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Simple Summary: Skin cancers are the most common types of cancer worldwide, and their incidence
is increasing. Epidermal keratinocyte-derived cutaneous squamous cell carcinoma (cSCC) is the
most common metastatic skin cancer, and it is associated with poor prognosis in the advanced
stage. The most important risk factor for cSCC is long-term exposure to solar ultraviolet radiation,
which induces oncogenic mutations in epidermal keratinocytes. The most common mutations are
inactivating mutations in tumor suppressor p53, which result in accumulation of additional mutations.
Recently, the role of p53 in the progression and invasion of cSCC has also been elucidated. In this
review we will discuss the role of p53 in development of cSCC and as a potential new therapeutic
target in advanced cSCC.

Abstract: Skin cancers are the most common types of cancer worldwide, and their incidence is
increasing. Melanoma, basal cell carcinoma (BCC), and cutaneous squamous cell carcinoma (cSCC)
are the three major types of skin cancer. Melanoma originates from melanocytes, whereas BCC
and cSCC originate from epidermal keratinocytes and are therefore called keratinocyte carcinomas.
Chronic exposure to ultraviolet radiation (UVR) is a common risk factor for skin cancers, but they
differ with respect to oncogenic mutational profiles and alterations in cellular signaling pathways.
cSCC is the most common metastatic skin cancer, and it is associated with poor prognosis in the
advanced stage. An important early event in cSCC development is mutation of the TP53 gene and
inactivation of the tumor suppressor function of the tumor protein 53 gene (TP53) in epidermal
keratinocytes, which then leads to accumulation of additional oncogenic mutations. Additional
genomic and proteomic alterations are required for the progression of premalignant lesion, actinic
keratosis, to invasive and metastatic cSCC. Recently, the role of p53 in the invasion of cSCC has
also been elucidated. In this review, the role of p53 in the progression of cSCC and as potential new
therapeutic target for cSCC will be discussed.

Keywords: p53; skin; cancer; squamous cell carcinoma

1. Introduction

Skin cancers are the most common types of cancer worldwide, and their incidence is
increasing. Melanoma, basal cell carcinoma (BCC), and cutaneous squamous cell carcinoma
(cSCC) are the three major types of skin cancer. Melanoma originates from melanocytes,
whereas BCC and cSCC originate from epidermal keratinocytes. BCC is derived from basal
cells of the interfollicular epidermal layer, and cSCC is derived from keratinocytes of the
interfollicular epidermal layer and hair follicle stem cells [1]. Chronic exposure to ultravio-
let radiation (UVR), especially to UVB, is a common risk factor for these skin cancers, but
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they differ with respect to oncogenic mutation profiles and alterations in cellular signaling
pathways [1]. BCCs and cSCCs harbor a high burden of UV-induced mutations, but they
do not share many genetic alterations, except inactivation of tumor suppressor p53. In BCC,
loss of PTCH1 receptor function results in activation of the G protein-coupled receptor
SMO and constitutive activation of the Hedgehog signaling pathway, whereas in cSCC,
mutation and inactivation of p53 is an important early pathogenic event [1].

cSCC is the most common metastatic skin cancer [1,2]. The mutation rate of cSCC
is one of highest among the malignant tumors, and the majority of mutations found in
cSCC are UV-induced [1]. The important early event in cSCC development is mutation and
inactivation of tumor suppressor function of the tumor protein 53 gene (TP53), which in
turn leads to accumulation of additional oncogenic mutations including the loss-of-function
mutation of NOTCH1 [1]. Inactivation of p53 also results in the downregulation of NOTCH1
expression. Furthermore, driver mutations in cSCC have been identified in different genes,
i.e., NOTCH2, EGFR, HRAS, KRAS, and PIK3CA. However, these mutations are also found
with high frequency in normal epidermal keratinocytes in chronically sun-exposed skin. It
is therefore likely that additional genomic and proteomic alterations are required for the
progression of premalignant lesion, actinic keratosis (AK), to cSCC in situ (cSCCIS), and
finally to invasive and metastatic cSCC. In this review, the role of p53 in the progression of
cSCC and as a potential new therapeutic target for cSCC will be discussed.

2. Cutaneous Squamous Cell Carcinoma
2.1. Epidemiology, Clinical Presentation, and Risk Factors of cSCC

Cutaneous squamous cell carcinoma (cSCC) is the most common keratinocyte-derived
carcinoma with metastatic potential, and it is the second most common skin cancer after
BCC [1–3]. The incidence of cSCC is increasing worldwide, and it is estimated that at
least 20% of skin cancer-related deaths are caused by cSCC [2,4–8]. Approximately 2–4%
of primary cSCCs metastasize, primarily to local lymph nodes, causing disease-specific
mortality [2,8,9]. Moreover, in cSCC patients, the risk for other primary tumors is increased,
and the overall risk of mortality is raised [10]. The risk for metastasis is higher in immuno-
suppressed individuals and in organ transplant recipients [1,2,4,11–14]. The prognosis of
patients with metastatic cSCC is poor, with 3-year overall survival (OS) of 29–46% [7,13].
Moreover, approximately 50% of metastases are discovered within 6 months from the
detection of the primary cSCC tumor [7]. To date, there are no established biomarkers in
clinical practice to predict the aggressiveness, poor prognosis, or risk of recurrence of pri-
mary cSCC. Thus, there is an unmet medical need for risk assessment and new therapeutic
strategies for cSCC [15].

cSCCs are derived from keratinocytes, which are exposed to sunlight on a daily basis,
and cumulative exposure to solar UVR is the most important risk factor for cSCC. There-
fore, cSCC and its precursor lesions are typically detected in sun-exposed skin, such as
in the head and neck region [16–18]. Other important risk factors for cSCC include fair
skin, immunosuppression, male sex, advanced age, chronic cutaneous ulceration, chronic
inflammation, human papilloma virus (HPV) infection, smoking, BRAF inhibitor medica-
tion, chronic lymphocytic leukemia, non-Hodgkin lymphoma, and recessive dystrophic
epidermolysis bullosa [1,2,5,19–26].

cSCC progresses from premalignant lesions, i.e., AK to cSCCIS, and finally to invasive
cSCC (Figure 1) [1]. Clinical appearance of cSCC is variable, and it can be observed as
indurated, smooth plaque, or exophytic and ulcerative lesion. The precursor lesions, AK
and cSCCIS, are not always clinically distinguished from cSCC lesions. Thus, the diagnosis
of primary cSCC relies on histopathological examination of lesional biopsy [2,14,27].
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Figure 1. Molecular features involved in the development of actinic keratosis, cutaneous squamous
cell carcinoma in situ (cSCCIS), and invasive cSCC. BM, basement membrane; TGFBR, transforming
growth factor-β receptor; EGFR, epidermal growth factor receptor; PIK3CA, phosphatidylinositol-
4,5-bisphosphate 3-kinase catalytic subunit α.

Only a portion of AKs will progress to invasive cSCC [1,28]. The risk for invasive cSCC
increases if several AK lesions are present, and AKs are the most potent predictive factors
for cSCC progression [5]. Occurrence of several concurrent AK lesions on a cSCC patient
is a sign of field cancerization, and it increases the risk of second primary cSCC or nodal
metastasis [29]. However, it has been shown that the AK or cSCCIS lesions detected prior
to cSCC diagnosis correlate with lower metastasis risk and could function as a protective
factor for cSCC metastasis [7,28]. The metastases are typically detected in locoregional
lymph nodes, and distant metastases are less common [4]. The tumor-associated risk
factors for metastases in primary cSCC are location on temple, tumor diameter over 20 mm,
tumor invasion beyond subcutaneous fat, rapid tumor growth, previous recurrence of
cSCC tumor, presence of several cSCC tumors, and neurological symptoms (paraesthesia
and pain) [30–34]. Histological risk factors for local recurrence and metastasis are invasion
depth, perineural or lympho-vascular invasion, poor differentiation grade, and specific
histologic subtypes such as acantholytic, adenosquamous, sarcomatoid, or desmoplastic
cSCC [27,29]. Furthermore, cSCCs developing in certain sun-protected skin areas, such as
soles of the feet or perineum, are associated with higher metastasis risk [35].

2.2. Molecular Alterations in Pathogenesis of cSCC

cSCC is a complex malignant tumor with a high level of molecular heterogene-
ity [36–38]. The average mutational frequency in cSCC, over 50 mutations per mega
base pair of DNA, is higher than in any other common tumor types, for instance melanoma,
lung, or colorectal cancer [37,39]. A typical mutational signature caused by UVB-irradiation,
with prevalent C→T transitions, has been detected in cSCC tumors [7,36–42]. Mutational
inactivation of TP53 in epidermal keratinocytes is an early event in cSCC development
(Figure 2) [36–40]. p53 plays an important role in maintaining genomic stability, and its
inactivation results in marked accumulation of UV-induced simple mutations [42]. TP53
mutations are found already in AKs [43–45]. In primary cSCCs, a mutation frequency of
TP53 is 50–60% [37,46], while in metastatic cSCCs, nearly 95% of samples show genetic
alterations in the TP53, highlighting the role of chronic UV exposure in the progression of
cSCC [38,39].
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Figure 2. Genetic alterations involved in cSCC progression. Mutational inhibition of wild-type
function (in blue) of TP53, CDKN2A, or NOTCH1/2 predisposes cells to genomic instability and
uncontrolled growth as the expression of their downstream targets, cell cycle regulators p21, p14,
and p16 is abrogated. Notch is also transcriptionally regulated by p53. Notch intracellular domain
(NICD) is cleaved upon ligand binding and transported to the nucleus to regulate gene transcription
in co-operation with other factors. Mutational activation (in red) of EGFR or HRAS induces cell
proliferation and survival via MAPK and PI3K signaling.

Inactivating mutations of the CDKN2A, which encodes important cell cycle regulators
p16(INK4a) and p14(ARF), are also common in cSCC [36–40,47,48]. Interestingly, inactiva-
tion of CDKN2A occurs at later stage in the progression from AK to cSCC, since it is not
mutated in the sun-exposed normal skin (Figure 2) [49]. A recent meta-analysis of publicly-
available sequencing data shows several novel genes that are frequently mutated in cSCC,
e.g., EP300, PBRM1, USP28, and CHUK [50]. Tumor suppressors p300 and SWI/SNF, and
EP300 and PBRM1 are involved in epigenetic regulation of gene expression of Notch1
and in chromatin remodeling [50]. A high frequency of truncating mutations have been
found in USP28, which encodes a deubiquitinase that stabilizes key proteins involved in
DNA repair [50]. CHUK encodes IκB kinase α, which is involved in NFκB signaling [50].
Furthermore, comparison of the mutation status of local and metastatic cSCC revealed
that mutations in TP53, CDKN2A, and TERT genes are more common in metastatic than in
local cSCCs [51]. On the other hand, mutations in SPEN, MLL3, NOTCH2, MLL2, CREBBP,
SPTA1, NF1, and EP300 are detected more often in local cSCCs [51].

Additional driver mutations detected in cSCC include activation of PIK3CA and HRAS
and inactivation of NOTCH1, NOTCH2, TGFBR1, and TGFBR2 [38,39,52]. NOTCH1 and
NOTCH2 are mutated in up to 85% of cSCC, resulting in truncated Notch receptors and
abrogated signaling [36–40,48,53]. NOTCH1 mutations occur early in cSCC progression,
and mutations of this gene are common in sun-exposed normal skin [37,54]. It is possible
that NOTCH1 mutations precede p53 mutations in cSCC development [55]. Notch1 has
been shown to be an important factor in HRAS driven keratinocyte carcinogenesis, since the
BRAF inhibitor vemurafenib-induced cSCCs with mutated HRAS harbor a higher number
of NOTCH1 mutations than sporadic cSCCs [37,56]. The loss of Notch1 combined with
oncogenic Hras expression induced formation of aggressive tumors, whereas oncogenic
HRAS expression alone resulted in small tumors or no tumors at all in a xenograft tumor
model [54]. On the other hand, the treatment of the skin of the mouse strain carrying active
Hras with TPA led to the development of multiple papillomas, some of which developed
further to cSCC, providing evidence for the oncogenic role of Hras in cSCC [57].
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Frequently mutated or amplified receptor tyrosine kinase (RTK) genes in cSCC in-
clude EGFR, FGFR3, KIT, and ERBB4 [38,48]. Sustained activity of EGFR can induce Ras
signaling and uncontrolled cell proliferation and survival via MAPK and PI3K signal-
ing [58] (Figure 2). STAT3, an important signaling transducer downstream of EGFR, plays
an important role in promoting keratinocyte migration in wound healing [58], but aberrant
STAT3 activity contributes to skin carcinogenesis [59–61]. STAT3 activating mutations have
not been found in cSCC, but its tumorigenic function is strongly dependent on activated
EGFR signaling [62]. Expression of constitutively active Stat3 in mouse skin promotes
rapid progression of highly vascularized and poorly differentiated cSCC tumors [59]. On
the other hand, in a murine chemical carcinogenesis model, Stat3-deficient keratinocytes go
to apoptosis after DMBA-treatment and tumor formation is completely prevented in Stat3-
deficient mice after DMBA/TPA-treatment [63]. Stat3 is also involved in UVB-induced
epidermal hyperproliferation in mice, whereas Stat3-deficient keratinocytes are highly
sensitive to apoptosis after UVB exposure [64]. UVB exposure rapidly downregulates and
inhibits Stat3 activity in normal keratinocytes, whereas in mouse cSCCs, repeated UVB
exposure results in constitutive activation Stat3 [65].

In addition to genomic mutations, epigenetic regulation allows cancer cells to regulate
gene transcription by chromatin modifications [66]. Hypermethylation of gene promoter
and inactivation of genes encoding for tumor suppressors, e.g., inflammasome adaptor
ASC, p14(ARF), p16(INK4a), and E-cadherin has been detected in cSCC [47,65–69]. Ex-
amination of methylation profiles of AK and cSCC compared to epidermis demonstrate
a similar aberrant methylation pattern with cancer-specific features [70]. Furthermore,
hypomethylation is associated with aging and sun exposure of the epidermis [70]. The
degree of hypomethylation also correlates with clinical measures of photoaging, indicating
the role of UV-induced epigenetic deregulation during skin carcinogenesis [70]. In a recent
study, two distinct methylation subclasses of keratin gene clusters were detected in AK
and cSCC samples, suggesting two different cell types of origin for the observed AK/cSCC
subgroups [71]. These subclasses could be classified into more “epidermal stem cell-like”
and “differentiated keratinocyte-like” by comparing the methylation patterns to previously
published DNA methylation status of enhancers of the H1 human embryonic stem cell
(ESC) line and enhancers of normal human keratinocytes, respectively [71]. These findings
support a model where AK and cSCC originate from distinct keratinocyte differentiation
stages. There is also evidence that UV-induced oxidative damage of proteins can act as
a cancer-promoting agent and inducer of genomic instability and in this way promote
progression of cSCC [72].

In summary, cutaneous carcinogenesis is a complex process, which involves several
genetic alterations in epidermal keratinocytes. In addition, other molecular alterations, for
example in noncoding RNAs and in the microenvironment of premalignant lesions, are
required for development of invasive and metastatic cSCC [73,74]. The tumor stroma is not
static and it may be influenced by genetic and other patient-derived intrinsic factors [75].
For example, the expression of ECM components is differentially regulated, and the number
of different cell types may vary between patients [76]. Cancer-associated fibroblasts (CAFs)
have been shown to enhance cSCC invasion by increasing the expression of the γ2 chain
of laminin-332 in tumor cells via TGF-β signaling [77]. Collagen VII has been shown to
regulate TGF-β signaling and in this way suppress tumor vascularization in cSCCs [78]. In
addition, loss of collagen XV and collagen XVIII from the basement membrane has been
noted at the early stage of cSCC progression, whereas in an invasive tumor, collagen XVIII
is produced by cSCC cells, and collagen XV accumulates in the cSCC stroma [79].

The combination and order of the molecular alterations in cSCC initiation and pro-
gression is not fully understood, as some of these changes are found already in normal
sun-exposed skin without any sign of malignancy. It appears that the number of driver
mutations per cell is a major contributor to cancer initiation, as these cells are clonally
expanding, and their genomic instability results in increased mutational burden [49]. How-
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ever, it is evident that alterations in the tumor microenvironment are also required to
promote the progression of AK to invasive cSCC.

3. p53-cSCC Molecular Background, Mutations, Progression
3.1. The Battle of the p53 Mutants in the Skin

Exposure of skin cells to ionizing radiation, such as solar UVR, results in DNA damage,
which leads to stabilization and activation of the p53 protein [80]. Stabilization of p53 occurs
as a result of post-translational modifications, such as phosphorylation and ubiquitination,
which serve as inactivating signals for proteases that normally degrade p53 to maintain low
p53-levels in the skin [81]. Once stabilized, p53 can transcriptionally regulate downstream
genes involved in maintaining genomic stability and controlling cell division [80]. p53
functions as a gatekeeper by inhibiting cell growth and restricting the passage of mutated
cell progeny, thereby protecting the host from cancer development. However, p53 is a
common target for genetic alterations in many cancers, especially in UV-induced skin
cancers and cSCC [31–39,43–46,80].

In cancer initiation, loss of p53 function allows cells to bypass apoptosis, result-
ing in clonal expansion of the mutated cells, which precedes cancer development. In
accordance with this, UV-induced p53 mutations are frequently found in AK and cSC-
CIS [43,44,46,82,83], which have the potential to develop into cSCC. The same mutations
in cSCC and precursor lesions are observed also in normal chronically sun-exposed skin
in areas such as the face, where the patches of p53-mutated cells are larger and more fre-
quent [49,84–88]. The normal sun-exposed human epidermis is a patchwork of competing
mutant keratinocyte clones, but it has a remarkable ability to tolerate these mutations
and maintain homeostasis. Normal sun-exposed skin displays a mutational UV signature,
with each sun-exposed cell carrying on average more than 10,000 somatic mutations [49].
The number of clonal mutations is higher in normal sun-exposed skin compared to sun-
protected skin, and these mutations are particularly targeted to tumor-suppressors p53 and
NOTCH1 [16,49]. Accumulation of persistent p53 mutations has been detected in 14% of
all epidermal cells in sun-exposed skin of mid-life individuals [86]. Particularly, hotspot
mutations R248W and G245D in p53 are highly frequent in normal sun-exposed skin, and
they may be signs of the early phase of skin carcinogenesis [87].

It has been shown that p53 mutations arise very early in mouse skin after UVB
exposure, and that the growth of the p53-mutant keratinocytes is driven by UVB [49,89].
Interestingly, such mutant progenitor cells can colonize and persist in normal human
epidermis without forming tumors [90]. A recent study showed that mouse epidermal cells
with a single-allele p53 mutation (trp53R245W, the murine equivalent of human TP53R248W)
can grow over wild-type cells to colonize normal epidermis, but the epidermis can adapt
to the mutant clones and revert the expansion of the mutant cells over time [91]. Short-
term exposure to UVB significantly accelerated the expansion of the p53-mutant clones,
but continuous exposure to UVB resulted in a decline in this mutant population and
displacement by other UV-induced mutant clones with a growth advantage over the initial
p53-mutant population [88]. What determines the fate of these mutant clones to proceed
into skin tumorigenesis is unclear. It is possible that different p53 mutants provide different
survival advantages to keratinocytes [92]. In addition, while chronic UV exposure leads to
the formation of skin tumors in mice already after 8 weeks, discontinuation of UV treatment
delays tumor formation but does not prevent it [92].

Normal sun-exposed skin adjacent to a cSCC harbors a high mutation burden, in-
cluding the UV-targeted genes TP53 and NOTCH1/2 [87]. The overall mutation rate is
markedly higher in the normal skin adjacent to cSCC in patients with a high burden of skin
cancer (severe UV-damage, multiple prior cSCCs and AKs) compared to patients with low
burden (only a single diagnosis of cSCC and few AKs) [87]. Particularly, TP53 is mutated
three times more frequently in the normal skin of patients with a high skin cancer burden
compared to the low-burden group, indicating that elevated accumulation of UV-signature
mutations is associated with an increased burden of cSCC [87].
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p53 shares a high degree of structural and functional homology with two of its ances-
tral genes, p63 and p73 [93]. They are all expressed as several isoforms, categorized in the
N-terminal full-length transactivation (TA) and truncated (∆N) isoforms [93]. In addition,
several C-terminally spliced isoforms exist, leading to large complexity in biological func-
tion of the p53-family proteins [93,94]. Due to sequence similarity in their DNA-binding
domain, p63 and p73 can activate many p53-target genes, but they also serve independent
functions, for example in embryonic development when distinct isoforms are specifically
expressed in different developmental phases [94]. The role of p73 and its different isoforms
in cSCC development is not well known, but it has been shown that heterozygous deletion
of p53 and p73 (p53+/−;p73+/−) drives spontaneous cSCC development in mice, indicating
that p73 may play a role in cSCC development [94]. The ∆Np63 isoform plays a major role
in mediating epidermal development, and it is much more abundant than TAp63, which is
mainly expressed in basal epidermal keratinocytes [94].

p63 and p73 are rarely mutated in cancer, but the balance between their different iso-
forms can be critical for the cell fate and cancer development [94,95]. For example, TAp63
plays a tumor suppressive role in cSCC [96,97], whereas ∆Np63 is tumorigenic [98,99].
Genomic amplification of the TP63 gene has been reported in cSCCs, and given the sub-
stantially higher expression of the ∆Np63 compared to TAp63 in normal epidermis, the
oncogenic function of p63 is primarily dependent on the overexpressed ∆Np63 isoform in
the skin [98]. The ∆Np63 isoform regulates several transcriptional programs to exert its
oncogenic function in cSCC [98]. Moreover, there is a dominant-negative interplay between
the wild-type p63/p73 and mutant p53. In its active conformation, p53 forms a tetramer,
which can then bind to the target DNA sequence to activate gene transcription [93]. The
structural similarity between p63 and p73 allows them to form heterotetramers, but p53
is unable to interact with them. However, mutations in p53 can alter its conformation
so that it can interact with p63 or p73 and inhibit their transcriptional activity and this
way promote tumorigenesis [93,95]. In addition to blocking p63/p73 transcriptional pro-
grams, mutant p53 can use p63 as a molecular chaperone to enable binding of mutant
p53 to a specific set of gene promoters and in this way promote oncogenesis [100]. The
co-operation of p63 and mutant p53 drives a gene expression pattern to facilitate cancer
cell invasion through the release of a pro-invasive secretome [100]. One such target gene,
α1-antitrypsin (A1AT), which is upregulated through the mut53–p63 complex, promotes
tumor invasion by inducing the expression of several epithelial–mesenchymal transition
(EMT) markers [101].

Mutations in the TP53 gene are early events in skin carcinogenesis, and they predispose
skin cells to further genomic instability. In accordance with this, several studies show
remarkably high overall mutational burden in human cSCCs, which occur mostly at older
age [3–7]. Thus, prevention of carcinogenic exposure to the sun’s UV light is the most
effective way of preventing the accumulation of mutations in the skin and the development
of skin cancers, including cSCC.

3.2. p53 Mutations in cSCC

The mutation rate of TP53 gene in cSCC tumors is very high, ranging from about
50% in primary cSCCs to nearly 95% in aggressive tumors [36–49]. Skin SCCs have a wide
spectrum of point mutations in the TP53 gene, but not all mutations are equal. As in many
other human cancers, also in cSCCs the missense mutations in TP53 gene are frequently
found in the conserved p53 DNA-binding domain (Figure 3). Certain nucleotide positions
within this region are mutated with exceptionally high frequency, and such alterations are
called hotspot mutations. One such hotspot mutation in cSCC is commonly detected in the
amino acid residue 248 (e.g., R248W/R248Q), which makes direct contact with DNA [80].
Thus, the mutated p53 protein fails to bind to DNA and activate its target genes (Figure 4A).
This can potentially block p53-mediated arrest of cell growth and apoptosis and lead to
accumulation of the mutant p53, partly because it is more stable than the wild-type p53,
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and with mutant p53, there is no functional negative feedback response by MDM2, the
principal antagonist of p53 [30].

It has been reported that the mutant p53 can acquire specific gain-of-function (GOF)
oncogenic activities, such as increased pro-growth signaling, invasiveness, and tumor
metastasis (Figure 4B) [104–106]. A distinctive function of the mutant p53 is its ability to
associate with other transcription factors, histone-modifying proteins, or the transcrip-
tion initiation complex to activate transcription [104–106]. The GOF activity of the mu-
tant p53 can be exerted by several mechanisms (Figure 4). The mutant p53 can bind to
transcription factors to activate (Figure 4C) or inactivate (Figure 4D) target gene expres-
sion [104–106]. It may increase chromatin accessibility to drive expression of specific genes
(Figure 4E) [107–109]. Additionally, mutant p53 can disturb the function of wild-type p53
or other p53-family members, p63 or p73, by forming a complex with the mutated p53 and
wild-type p53/p63/p73 proteins to inhibit their DNA-binding and target gene activation
(Figure 4F) [104–106].

Figure 3. Mutations in TP53 gene in cSCC in cBioPortal database [102,103]. (A) Left: TP53 alteration
frequency in three independent cSCC cohorts comprising a total of 125 samples (1 = MD Ander-
son [39], 2 = DFCI [38], 3 = UCSF excluding cSCCs with hereditary disorders). Right: Mutation
plot showing p53 mutation type and count in cSCCs. (B) The number and position of mutations in
the TP53 gene. The green bar indicates p53 transactivating domain, the red bar the DNA-binding
domain, and the blue bar the p53 tetramerization motif. The circles are colored with respect to the
corresponding mutation types (green = missense, black = truncating, orange = inframe deletion or
insertion). The hotspot mutation R248W/Q/L is highlighted in the plot.
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Figure 4. Mutant p53 gain-of-function mechanisms. (A) A missense mutation in the TP53 DNA-
binding domain (e.g., in amino acid residue 248) can disturb p53 protein binding to gene regulatory
areas and prevent transcription of the p53 wild-type target genes. (B) Gain-of-function p53 mutants
can influence several cellular processes to facilitate cancer progression. (C) The mutant p53 (p53*)
cannot recognize the p53 DNA response elements, but it can bind to various transcription factors
(in orange) and recruit them to gene promoters to activate transcription. (D) In some instances,
mutant p53 may decoy transcription factors (in red) from their target sites and inhibit transcription.
(E) Mutant p53 can upregulate expression of chromatin remodeling proteins, such as MLL1, MLL2,
MLL4, and MOZ, or bind to and recruit chromatin modifying proteins (in purple, e.g., MLL4 or the
SWI/SNF complex) to alter the epigenetic state of the chromatin and make it accessible for gene
transcription. (F) Mutant p53 may inhibit the wild-type p53, or other p53 family members p63 or p73
(in green) in a dominant-negative manner, where it complexes with the wild-type p53/p63/p73 to
block its function and target gene expression.

The p53R248W contact mutant is commonly detected in cSCCs (Figure 3), but the same
mutation is also present in sun-exposed normal skin, AKs, and cSCCIS [44,46,49,87,110].
This p53 mutant exhibits altered DNA-binding and GOF activity in many cancers through
increased cell proliferation, chromosomal instability, and drug resistance, and it impairs the
wild-type p53 function in a dominant negative manner [109,111,112]. Although short-term
UV-exposure increases proliferation of cells harboring either wild-type or mutant p53, the
p53R248W mutant progenitor cells have growth advantages over the wild-type cells and are
able to colonize normal epidermis [91].

Although normal skin is able to tolerate the p53 mutant keratinocytes to a certain
extent, the presence of the p53R248W mutant may increase the likelihood of aberrant cell be-
havior through the GOF activity of the mutant p53 and acquisition of additional mutations.
Thus, this particular hotspot mutation could be depicted as a potent and early driver for
cSCC development.

In addition to the contact mutant p53 (e.g., R248W/R248Q), missense mutations in the
TP53 gene, such as R175H, lead to impaired zinc binding and prevent proper p53 protein
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folding. Similarly to the contact mutant, the conformational p53 mutant loses its affinity
to the wild-type p53 DNA response elements. R175H is a TP53 hotspot mutation in head
and neck SCCs (HNSCCs) [113], and it is also detected in cSCCs [37], although it does not
qualify as a hotspot mutation in this cancer type. Mutant p53R175H exhibits GOF activity
in many cancer types. For example, in HNSCC cells, p53R175H drives the expression of
oncogenic transcription factor FOXM1, which is upregulated in human oral premalignant
and HNSCC tissues [114]. Mutant p53R175H has been shown to interact with other p53
family members, p63 and p73, and inhibit their transcriptional program to promote cell
invasion [95,97,115,116]. In addition, mutant p53R175H drives cSCC development in mice,
when specifically expressed in the epidermis [117]. This p53 mutant has been shown to
increase skin tumor formation and genomic instability, even when compared to loss of
p53 [118,119].

In addition to the missense mutations in the TP53 gene, a significant fraction of human
cancers carry TP53 nonsense mutations, which introduce a premature stop-codon [120].
This will lead to translation termination and p53 transcript degradation via the nonsense-
mediated decay (NMD) pathway. These nonsense mutations can vary in different cancer
types, e.g., R196* is the most prevalent nonsense mutation in skin cancer, while E298*
is the top nonsense mutation in HNSCC [121]. These nonsense p53 or p53 null tumors
show negative p53 expression by immunostaining, indicating impaired p53 protein transla-
tion due to the mutation [121]. Expectedly, there is a shift towards potent malignant cell
transformation due to the absence of p53, as demonstrated in p53-deficient mouse mod-
els [119,122–126]. However, emerging evidence suggests that this is not the whole truth.
Several isoforms are produced from the TP53 gene, and particularly the truncated isoforms
from nonsense-mutated TP53 have been implicated in cancer [127]. Not all truncated
isoforms undergo NMD, and some can partially escape degradation. As a result, they can
have an independent function distinct from the transcriptional activity of the p53 protein.
Indeed, it has been shown that a truncated p53 isoform can specifically localize to mitochon-
dria and bind to cyclophilin D (CypD), leading to increased mitochondria permeability and
higher levels of mitochondrial reactive oxygen species [128,129]. Interestingly, this isoform
is specifically expressed during tissue injury and in tumors characterized by increased
metastasis [128]. In addition, the truncated p53 isoform is capable of reprogramming cells
towards mesenchymal-like features [128]. In accordance with this, another study found a
similar mechanism for truncated p53 isoforms, which were required for cancer cell survival,
and when ectopically expressed in cells could reprogram cells towards pro-metastatic
features [129].

In summary, distinct p53 mutants possess a plethora of functional mechanisms in
which they can regulate several hallmarks of cancer, from activation of cell proliferation to
promotion of invasion and metastasis. The biological consequence of distinct p53 mutants
is very context dependent. Moreover, the recent evidence of the cancer-associated p53
isoforms, particularly the truncated ones which can escape degradation, indicates that the
loss of function or nonsense p53 mutants should be regarded as an additional subgroup of
GOF p53 mutants. Yet, the existence and potential function of different p53 isoforms in the
process of skin carcinogenesis is not known.

3.3. Mutationally Inactivated p53 Drives cSCC Progression

Mutated TP53 plays a significant role in cSCC development. Mutant p53 is stable
and accumulates in the nucleus, and a strong p53 immunopositivity is a widely used
characteristic to detect mutated p53 in tumor tissues [121,130]. Conversely, cells in the
normal tissues show weak or absent immunopositivity [81,102]. The proportion of p53
mutations, which corresponds to increased p53 immunopositivity, has been shown to
increase from normal-appearing skin to sun-damaged skin and to AK [81]. While p53
immunopositivity and TP53 mutations are frequently detected in normal sun-exposed skin
and AKs, increased p53 immunopositivity in AKs is associated with increasing severity of
dysplasia, and with progression of AK to cSCC [83,84,88,89,131]. These results suggest that
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TP53 mutations present an early indication of UV damage, and increased TP53 mutational
frequency is associated with potential cSCC development. However, there is also evidence
that UV-induced mutation and inactivation of NOTCH1 may precede mutation of TP53 [55].

The protective role of tumor suppressor p53 in skin cancer has been shown in several
studies. Loss of p53 accelerates skin tumor formation after UV irradiation [123], and loss of
p53 in mouse epidermis results in spontaneous skin tumor development even without UV
exposure [125,132]. In a mouse chemical skin carcinogenesis model, loss of p53 does not
increase the number or growth rate or skin tumors, but it leads to more rapid malignant
progression of skin papillomas compared to mice carrying wild-type or heterozygous
p53 [122,132]. In addition, GOF mutant p53 has been shown to promote skin tumor
formation, and these tumors are poorly differentiated and metastatic [103,124,128,129]. In
accordance with this, GOF p53 mutant cSCC tumors show higher levels of cyclin D1 [103]
and enriched integrin and Rho signaling as a sign of increased cell proliferation and
metastatic potential [118]. Overall, these studies clearly indicate that either loss of p53 or
presence of mutant p53 can be regarded as key drivers of cSCC progression. Particularly,
the GOF p53 mutant is associated with poor prognosis compared to loss of p53 in skin
carcinogenesis [118,119], suggesting GOF mutant p53 proteins as useful therapeutic targets
in advanced cSCC.

Human CDKN2A gene encodes two important tumor suppressors, p16(INK4a) and
p14(ARF), which are frequently inactivated in cSCC (Figure 2) [36–39,43,44]. As described
above, GOF p53 mutant has been shown to drive cSCC formation in mice. Interestingly,
high levels of p16(INK4A) were noted in non-metastatic, poorly differentiated SCCs when
compared to well differentiated SCCs, suggesting that activation of p16(INK4A) induced
by mutant p53 would prevent malignant progression and metastasis of these tumors [103].
Accordingly, co-deletion of the CDKN2A gene in the p53 GOF-induced tumors resulted in
marked increase in metastasis rate and in a shorter survival in mice when compared with
tumors in which Cdkn2a was deleted in the presence of a p53 loss-of-function mutation
or wild-type p53 [103]. This study further strengthens the evidence for the function of
CDKN2A in tumor suppression. In addition, while loss of p53 drives spontaneous cSCC
tumor formation, co-deletion of p53 and αv integrin genes in mouse epithelia has been
shown to induce development of cSCC [123]. Tumors lacking both p53 and αv integrin in
the epithelia showed high Akt activity and decreased immune cell infiltration, but these
tumors grew more slowly than tumors which expressed p53 or αv integrin [126]. In this
study, elevated αv integrin levels were detected in mice with advanced cSCCs, in correlation
with the observation that high levels of αv integrin are detected in the invading margin
of the human SCCs, suggesting that reactivation of αv integrin expression in established
tumors may facilitate cSCC growth.

Specific p53 mutants exert different biologic effects. Moreover, the availability of
mutant p53 interacting proteins can be context-dependent and vary not only by cell type
but also based on the surrounding tumor microenvironment. Indeed, the GOF p53 mutant
can mediate several oncogenic functions of the cancer cell itself, and increasing evidence
shows that mutant p53 proteins can alter the cancer cell secretome to regulate the tu-
mor microenvironment and promote cancer progression [133]. Matrix metalloproteinases
(MMPs) play an important role in tumor invasion by proteolytic remodeling of the ECM,
and they can be produced by the tumor cells, surrounding stromal fibroblasts, and by
tumor-associated inflammatory cells [134]. The activity of MMPs is regulated by several
factors, including specific tissue inhibitors of metalloproteinases (TIMPs) [134]. It has been
shown that wild-type p53 potently inhibits MMP-13 and MMP-1 expression by SCC cells,
and this results in decreased SCC cell invasion independently of the proapoptotic effect of
p53 [135]. In addition, adenoviral delivery of the wild-type p53 in human cSCC xenografts
was shown to decrease tumor growth significantly [136]. Interestingly, adenoviral TIMP-3
expression was shown to inhibit SCC tumor growth even more potently than the wild-type
p53 alone [136]. This could be due to a more widespread bystander effect of secreted
TIMP-3, as compared with the intracellular tumor suppressor p53, but the study clearly
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demonstrates how tumor growth can be suppressed by manipulating the activity of MMPs
in the tumor microenvironment. While wild-type p53 exhibits an anti-invasive role in cSCC,
it remains to be elucidated how distinct GOF p53 mutants mediate the tumor secretome
and progression of cSCC.

3.4. Non-Coding RNAs Take Part in the p53 Signaling Network

When the genetic information is converted from DNA to mRNA, not all mRNAs are
translated into proteins. In fact, a significant part of the human genome is transcribed
into non-coding RNAs (ncRNAs), which constitute an essential layer of gene regula-
tion [137,138]. MicroRNAs (miRNAs) and long noncoding RNAs (lncRNAs) are two of
the most well-known ncRNA subgroups, but several other functionally and structurally
distinct subgroups exist, e.g., piwi-interacting RNAs (piRNAs), small nuclear and nucle-
olar RNAs (snRNAs and snoRNAs), and transfer RNA-derived small RNAs (tsRNAs or
tRFs) [137,139]. Non-coding RNAs are important gene regulators in normal cell homeosta-
sis, but they also contribute to pathologic processes in a context-dependent manner, and
deregulation of ncRNAs is widely observed in different cancers [140].

MiRNAs are evolutionarily conserved, single-stranded ncRNAs ~22 nucleotides in
length. They inhibit gene expression specifically by binding to the 3’-untranslated region
of the target mRNA in the cytoplasm, resulting in translational repression or degradation
of target mRNA [141]. Compared to miRNAs, lncRNAs are less conserved, much larger in
size (>200 nucleotides), and they can be found in any compartment in the cell. They can
participate in gene regulation on several levels, from chromatin remodeling, transcriptional,
and post-transcriptional gene regulation to protein translation and transport [138]. Recent
findings have elucidated the importance of ncRNAs in p53-response, as they can regulate
p53 or its downstream targets, and ncRNAs themselves, e.g., miRNA miR-34 and lncRNA
NORAD (noncoding RNA activated by DNA damage), are direct transcriptional targets of
p53 [142,143].

As discussed above, the tumor-suppressive function of p53 is frequently lost in cancer,
particularly in skin cancers, and mutated p53 can acquire oncogenic GOF activity. In
addition to the proteins that cooperate with mutated p53 to transactivate specific target
genes in cancer, also ncRNAs have been shown to participate in the pathogenic signaling
via p53 mutants [144]. As an example, lncRNA MALAT1 (metastasis associated lung
adenocarcinoma transcript 1), which is commonly upregulated in cancer, has been shown
to interact with mutated p53 in breast cancer [142]. Here, oncogenic splicing factor SRSF1
bridges MALAT1 to mutant p53-ID4 protein complex, delocalizing MALAT1 from nuclear
speckles and favoring its association with chromatin [145]. This will lead to alternative
splicing and expression of pro-angiogenic VEGFA isoforms in breast cancer [145].

While the role of ncRNAs in cSCC progression is emerging [74,146], only few studies
have reported the relationship between p53 and ncRNAs in cSCC progression. Recently,
miR-216b has been indicated to have a tumor suppressive function in cSCC. Its expression
is decreased in cSCC, while its target gene TPX2 (TPX2 microtubule nucleation factor)
is upregulated [147]. High nuclear TPX2 expression has been shown to correlate with
TP53 mutation and aggressive clinical behavior in breast cancer, supporting a TPX2-p53
regulatory circuit [148]. In cSCC cells, the expression of p53 and its downstream target p21
was increased in the presence of miR-216b mimic, while TPX2 expression was decreased.
This was accompanied by reduced cSCC cell growth, migration, and invasion, indicating
that miR-216b activates p53 signaling by targeting TPX2 in cSCC [148]. Another study
shows that microRNAs miR-30c-2* and miR-497 are important players in suppressing cSCC
progression and metastasis, and these miRNAs are regulated by TAp63, a member of the
p53 family with a potent tumor-suppressive role in cancer [96].

MiRNA regulation is very context-dependent, and certain miRNAs are specifically
regulated by mutant p53. For example, miR-1246 is induced by mutant p53 in colon
cancer, and miR-34 is suppressed by mutant p53 in lung cancer [144]. Thus, it is possible
that these two miRNAs are regulated in a similar manner in cSCC, as elevated levels
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of miR-1246 have been detected in cSCC tissue and serum [149,150], whereas miR-34,
a downstream target of p53, is downregulated in cSCC [80]. PRECSIT (p53 regulated
carcinoma-associated STAT3 activating long intergenic non-protein coding transcript) is
a recently characterized lncRNA with a tumorigenic function in cSCC [151] (Figure 5). A
nonsense mutation in TP53 can cause premature p53 translation termination, leading to
undetected p53 protein expression. Here, PRECSIT was shown to be upregulated in cSCC,
and its high expression was specifically associated with loss of p53 in cSCC in vivo [151].
This suggests that loss of p53 may promote PRECSIT expression in cSCC progression. In
accordance with this, delivery of a wild-type p53 into cSCC cells, which harbor mutated p53
led to downregulation of PRECSIT expression, indicating that its expression is suppressed
by p53. PRECSIT was further shown to activate STAT3-signalling and expression of MMPs
and invasion of cSCC cells [151] (Figure 5).

Figure 5. PRECSIT is a p53-regulated lncRNA with a tumorigenic role in cutaneous squamous cell
carcinoma (cSCC). Proposed molecular model for the mechanistic role of PRECSIT in cSCC; low
level of PRECSIT expression is maintained in normal epidermal keratinocytes by p53. The red
cross indicates blockage of the downstream signaling. In cSCC cells, mutational inactivation of p53,
which leads to loss of p53 expression, results in upregulation and accumulation of PRECSIT in the
nucleus. Elevated PRECSIT expression contributes to STAT3 activation and up-regulation of matrix
metalloproteinases collagenase-1 (MMP-1), collagenase-3 (MMP-13), stromelysin-1 (MMP-3), and
stromelysin-2 (MMP-10). MMP-3 and MMP-10 are capable of degrading several extracellular matrix
(ECM) components, including basement membrane type IV collagen, fibronectin, and laminin. They
also activate latent collagenases MMP-1 and MMP-13, capable of cleaving fibrillar collagens type
I and III in the dermal ECM. The proteolytic remodeling of ECM and the basement membrane by
MMPs is essential for cSCC cell invasion and tumor cell implantation.

Although cSCCs harbor a massive mutational burden, it is not known how these mu-
tations affect ncRNA functions. Deregulation of a specific ncRNA could be a consequence
of mutationally activated or inactivated upstream signaling. However, the majority of
the UV-induced mutations fall into the non-coding genome, which can affect, e.g., chro-
matin structure, transcription factor binding, and gene expression [152]. In addition, these
mutations may alter lncRNA expression or the secondary structure, or disturb lncRNA
interaction with other regulatory factors [153]. Finally, it is becoming evident that analo-
gous to DNA methylation and histone modifications, ncRNAs are also modified by specific
enzymes, so called writers, readers, and erasers, revealing a whole new layer of ncRNA
regulation—epitranscriptomics [154]. Emerging evidence suggests that RNA modification
pathways are dysregulated in cancer, and cancer cells are often specifically addicted to
RNA modifying enzymes to sustain cell proliferation and tumor progression [154]. Epitran-
scriptomics is a rapidly growing field, and RNA modifying enzymes present an attractive
new target for drug discovery.
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4. Therapeutic Strategies Targeting Mutant p53 in cSCC

Due to a high mutation burden and presence of different p53 mutations in cSCC,
therapeutic targeting of mutated TP53 has attracted attention as a potential treatment
strategy for cSCC. As discussed above, TP53 mutations accumulate already in normal
sun-exposed skin and in AK and cSCCIS lesions, suggesting that TP53 targeted therapies
could be useful already at an earlier stage of the cSCC progression to prevent progression
of precancerous lesions to invasive cSCCs [87]. However, evidence for the role of mutated
p53 in invasion of cSCC suggests that mutated p53 may also serve as a potential target in
advanced and metastatic cSCC [135].

The treatment of primary cSCC is surgical excision of the tumor with adequate margins.
When margins are not sufficient and the curation is not achieved, local recurrences can
be detected, and the risk for metastasis increases up to 25–45% [31,34,155,156]. If surgical
excision is not achievable, primary radiation therapy is an optional treatment [157]. In
addition, if total resection of the cSCC tumor is not achieved, if widespread perineural
invasion is noted, or if there are metastases, postoperative adjuvant radiation therapy
is indicated [157–159]. Treatment options for metastatic cSCC are limited, but results
with new immunomodulatory therapies are promising [160,161]. Increased expression of
programmed cell death protein-1 (PD-1) and PD-ligand 1 (PD-L1) has been noted in cSCC
compared to normal skin [162]. Furthermore, PD-L1 expression in cSCC has been shown to
be related to the risk of metastasis and correlates with poor prognosis [163]. Cemiplimab is
a PD-1 blocking monoclonal antibody, which functions as immune checkpoint inhibitor.
Cemiplimab has been approved by the FDA and EMA as the first line treatment for
locally advanced and metastatic cSCC, if curative excision or curative radiation therapy
is not achieved, representing the only approved systemic therapy for cSCC [157]. It is
expected that other checkpoint inhibitors and immunotherapies will follow cemiplimab
in the treatment of advanced cSCC [164]. Second-line systemic treatments for patients
with advanced cSCCs include EGFR inhibitor (cetuximab) combined with chemotherapy
or radiation therapy [157]. Platinum-based chemotherapeutic cisplatin, fluorouracil, and
EGFR-inhibitor are utilized in different combinations, although their use is limited due to
adverse events and incomplete remission, and especially the use of cisplatin is limited to a
small number of patients [157].

The cell cycle arrest and induction of apoptosis by immune checkpoint inhibitors and
fluorouracil is p53-dependent, providing a possible explanation to lack of response to these
treatments in some patients. Analysis of the TP53 mutation status could therefore allow
a selection of patients to respond to the treatment. Furthermore, adding p53 mutation-
targeted treatment could improve the response of non-responder patients to cemiplimab or
fluorouracil [165–169].

Several therapeutic compounds targeted to mutated p53 are in preclinical and clin-
ical studies with different cancers [170,171]. The results of preclinical studies have been
promising and are therefore interesting with respect to treatment of cSCC [172,173]. One
challenge in drug development for cSCC is to target distinct mutants of p53. However, the
presence of several missense mutations in p53 in cSCCs makes this approach challenging
and emphasizes the importance of patient selection based on p53 mutation status. The
strategies for p53 targeted therapy are restoring and reactivation of wt-p53, eliminating
GOF activities of mutant p53, or targeting mutant p53-regulated pathways [110,113,174].

Small molecule inhibitors of mutated p53 developed to reactivate wt-p53 are being
tested in several clinical trials in different cancers [172–174]. One of these, a small molecular
weight cysteine-binding compound, CP-31398, targets mutant p53 and makes it refold
as wt-p53 and retain the tumor suppressor function. CP-31398 has been shown to block
UVB-induced skin carcinogenesis associated with increased p53 and p21 expression and
downregulation of cyclin D1 expression. In addition, CP-31398 promoted apoptosis of
keratinocytes in UVB-irradiated wt-p53 SKH-1 mice carrying wild-type p53 and in human
epidermoid carcinoma cells in vivo, indicating potential blockade of the skin carcinogenesis.
However, its precise efficacy in vivo is unclear [175]. Another small molecule, APR-246
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targeting mutated p53 has been studied in clinical trials in esophageal adenocarcinoma or
SCC in combination with neoadjuvant chemotherapies fluorouracil and cisplatin, which
are used also in treatment of non-curable cSCC tumors [174–176].

Another therapeutic option is targeting the allele-specific mutants of p53, which
are detected commonly in cSCCs, to eliminate GOF activities. Small molecule zinc
metallochaperone-1 (ZMC-1) has been shown to restore the proper folding and transcrip-
tional activity of p53 mutant inducing apoptosis in the p53R175H xenograft model [177]. In
addition, P53R3, another small molecule, has been shown to restore the DNA-binding abil-
ity of p53 mutants p53R175H, p53R248W, and p53R273H in the p53 null glioma cell line [178].
However, the high mutation rate of TP53 in cSCC represents a challenge for small molecule-
based p53 targeted therapies. The therapeutic option for cSCC and AK could be targeting
of downstream pathways that are altered by distinct mutants of p53. In addition, p53R248W

or p53R175H mutants could be targeted and used topically for treatment of AK or cSC-
CIS [80,113].

Delivery of the p53 gene directly into tumor cells is one option to target p53 mutations,
and wt-p53 can be transferred to cells by viral vector in combination with cancer treatments.
Combining chemotherapy, immunotherapy, or radiation therapy with the p53 gene therapy
may increase the efficacy of tumor cell targeted therapies. For example, in HNSCCs, intra-
tumoral p53 gene delivery is being studied. In phase 2 multi-center open label clinical trial
adenoviral p53 (Ad-p53) gene therapy is administered intratumorally in combination with
immune checkpoint PD-1 and PD-L1 inhibitors in patients with recurrent or metastatic HN-
SCC and other solid tumors approved for anti-PD-1 or anti-PD-L1 therapy [179]. Another
clinical phase 1/2 study studied the combination of intratumoral injections of Ad-p53 and
anti-PD-1 or anti-PD-L1 therapy nivolumab in recurrent HNSCCs. [180]. In addition, the
efficacy of p53 gene therapy is being studied in a phase 2 trial for advanced, resectable
SCC of the oral cavity, oropharynx, larynx, and pharynx, combining surgical resection and
neoadjuvant chemoradiotherapy followed with Ad5CMV-p53 injection [181]. Furthermore,
two individual p53 vaccines are currently in phase 1 clinical trials in patients with HN-
SCC. First, autologous vaccines are designed and patient leucopheresized dendritic cells
(DC) are pulsed with wt-p53 peptides with or without T-helper (Th) peptides. Vaccine
is administered via intrabdominal injection [182]. Second, combined modified vaccinia
virus Ankara vaccine expressing p53 (p53MVA vaccine), and immune checkpoint PD-1
and PD-L1 inhibitor pembrolizumab are being investigated in combination in HNSCC and
other incurable solid tumors that have failed prior therapy [183].

In summary, p53 targeting is an interesting area in drug development, but the efficacy
of p53 targeted therapies has not yet been tested in advanced and metastatic cSCCs. It
is conceivable that drugs targeting several mutants of p53 are needed, and that p53-
targeting drugs would be used in combination with surgical excision, immunomodulators,
radiation therapy, or chemotherapies. However, given the important role of p53 mutations
in the progression of cSCC, it is expected that p53-targeted therapies could be useful
already at an earlier stage of cSCC development, in addition to treatment of advanced and
metastatic cSCC.

5. Conclusions

Cutaneous squamous cell carcinoma (cSCC) is the most common metastatic skin
cancer, and it is associated with poor prognosis in the advanced stage. The mutation rate
of cSCC is one of the highest among the malignant tumors, and the majority of mutations
found in cSCC are UV-induced. An important early event in cSCC development is muta-
tion and inhibition of the wild-type function of tumor suppressor p53. This leads to the
accumulation of additional oncogenic mutations. It has become evident that additional
alterations, for example in non-coding RNAs, are required for the progression of premalig-
nant lesion and actinic keratosis to invasive and metastatic cSCC. In addition, the role of
p53 in the invasion of cSCC has also been elucidated. Together, these observations suggest
mutant p53 as a putative target in both at the early stage of cSCC progression, as well as
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in advanced and metastatic stages. It is possible that multiple p53 targeted therapeutic
approaches under development may be feasible in the treatment of cSCC at different stages
of tumor progression.
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