbi.nlm.nih.gov/pubmed/22364861
http://dx.doi.org/10.1101/gad.246579.114
http://www.ncbi.nlm.nih.gov/pubmed/25228645
http://dx.doi.org/10.1083/jcb.201101148
http://www.ncbi.nlm.nih.gov/pubmed/21930775
http://dx.doi.org/10.1242/dev.103200
http://dx.doi.org/10.1038/ng.3935
http://dx.doi.org/10.1186/s13059-015-0840-9
http://dx.doi.org/10.15252/embr.201439941
http://dx.doi.org/10.1038/s41388-018-0509-4
http://dx.doi.org/10.1002/1878-0261.12473
http://dx.doi.org/10.3390/ijms20143590
http://www.ncbi.nlm.nih.gov/pubmed/31340447
http://dx.doi.org/10.1371/journal.pone.0021877
http://www.ncbi.nlm.nih.gov/pubmed/21789189
http://dx.doi.org/10.1016/j.stem.2010.12.009
http://www.ncbi.nlm.nih.gov/pubmed/21295273
http://dx.doi.org/10.1038/emboj.2011.302
http://dx.doi.org/10.1016/j.jid.2019.01.020
http://dx.doi.org/10.15252/embr.201744523
http://dx.doi.org/10.1158/0008-5472.CAN-06-1619


Int. J. Mol. Sci. 2019, 20, 5781 14 of 17

58. Cordani, N.; Pozzi, S.; Martynova, E.; Fanoni, D.; Borrelli, S.; Alotto, D.; Castagnoli, C.; Berti, E.; Viganò, M.A.;
Mantovani, R. Mutant P53 Subverts P63 Control over KLF4 Expression in Keratinocytes. Oncogene 2011, 30,
922. [CrossRef]

59. Bornachea, O.; López-Calderón, F.F.; Dueñas, M.; Segrelles, C.; Lorz, C.; Suárez-Cabrera, C.; Marañón, M.;
Paradela-Dobarro, B.; Santos, M.; Paramio, J.M. The Downregulation of ∆Np63 in P53-Deficient Mouse
Epidermal Tumors Favors Metastatic Behavior. Oncotarget 2015, 6, 24230. [CrossRef]

60. Anna, B.; Blazej, Z.; Jacqueline, G.; Andrew, C.J.; Jeffrey, R.; Andrzej, S. Mechanism of UV-Related
Carcinogenesis and Its Contribution to Nevi/Melanoma. Expert Rev. Dermatol. 2007, 2, 451–469.

61. Gordon, R. Skin Cancer: An Overview of Epidemiology and Risk Factors. Semin. Oncol. Nurs. 2013, 29,
160–169. [CrossRef] [PubMed]

62. Epstein, E.H. Basal Cell Carcinomas: Attack of the Hedgehog. Nat. Rev. Cancer 2008, 8, 743. [CrossRef]
[PubMed]

63. Peterson, S.C.; Eberl, M.; Vagnozzi, A.N.; Belkadi, A.; Veniaminova, N.A.; Verhaegen, M.E.; Bichakjian, C.K.;
Ward, N.L.; Dlugosz, A.A.; Wong, S.Y. Basal Cell Carcinoma Preferentially Arises from Stem Cells within
Hair Follicle and Mechanosensory Niches. Cell Stem Cell 2015, 16, 400–412. [CrossRef] [PubMed]

64. Takeuchi, Y.; Tamura, A.; Kamiya, M.; Fukuda, T.; Ishikawa, O. Immunohistochemical Analyses of P63
Expression in Cutaneous Tumours. Br. J. Dermatol. 2005, 153, 1230–1232. [CrossRef] [PubMed]

65. Park, H.R.; Soo, K.M.; Hyun, D.C.; Kwang, H.K.; Hyung, S.S.; Young, E.P. Expression Profiles of P63, P53,
Survivin, and HTERT in Skin Tumors. J. Cutan. Pathol. 2004, 31, 544–549. [CrossRef] [PubMed]

66. Bircan, S.; Candir, O.; Kapucoglu, N.; Baspinar, S. The Expression of P63 in Basal Cell Carcinomas and
Association with Histological Differentiation. J. Cutan. Pathol. 2006, 33, 293–298. [CrossRef]

67. Kanitakis, J.; Chouvet, B. Expression of P63 in Cutaneous Metastases. Am. J. Clin. Pathol. 2007, 128, 753–758.
[CrossRef]

68. Sakiz, D.; Turkmenoglu, T.T.; Kabukcuoglu, F. The Expression of P63 and P53 in Keratoacanthoma and
Intraepidermal and Invasive Neoplasms of the Skin. Pathol. Res. Pract. 2009, 205, 589–594. [CrossRef]

69. Burton, K.A.; Ashack, K.A.; Khachemoune, A. Cutaneous Squamous Cell Carcinoma: A Review of High-Risk
and Metastatic Disease. Am. J. Clin. Dermatol. 2016, 17, 491–508. [CrossRef]

70. Lapouge, G.; Youssef, K.K.; Vokaer, B.; Achouri, Y.; Michaux, C.; Sotiropoulou, P.A.; Blanpain, C. Identifying
the Cellular Origin of Squamous Skin Tumors. Proc. Natl. Acad. Sci. USA 2011, 108, 7431–7436. [CrossRef]

71. Abbas, O.; Richards, J.E.; Yaar, R.; Mahalingam, M. Stem Cell Markers (Cytokeratin 15, Cytokeratin 19 and
P63) in in Situ and Invasive Cutaneous Epithelial Lesions. Mod. Pathol. 2011, 24, 90. [CrossRef] [PubMed]

72. Wrone, D.A.; Yoo, S.; Chipps, L.K.; Moy, R.L. The Expression of P63 in Actinic Keratosis, Seborrheic Keratosis,
and Cutaneous Squamous Cell Carcinomas. Dermatol. Surg. 2004, 30, 1299–1302. [PubMed]

73. Cassarino, D.S.; DeRienzo, D.P.; Barr, R.J. Cutaneous Squamous Cell Carcinoma: A Comprehensive
Clinicopathologic Classification—Part Two. J. Cutan. Pathol. 2006, 33, 261–279. [CrossRef] [PubMed]

74. Dotto, J.E.; Glusac, E.J. P63 Is a Useful Marker for Cutaneous Spindle Cell Squamous Cell Carcinoma. J.
Cutan. Pathol. 2006, 33, 413–417. [CrossRef] [PubMed]

75. Hall, J.M.; Saenger, J.S.; Fadare, O. Diagnostic Utility of P63 and CD10 in Distinguishing Cutaneous Spindle
Cell/Sarcomatoid Squamous Cell Carcinomas and Atypical Fibroxanthomas. Int. J. Clin. Exp. Pathol. 2008, 1,
524. [PubMed]

76. Gleason, B.C.; Calder, K.B.; Cibull, T.L.; Thomas, A.B.; Billings, S.D.; Morgan, M.B.; Hiatt, K.M.; Smoller, B.R.
Utility of P63 in the Differential Diagnosis of Atypical Fibroxanthoma and Spindle Cell Squamous Cell
Carcinoma. J. Cutan. Pathol. 2009, 36, 543–547. [CrossRef] [PubMed]

77. Kanner, W.A.; Brill, L.B.; Patterson, J.W.; Wick, M.R. CD10, P63 and CD99 Expression in the Differential
Diagnosis of Atypical Fibroxanthoma, Spindle Cell Squamous Cell Carcinoma and Desmoplastic Melanoma.
J. Cutan. Pathol. 2010, 37, 744–750. [CrossRef]

78. Ko, C.J.; Leffell, D.J.; McNiff, J.M. Adenosquamous Carcinoma: A Report of Nine Cases with P63 and
Cytokeratin 5/6 Staining. J. Cutan. Pathol. 2009, 36, 448–452. [CrossRef]

79. Ko, C.J.; McNiff, J.M.; Glusac, E.J. Squamous Cell Carcinomas with Single Cell Infiltration: A Potential
Diagnostic Pitfall and the Utility of MNF116 and P63. J. Cutan. Pathol. 2008, 35, 353–357. [CrossRef]

80. Roh, N.K.; Hahn, H.J.; Lee, Y.W.; Choe, Y.B.; Ahn, K.J. Clinical and Histopathological Investigation of
Seborrheic Keratosis. Ann. Dermatol. 2016, 28, 152–158. [CrossRef]

http://dx.doi.org/10.1038/onc.2010.474
http://dx.doi.org/10.18632/oncotarget.4353
http://dx.doi.org/10.1016/j.soncn.2013.06.002
http://www.ncbi.nlm.nih.gov/pubmed/23958214
http://dx.doi.org/10.1038/nrc2503
http://www.ncbi.nlm.nih.gov/pubmed/18813320
http://dx.doi.org/10.1016/j.stem.2015.02.006
http://www.ncbi.nlm.nih.gov/pubmed/25842978
http://dx.doi.org/10.1111/j.1365-2133.2005.06952.x
http://www.ncbi.nlm.nih.gov/pubmed/16307669
http://dx.doi.org/10.1111/j.0303-6987.2004.00228.x
http://www.ncbi.nlm.nih.gov/pubmed/15268709
http://dx.doi.org/10.1111/j.0303-6987.2006.00436.x
http://dx.doi.org/10.1309/BD3K8U7KD969Y07U
http://dx.doi.org/10.1016/j.prp.2009.01.010
http://dx.doi.org/10.1007/s40257-016-0207-3
http://dx.doi.org/10.1073/pnas.1012720108
http://dx.doi.org/10.1038/modpathol.2010.180
http://www.ncbi.nlm.nih.gov/pubmed/20852595
http://www.ncbi.nlm.nih.gov/pubmed/15458526
http://dx.doi.org/10.1111/j.0303-6987.2006.00516.x
http://www.ncbi.nlm.nih.gov/pubmed/16630176
http://dx.doi.org/10.1111/j.0303-6987.2006.00477.x
http://www.ncbi.nlm.nih.gov/pubmed/16776716
http://www.ncbi.nlm.nih.gov/pubmed/18787630
http://dx.doi.org/10.1111/j.1600-0560.2008.01099.x
http://www.ncbi.nlm.nih.gov/pubmed/19476522
http://dx.doi.org/10.1111/j.1600-0560.2010.01534.x
http://dx.doi.org/10.1111/j.1600-0560.2008.01083.x
http://dx.doi.org/10.1111/j.1600-0560.2007.00808.x
http://dx.doi.org/10.5021/ad.2016.28.2.152


Int. J. Mol. Sci. 2019, 20, 5781 15 of 17

81. Zargaran, M.; Baghaei, F. A Clinical, Histopathological and Immunohistochemical Approach to the
Bewildering Diagnosis of Keratoacanthoma. J. Dent. 2014, 15, 91.

82. Sertznig, P.; von Felbert, V.; Megahed, M. Porokeratosis: Present Concepts. J. Eur. Acad. Dermatol. Venereol.
2012, 26, 404–412. [CrossRef] [PubMed]

83. Roewert-Huber, J.; Stockfleth, E.; Kerl, H. Pathology and Pathobiology of Actinic (Solar) Keratosis—An
Update. Br. J. Dermatol. 2007, 157, 18–20. [CrossRef] [PubMed]
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