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Preface to ”Current Advances on Non-Melanoma Skin

Cancer”

Non-melanoma skin cancer (NMSC) comprises basal cell carcinoma (BCC), squamous cell

carcinoma (SCC), and several rare skin tumors and is the most common malignancy that affects

humans worldwide. It accounts for the vast majority of skin cancers and a large percentage of all

malignant tumors. Despite the growing public awareness and scientific interest regarding the risk of

skin cancer, the incidence of NMSC is still rapidly increasing. Even if most NMSCs are associated

with a less aggressive behavior, they can still be locally invasive and may produce extensive

destruction of neighboring structures, inducing significant morbidity. Moreover, different types or

subtypes of NMSCs are associated with frequent recurrence and may carry a significant metastatic

potential. As a direct consequence, NMSC has become a major burden on healthcare systems with

a significant socio-economic impact. Hence, there is no doubt as to why these keratinocyte-derived

tumors are in the spotlight of scientific interest for both fundamental research and clinical practice.

Consequently, this Special Issue brings together recent and relevant scientific research on NMSC.

Studies regarding the complex inherited and environmental factors that can trigger tumor initiation

and progression may offer a new perspective on skin cancer prevention. Investigation of new markers

of skin carcinogenesis may contribute to the development of novel diagnostic, staging, and prognosis

strategies for skin cancer and could lead to the design of more sophisticated and individually tailored

treatment protocols. Improvements related to non-invasive or minimally invasive diagnostic tools

and treatment methods may ameliorate the discomfort of patients while also reducing the costs

associated with therapy. Moreover, the development of new techniques for the early diagnosis

of NMSCs could reduce morbidity, ensuring more efficient treatment with better aesthetic and

functional results.

Constantin Caruntu

Editor

ix





Journal of

Clinical Medicine

Review

Current and Future Trends in Molecular Biomarkers
for Diagnostic, Prognostic, and Predictive Purposes in
Non-Melanoma Skin Cancer

Taxiarchis Konstantinos Nikolouzakis 1,2, Luca Falzone 3, Konstantinos Lasithiotakis 2,

Sabine Krüger-Krasagakis 4, Alexandra Kalogeraki 5, Maria Sifaki 6, Demetrios A. Spandidos 7,

Emmanuel Chrysos 2, Aristidis Tsatsakis 6,* and John Tsiaoussis 1,*

1 Laboratory of Anatomy-Histology-Embryology, Medical School, University of Crete,
71110 Heraklion, Crete, Greece; medp2011826@med.uoc.gr

2 Department of General Surgery, University General Hospital of Heraklion, 71110 Heraklion, Crete, Greece;
k.lasithiotakis@uoc.gr (K.L.); manolischrysos@gmail.com (E.C.)

3 Epidemiology Unit, IRCCS Istituto Nazionale Tumori ‘Fondazione G. Pascale’, I-80131 Naples, Italy;
l.falzone@istitutotumori.na.it

4 Dermatology Department, University Hospital of Heraklion, 71110 Heraklion, Crete, Greece;
krkras@med.uoc.gr

5 Department of Pathology-Cytopathology, Medical School, University of Crete,
70013 Heraklion, Crete, Greece; a.kalogeraki@med.uoc.gr

6 Centre of Toxicology Science and Research, Faculty of Medicine, University of Crete,
71003 Heraklion, Crete, Greece; skinclinicsifaki@gmail.com

7 Laboratory of Clinical Virology, Medical School, University of Crete, 71003 Heraklion, Crete, Greece;
spandidos@spandidos.gr

* Correspondence: tsatsaka@uoc.gr (A.T.); tsiaoussis@uoc.gr (J.T.)

Received: 3 August 2020; Accepted: 1 September 2020; Published: 4 September 2020

Abstract: Skin cancer represents the most common type of cancer among Caucasians and presents in
two main forms: melanoma and non-melanoma skin cancer (NMSC). NMSC is an umbrella term,
under which basal cell carcinoma (BCC), squamous cell carcinoma (SCC), and Merkel cell carcinoma
(MCC) are found along with the pre-neoplastic lesions, Bowen disease (BD) and actinic keratosis (AK).
Due to the mild nature of the majority of NMSC cases, research regarding their biology has attracted
much less attention. Nonetheless, NMSC can bear unfavorable characteristics for the patient, such as
invasiveness, local recurrence and distant metastases. In addition, late diagnosis is relatively common
for a number of cases of NMSC due to the inability to recognize such cases. Recognizing the need for
clinically and economically efficient modes of diagnosis, staging, and prognosis, the present review
discusses the main etiological and pathological features of NMSC as well as the new and promising
molecular biomarkers available including telomere length (TL), telomerase activity (TA), CpG island
methylation (CIM), histone methylation and acetylation, microRNAs (miRNAs), and micronuclei
frequency (MNf). The evaluation of all these aspects is important for the correct management of
NMSC; therefore, the current review aims to assist future studies interested in exploring the diagnostic
and prognostic potential of molecular biomarkers for these entities.

Keywords: non-melanoma skin cancer; basal cell carcinoma; squamous cell carcinoma; Merkel cell
carcinoma; telomeres; telomerase; epigenetics; miRNA

1. Introduction

Skin cancer is currently the most common type of cancer among Caucasians [1]. It is estimated
that approximately 1 in 5 Americans will develop skin cancer at some point in their lives by the age of
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70 [2]. Unfortunately, in spite of immense efforts being made in public health awareness and primary
prevention campaigns, a steady increase in skin cancer rates is observed [3–5]. In fact, non-melanoma
skin cancer (NMSC) is the most common type with a relative incidence increase of up to 10% per annum,
with 2–3 million new cases each year globally [6]. Skin cancer includes several distinct subtypes which
can be divided in two main categories, malignant melanoma, and NMSC, with the latter being further
divided into basal cell carcinoma (BCC), cutaneous squamous cell carcinoma (cSCC), Bowen disease
(BD), actinic keratosis (AK), and Merkel cell carcinoma (MCC) each of which has a different biological
behavior, etiology, and prognosis [6]. From these five distinct entities, BCC, SCC, and MCC stand out,
given their potential to invade into deeper layers and metastasize [7,8].

BD is in nature an in situ SCC, while AK is a precancerous lesion acting as precursor to SCC.
Even though they both exhibit a close association with SCC, they present different histopathological
findings [8]. BCCs are more benign lesions having an almost absent metastatic potential, whereas SCCs
exhibit a metastatic risk between 0.1–13.7% [9]. Given the fact that the global population is aging, an
increase in the associated morbidity and local recurrence rates is to be expected. This in hand creates
a great burden on national healthcare systems and economies. Accounting for 70–80% of all skin
cancer cases, BCC is ranked among the most common types of cancer [10]. However, given the benign
nature of BCCs and the ease of treatment in a doctors’ office, the majority of cases are not recorded in
most national cancer registries [11]. BCC preferentially arises from stem cells within hair follicles and
mechanosensory niches [12]. Generally, BCC is a slow-growing tumor which rarely gives rise to distant
metastases. However, if left untreated, it can grow invasively, destroying underlying tissues. It has
been shown that patients with BCC face a 10-fold risk of developing another BCC compared to the
general population [13]. Nonetheless, given its benign character, no long-term follow-up is required
following a complete resection of the primary tumor [14]. SCC is the second most frequent type of
skin cancer [3]. As already mentioned, SCC usually occurs on sun-exposed areas of the skin, such as
the head, face, earlobe, lips, or torso. Nonetheless, it can also arise from the surrounding skin of the
anus and genitalia, or even from skin with chronic inflammation, such as a scar or chronic wound [15].
If left untreated, an in situ SCC (AK or BD) may evolve into an invasive SCC with a great risk of
metastasizing or relapsing [16].

MCC is a rare type of NMSC arising from Merkel cells. Epidemiological findings have identified UV
radiation, old age, male sex, and Caucasian descent as strong risk factors contributing to the surprising
increase in incidence rates by 95% between 2000 and 2013 [17]. In cases with immunosuppression
in particular, an aggressive form is exhibited with mortality rates exceeding 30% [18–21]. However,
the pathophysiology of MCC development is not yet fully understood. Under poorly understood
circumstances, Merkel cells produce the neuroendocrine lesion termed MCC. From its early discovery
in 1972 by Toker [22], MCC has changed several names some of which are “cutaneous neuroendocrine
carcinoma”, “cutaneous trabecular carcinoma”, and “small cell primary cutaneous carcinoma” [23].
Various mechanisms have been suggested to induce Merkel cell carcinogenesis. such as cellular
senescence, immunosuppression, and the potential oncogenic pathways induced by UV exposure
(UV-specific mutations in the p53 gene) [24]. Recently, Feng et al. found that a novel type of polyoma
virus may attribute to MCC formation [25], highlighting the increased complexity of this entity. Being a
multifactorial disease, NMSC remains a challenge for clinicians and researchers, not only to understand
its biological behavior, but also to develop better tailored and personalized treatment plans [26].
Fortunately, as proven from various national cancer registries, the majority of NMSC cases exhibit an
excellent 5-year survival rate ranging from 100% for BCC to 95% for SCC [27,28] with local recurrence
rates being <5% [29,30]. It is clear that the early diagnosis of primary and relapsed tumors in addition
to carefully tailored treatments will be greatly assisted from the introduction of appropriate biomarker
panels into everyday clinical practice. Thus, the present brief review aims not only to introduce the
clinical significance of using biomarkers for NMSC, but also to pinpoint novel biomarkers worthy
of further research. From the great number of molecular biomarkers under research, we choose to
present those which are most likely to be introduced into everyday clinical practice in the near future,
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such as the miRNAs, and those which according to the current literature are most promising candidates
requiring further investigation.

2. Etiology

According to the current knowledge on NMSC development, a constellation of factors are
found to be implicated such as environmental exposure to UV light (regions closer to the equator
suffer from higher rates of NMSC) [5,31], radiotherapy [32], viral infections (mostly β-HPV) [3],
immunosuppression (based primarily upon the increased incidence exhibited in organ transplant
recipients and the twofold higher incidence rate among HIV+ patients where SCCs is positively
correlated with immunosuppression) [33,34], and genetic predisposition [35].

2.1. Ultraviolet (UV) Light

UV light exposure has been found to result in DNA mutations by inducing covalent bonding
between adjacent pyrimidines (from UVB) and the formation of reactive oxygen species (from UVA) [36].
In detail, NMSCs formation has been positively associated to recreational UV light exposure with 2.5-
and 1.5-fold increase in the risk of developing SCC and BCC, respectively [37]. Moreover, prolonged
sunlight exposure during childhood and adolescence has been found to be responsible for BCCs,
while chronic UV exposure is SCC formation in more advanced ages [1]. Notably, UV light may have a
carcinogenic effect via immunosuppression. In detail, it has been described that a cellular modulation
of immune cells is evoked, as evidenced by the concomitant depletion of Langerhans cells from the
epidermis, altered antigen presentation in the lymph nodes, a shift towards Th2 responses and the
development of tumor antigen-specific T regulatory cells, resulting in blocked immune surveillance
and tumor outgrowth [38–40].

2.2. Genetic Background

Genetic predisposition is neither present nor uniform across all NMSCs. Most BCCs lack any
pre-existing genetic background while SCCs may arise from a genetically predisposed clonal cell
growth. Genetic damage accumulates, leading first to precursor lesions of AK or BD and subsequently
to SCC [6] allowing even for multifocal development of SCCs (field cancerization) [41,42]. Several
tumor suppressor genes and proto-oncogenes have been found to be implicated in BCC pathogenesis,
such as components of the Sonic Hedgehog pathway (PTCH1 and SMO), the TP53 tumor suppressor
gene, and members of the RAS family. In fact, it seems that the improper activation of the Sonic
Hedgehog pathway is the key component pathway in BCC carcinogenesis [43,44]. SCCs are also driven
by several mutated genes [45]. In detail, several mutations of the tyrosine kinase receptors (epidermal
growth factor receptor-EGFR and fibroblast growth factor receptors—FGFRs) [46], certain cell cycle
regulatory genes (TP53-the most common somatic mutation, CDKN2A/RB1, CCDN1, and MYC) [47,48],
the RAS/MAPK and PI3K signaling pathways [46], genomic loci implicated in squamous cell fate
determination (TP63, SOX2, and NRF2) [49–51], and squamous differentiation network (Notch and
Fat1) [52,53] have been found.

2.3. Infectious Agents

An increasing body of evidence highlights the oncogenic potential of certain viruses such as the
HPV, EBV, and the recently discovered Merkel Cell Polyomavirus (MCPyV) for NMSCs. HPV produces
the E6 and E7 oncoproteins which have the potential to integrate into the hosts’ keratinocytes
genome [54,55]. It is worth noting that HPV-positive NMSC presents a more benign clinical behavior
than HPV-negative NMSC. Even though the reason behind this remains undetermined, it may be due to
the fact that the majority of the HPV-positive NMSCs tend to express wild-type TP53. On the counterpart,
the majority of the HPV-negative cases exhibit mutated TP53 with or without accompanying mutations
in other genomic loci [45]. On the contrary, EBV-induced carcinogenesis results from a multistep
process, where the effect from a chronic EBV infection augments the results driven from genetic
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and epigenetic (methylation of several genomic sites and modulators) changes in the keratinocytes’
genome [56]. In 2008, Feng et al. identified the MCPyV [25]. Ever since, epidemiological studies using
serological tests have estimated that 60% to 80% of the population is infected with MCPyV [57,58].
Interestingly, the majority of MCC cases (approximately 75%) are linked to MCPyV infection [59–61].
Even though p53 is considered to be a hallmark for NMSCs, Sihto et al. demonstrated that the
upregulation of p53 is not a mandatory step for Merkel cell carcinogenesis. In fact, they found p53 to
be overexpressed only in 7% of the MCPyV-positive MCC samples suggesting that MCPyV-associated
carcinogenesis does not rely on the p53 pathway [62]. Based on the current literature, the proposed
mode of MCPyV-induced carcinogenesis relies on at least two critical steps; integration of viral DNA
into the cells’ genome and loss of its ability to replicate due to accumulated mutations. Following
these two steps, the virus produces two main carcinogenic proteins; large T-antigen (LTAg) and small
t-antigen (STAg) [62–65]. It has been shown that LTAg specifically binds to tumor suppressor proteins,
including p53 (TP53) and members of the Rb family (RB1, RBL1, and RBL2) [66–68].

3. Current Molecular Biomarkers for NMSC

3.1. Telomere Length (TL)

Telomeres are repetitive nucleotide sequences (5′-TTAGGG-3′) added on the ends of eukaryotic
chromosomes by an enzyme, the telomerase. Combined with specific proteins, telomeres form
complexes guarding chromosomic ends from degradation induced by repetitive cell divisions [69]
and oxidative stress [70] (Figure 1). Telomerase is an enzyme complex consisting of the catalytic
subunit, the human telomerase reverse transcriptase (hTERT) and an RNA template-hTR (human
telomere RNA), the telomerase RNA component (TERC), which serves as a template for directing the
appropriate telomeric sequences onto the 3′ end of a telomeric primer [71]. Given the well-established
knowledge that shorter telomeres contribute to cellular senescence [72], both tTL and telomerase
activity (TA) have been the subject of research on cancer-related biomarkers. In fact, an increasing
body of evidence supports the potential of both serving as diagnostic and prognostic biomarkers for
various cancers [73,74]. The underlying hypothesis is that when cellular senescence is combined with
excessive environmental burden (for instance UV exposure), the cell may be led to apoptosis. Thus,
in theory, it would be reasonable to expect neoplastic cells to possess longer telomeres. On the contrary
though, shorter telomeres would render cellular DNA prone to mutations due to replication errors,
leading to chromosomal instability and subsequent chromosomal aberrations and therefore, cancer [75].
Nonetheless, from what has been found, it seems that both scenarios may be true for the pathogenesis
of NMSC [76], which could be the reason why such a great heterogeneity has been found in association
studies [77].

Using Q-FISH for the determination of TL in neoplastic epidermal cells, Yamada-Hishida et al.
found that TL was decreased in BD and AK (both had relatively close TL) in relation to BCC and SCC,
suggesting that TL estimation in NMSC reflects its biological behavior, such as the metastatic and
invasive potential. Moreover, the authors suggested that SCC precursor lesions exhibit a different TL
from those of SCC [78]. On the contrary, Wainwright et al. examined BCC and TL in relation to normal
skin and reported that telomeres from BCC samples had a variable range of TL (out of the 20 samples
they examined 13, had an increased mean TL, while 7 had a shorter TL) [79]. A possible explanation
for this variability may be the sampling variability. In other words, the fact that when testing TL from
neoplastic cells, one has to bear in mind that cells at one point will differ from those at another despite
their relative distance. A solution to this problem was indicated by Han et al., who presented that TL
in peripheral blood lymphocytes (PBLs) can be indicative of the skin neoplastic burden and can thus be
used as a biomarker. Of note, they found that there was no clear association between TL and the risk of
SCC development. By contrast, a shorter telomere length was shown to be associated with an increased
risk of BCC [80]. Another study supporting these results was published by Anic et al., who evaluated
the relative risk of NMSC development in relation to TL in PBLs. They found that longer telomeres
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were negatively-associated with BCC and SCC formation (particularly in males), regardless of age [81].
In contrast to the above-mentioned studies, Liang et al. In an equally large series of NMSC cases,
reported that there was no association between TL in PBLs and the risk of developing NMSC [82].

 

Figure 1. Graphic representation of the underlying pathophysiology of NMSC formation. Carcinogenic
mechanisms located in the nuclear apartment involve telomere shortening, histone condensation,
inactivation of tumor-suppressor promoters by miRNA and/or methylation. Carcinogenic mechanisms
located in the cytosol involve inactivation of mRNAs by miRNAs. Me: methylation.

A rather interesting finding reporting the potential use of TL as a promising indicator of the
underlying genetic background giving rise to SCC and the rest of the NMSC was published in the
study by Leukfe et al. In detail, they presented that TL distribution is able to differentiate between
two types of genetically distinct skin SCCs. The first type exhibits a short/homogeneous TL profile,
while the other one a long/heterogeneous TL profile. According to the authors, these findings point out
the possibility of two co-existing carcinogenic mechanisms. The first scenario suggests an epidermal
stem cell that from some point exhibited accelerated telomere loss which was then passed to his
daughter-cells. On the contrary, in the second scenario, which may be the case for the majority of
skin SCC cases, a multifocal carcinogenic process occurs with variable proliferation rates at each site,
which in hand give rise to variable TLs. In addition, this scenario may explain the profound genetic
heterogeneity seen among cancer cells even from the same lesion [76]. This is also important for the
determination of the high-risk precursor lesions whose TL resembles that of SCC. Recognizing such
lesions would be important for the application of closer monitoring protocols, given that they are more
likely to metastasize or recur.

3.2. Telomerase Activity (TA)

As mentioned above, telomerase is composed of two subunits: The catalytic subunit named
human telomerase reverse transcriptase (hTERT) and the telomerase RNA component (TERC) for
the de novo synthesis of telomeric DNA sequences. The TERT gene, located on the chromosomal
area 5p15.33, is the primary regulator of TA via its core promoter region and numerous binding sites
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which all together serve as transcription regulators. In fact, the main regulatory checkpoint of TA is
at its transcription [44]. However, following the genes’ pathway upstream, it can be seen that TERT
expression is regulated by a number of transcription factors, including c-Myc, Mad1, estrogen receptor,
progesterone receptor, AP-1, NF-kB, Rb/E2F factors, CEBP-alpha, and CEBP-beta [83,84] with the
Wnt/beta-catenin pathway and the KLF4 being promising candidates as well [85,86]. Of note, it has
been shown that TA decreases at the late stages of in utero life, while during ex utero life, it is almost
diminished, namely in adult somatic cells [84]. However, an increasing body of evidence supports
the notion that most types of cancer cells, among which are skin cancer cells, exhibit an increased TA,
mainly due to TERT promoter mutations [87]. Surprisingly, it has also been described that mutations
of the TERT gene are of paramount importance for cancer cells derived from tissues with low rates
of cellular regeneration [88]. Studying the various TA profiles in skin cancer, Parris I reported that
patients with skin cancer exhibited a higher TA than the healthy controls, regardless of the type of
cancer. Moreover, a difference in TA was witnessed between the various subtypes of NMSC. In detail,
TA was increased in the majority of BD, AK and BCC cases, whereas only in a small number of SCC
patients (25%, 3/12). Another interesting finding was the gradual increase in TA in pre-cancerous
lesions (42% of AK and BD cases, 11/26) to confirmed cancers (77% of the BCC patients, 10/13) [89].
On the contrary, Boldrini et al. examined a small series of SCCs and BCCs found that SCCs exhibited a
higher TA than BCCs, while a close association between hTERT expression and TA was also found.
That is of utmost importance, given the relative simplicity of RT-PCR in contrast to TRAP-ELISA,
which is the test mostly used for the determination of TA [90]. In a series of 66 patients with NMSC
(32 with BCC and 34 with SCC), Griewank et al. found that approximately 50% of both groups had
TERT promoter mutations accompanied by significant UV damage in their DNA, with no statistically
significant association found with clinicopathologic parameters [91]. In accordance with these findings,
Scott et al. reported that TERT promoter mutations were present in 18/23 sporadic BCCs (78%), 13/19
BCCs with nevoid basal cell carcinoma syndrome (68%), 13/26 SCCs (50%), and 1/11 BDs (9%) from a
total of 18, 4, 19, and 11 patients, respectively, while being absent in their control group [92]. A finding
that has to be noted is that each lesion bears its own genetic fingerprint. That is of utmost importance
in cases with multiple lesions where an error in a sampling test should be avoided.

3.3. Epigenetic Modifications

Eukaryotic cells may be subsequent to heritable and non-heritable genomic alterations. Heritable
genomic alterations that are not produced by changes in the genomic DNA sequence are summarized as
epigenetics [93]. Epigenetic modifications include DNA methylation of the C-5 position of the cytosine
ring within the promoter’s CpG island, histone methylation and acetylation, and miRNA-mediated
gene regulations. Separately and combined, these alterations regulate the chromatin formation and
packaging and thus regulate gene transcription by modifying their accessibility [94]. It is accepted
that epigenetic modifications reflect the environmental burden of an organism through its exposure to
various toxicants and carcinogens [95].

3.3.1. CpG Island Methylation (CIM)

DNA methylation is one the most important regulatory mechanisms for gene expression. In normal
cells, it assures the proper regulation of gene expression and stable gene silencing. This is achieved
through the recruitment of DNA methyltransferases (DNMTs) in order to introduce methyl groups in
cytosine within CpG dinucleotides by creating covalent bonds between them. In fact, CpG dinucleotides
may appear in large clusters known as CpG islands (Figure 1). Intense research in cancer biology has
identified global genomic hypomethylation as one of the leading factors for genomic instability and
oncogene activation, whereas a number of tumor suppressor genes are silenced due to hypermethylated
CpG islands [96], while global hypomethylation of lamina-associated domains (LAD) may be another
aspect of the deregulated methylome [97]. In cutaneous melanoma, it was demonstrated that
promoter hypomethylation and intragenic hypermethylation of specific genes are associated with
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tumor aggressiveness due to the alteration of extracellular matrix components and the upregulation of
matrix metalloproteinases [98–100]. This highlights the clinical potential of deregulated methylation
status as a hallmark for carcinogenesis, allowing the recognition of various methylation patterns
as biomarkers for diagnosis and prognosis [101] (Table 1). Methylation studies focusing on cSCC,
have demonstrated various patterns. For instance, numerous promoters have been found to be
hypermethylated, among which are the cell cycle regulator CDKN2A [102], cadherin CDH1 [103,104]
and CDH13 [105], transcription factor FOXE1 [106], modulators of Wnt signaling SFRPs [107] and
FRZB [108], positive regulators of apoptosis ASC [109], G0S2 [110], DAPK1 [111], and miRNA-204 [112],
as well as the hypomethylation of the DSS1 gene [113]. Hervás-Marín et al. compared low-risk and
high-risk SCC and succeeded in identifying specific modifications of the methylation status using
genome-wide DNA methylation profiling. In detail, they demonstrated a differential methylation
status between the two pathological stages, with low-risk SCCs being hypomethylated and high-risk
SCCs hypermethylated. According to the authors, this finding may suggest a sequential approach of
SCC formation, where UV-exposure leads to hypomethylation and thus foretells the premalignant
and low-risk stages of cSCC, while advanced stages of SCC present a hypermethylated status [101].
As regards the evaluation of the methylation status of BCC, Goldberg et al. presented the FHIT
promoter to be hypomethylated [114], while Heitzer et al. found the hypermethylated PTCH promoter
only in a small number of cases [115]. Darr et al. examined metastatic BCCs and SCCs compared to
their non-metastatic counterparts. They found that both metastatic entities exhibited a differential
methylation status from the non-metastatic ones with pronounced global hypomethylation, as well
as at tumor suppressor genes and PRC2 target genes. Moreover, MYCL2 was specifically found
to be demethylated in metastatic cases. Of note, the authors highlighted the resemblance between
the methylation pattern of metastatic BCC and cSCC regardless of the metastatic capacity [108].
Greenberg et al., studying a series of MCCs, demonstrated that the tumor suppressor p14-ARK was
hypermethylated [116]. Moreover, hypermethylated promoters have also been found in DUSP2,
CDKN2A, and members of the RASSF family [117]. The concomitant analysis of overexpressed
proteins derived from methylated genes and hallmark mutations of skin cancers through high-sensitive
molecular techniques is representing a promising strategy for the early diagnosis of tumors and to
define the prognosis of patients [118].

Table 1. NMSC-related genomic loci, their methylation status, and their effect on cellular level.

Gene Target Methylation Status Type of NMSC Cellular Effect Reference

CDKN2A Hypermethylated SCC Cell cycle deregulation Brown et al. [102]

CDH1 Hypermethylated SCC Cellular environment
deregulation

Chiles et al. [103]
Murao et al. [104]

CDH13 Hypermethylated SCC Cellular environment
deregulation Takeuchi et al. [105]

FOXE1 Hypermethylated SCC Modulator of
Wnt signaling Venza et al. [106]

SFRPs Hypermethylated SCC Modulator of
Wnt signaling Liang et al. [107]

FRZB Hypermethylated SCC Modulator of
Wnt signaling Darr et al. [108]

ASC Hypermethylated SCC Deregulation
of apoptosis Meier et al. [109]

G0S2 Hypermethylated SCC Deregulation
of apoptosis Nobeyama et al. [110]

DAPK1 Hypermethylated SCC Deregulation
of apoptosis Li et al. [111]
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Table 1. Cont.

Gene Target Methylation Status Type of NMSC Cellular Effect Reference

miRNA-204 Hypermethylated SCC Deregulation
of apoptosis Toll et al. [112]

DSS1 Hypomethylation SCC
Deregulated

post-translational
protein modification

Venza et al. [113]

Global DNA Hypomethylation SCC (benign) Restricted
genomic silencing

Hervás-Marín et al. [101]
Global DNA Hypermethylation SCC (aggressive) Extensive

genomic silencing

FHIT promoter Hypomethylated BCC Replication stress and
DNA damage Goldberg et al. [114]

PTCH promoter Hypermethylated BCC
(small number of cases)

Deactivation of tumor
suppressor genes Heitzer et al. [115]

MYCL2 Hypomethylated BCC (metastatic) Activation of
proto-oncogene Darr et al. [108]

p14-ARK Hypermethylated MCC Deactivation of tumor
suppressor genes Greenberg et al. [116]

DUSP2,
CDKN2A promoter Hypermethylated MCC Deactivation of tumor

suppressor genes Harms et al. [117]

3.3.2. Histone Methylation and Acetylation

Histones are a family of five basic proteins (H1/H5, H2A, H2B, H3, and H4) whose role is to react
with DNA strands in the nucleus assisting its dense packaging into chromatin and chromosomes.
Histones H2A, H2B, H3, and H4 form a reel of dimers (the octameric nucleosome core) around which
DNA is wrapped, while histones H1/H5 link nucleosomes together, allowing for an even higher degree
of density (Figure 1). A key feature of histones is the presence of the N-terminal tail regions, which are
rich in lysine residues. The histone tails can undergo extensive modifications, including methylation,
acetylation, phosphorylation, sumoylation, and uquitinylation [119,120]. However, acetylation and
methylation are the most well-studied aspects of histone modification, particularly in the setting of
cancer. The acetylation and deacetylation of lysine residues modifies the net positive charge (decreasing
or increasing it accordingly). Furthermore, the introduction of acetyl-groups induces a decreased
affinity between histones and DNA, allowing for various transcription factors to reach regulatory areas
such as gene promoters, while deacetylation has the opposite effect on gene expression by increasing
the affinity between DNA and the histone complex [116]. Histone acetylation and deacetylation are
catalyzed by the specific enzymes, histone acetyltransferases (HATs) and histone deacetyltransferases
(HDACs), respectively. Histones are mainly methylated on the lysine and arginine residues of
H3 and H4 tails [93]. The introduction of methyl-groups increases the hydrophobicity of histone
proteins, inducing their tighter packing and thus inhibiting DNA transcription. Notably, it has been
described that the restoration of normal histone density (reduction of DNA methylation and increase
of histone acetylation) allows for the reactivation of the silenced tumor suppressor genes Cip1/p21
and p16 [121]. Rao et al. investigated the activation status of EZH2 (a histone methyltransferase of
the polycomb repressive complex 2) and its related proteins in the context of aggressive BCCs. EZH2
is closely associated with the Sonic Hedgehog pathway [122]. According to their findings, EZH2
was upregulated (as in other studies [123]), allowing for a stratification between pathological stages.
On the contrary, upregulated H3K27me3 and 5hmC were positively associated with a more benign
phenotype. Finally, the authors were able to discriminate BCCs from non-malignant epidermal cells
through the upregulated levels NSD2, MOF, H3K27me3, and 5hmC [124]. Harms et al. investigated
a series of MCCs and found that EZH2 was deregulated, inducing gene silencing via histone H3
lysine 27 trimethylation and was thus associated with unfavorable characteristics, such as disease
progression and a poorer prognosis [117,125]. However, even though histone methylation/acetylation
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has been extensively investigated in melanoma [116,126], research on NMSCs is limited. Indeed, it was
recently demonstrated that the methylation of H3K4 is associated with the neoplastic transformation
of melanocytes that evolve into cutaneous melanoma [127]. These results suggest that the epigenetic
modification of histones’ methylation status could represent a promising epigenetic therapy for
melanoma and other tumors [126].

3.3.3. MicroRNAs (miRNAs or miRs)

miRNAs are small single-stranded non-coding RNAs of 18–25 nucleotides length. Their discovery
in 1993 from two research groups working on Caenorhabditis elegans proved to be a milestone of what
is now considered a true breakthrough in molecular biology [128,129]. However, for a number of
years, the properties miRNAs remained poorly understood. Surprisingly, miRNA production is a
refined, multi-step process, where specific DNA transcripts produce primary miRNAs (pri-miRNAs),
which are processed into precursor miRNAs (pre-miRNAs) and then into mature miRNAs. Mature
miRNAs have the potential to target specific mRNAs, leading to their degradation or inhibiting
their translation into proteins. This is possible either through an interaction with the 3′-untranslated
region (3′ UTR) of the target mRNA (in which case its expression is inhibited) [130] or through
binding with other regions, such as the 5′-untranslated region (5′ UTR), coding sequence and gene
promoters [131]. Of note however, miRNAs are able to regulate not only protein translation, but also
gene expression. In detail, miRNAs have been found to be able to positively regulate gene expression
under certain conditions [132]. This is possible as miRNAs are able to move through different cellular
compartments [133] (Figure 1). However, miRNAs are not restricted to the cytosol. A number of studies
have demonstrated the presence of miRNAs in the extracellular compartment, both in a free state and
packed in various carriers, such as high density lipoprotein particles, apoptotic bodies, and others [134].
Indeed, in addition to their small size and hairpin-loop structure, they are unreachable to the various
free RNases, allowing them to maintain their structural integrity [135]. Thus, isolating them from a
variety of clinical specimens is possible. Lastly, it has been well established that miRNAs are actively
secreted by a variety of cancer cells into the circulation [73]. However, each type of cancer expresses
different miRNAs; thus, in this manner, each type of cancer creates its own molecular profile. This is
of utmost importance when considering miRNAs as biomarkers for monitoring cellular activity and
the genomic/proteomic status. Even though miRNAs can be isolated both from tissue samples and
from biological fluids (serum, plasma, and urine), circulating miRNAs are the first choice in the clinical
setting. This is due to the fact that tissue miRNA sampling is an invasive technic lacking the ability
to provide reproducible results regardless of the operator and area of sampling [136]. At present,
several studies have identified sets of miRNAs specific for different tumors, including lung cancer,
mesothelioma, bladder cancer, colorectal cancer, glioblastoma multiforme, oral cancer, uveal melanoma,
hematological malignancies, etc. [137–144].

Regarding NMSCs, owing to the dominance of BCCs among all other tumor types, numerous
studies have focused on the identification of potential miRNA markers. Sand et al. used next-generation
sequencing of the basal cell carcinoma miRNome and succeeded in identifying a number of upregulated
miRNAs, of which the 10 most increased were hsa-miR-223-3p, hsa-miR-197-3p, hsa-miR-342-3p,
hsa-miR-505-3p, hsa-miR-204-5p, hsa-miR-941, hsa-miR-145-5p, hsa-miR-301b-3p, hsa-miR-452-5p,
and hsa-miR-191-5p [145]. Yi et al. found that miR-203, a specifically expressed miRNA in the
epidermis [146], is consistently downregulated in cases of BCC. Moreover, they proved that c-JUN
suppressed miR-203, while miR-203 also targeted c-JUN, creating an inhibitory loop. In addition,
miR-203 was further suppressed by the synergistic oncogenic activity of the Sonic Hedgehog and EGFR
pathways. It is rather interesting that various studies have identified c-JUN as a potent oncogene,
mediating its action downstream of the Sonic Hedgehog pathway [147]. Thus, a simultaneous activation
of the Sonic Hedgehog and EGFR pathways, in addition to a potential crosstalk between them may
result in BCC formation. Given the inhibitory effect of miR-203 c-JUN, researchers have investigated
the therapeutic potential of miR-203 administration. Indeed, high levels of miR-203 have been shown
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to result in a decreased c-JUN and p63 expression, indicating the effective suppression of target
genes [148]. Hu et al. examined 86 patients with BCC in order to explore the association between
the expression level of miR-34a in serum and the clinical prognosis. According to their findings,
patients with BCC exhibited lower miR-34a levels compared to healthy controls. Data analysis further
revealed that miR-34a was upregulated in cases with a larger tumor diameter, the absence of lymph
node infiltration and non-invasive disease. Moreover, miR-34a was positively associated with various
survival parameters, such as median progression-free survival, median overall survival, and the overall
survival rate. However, no association was found with pathological staging or the primary site. On the
contrary, cases with a profound downregulation of miR-34a presented a poor prognosis [149].

In SCC, numerous miRNAs have been found to be dysregulated. Some of these (namely miR-21,
miR-205, miR-365, miR-31, miR-135b, miR-424, miR-320, miR-222, miR-15a, miR-142, and miR-186)
have been shown to possess carcinogenic properties by targeting key genetic modulators, such as the
PTEN, PDCD4, GRHL3, HOXA9, and RhoBTB genes or the AKT/mTOR pathway [150,151]. There is
sufficient evidence to indicate that these genes are involved in crucial carcinogenic steps, such as tumor
growth, invasion, migration, the maintenance of stem cell properties and the evasion of apoptosis [151].
On the contrary, there is a wide panel of carcinoprotective miRNAs (miR-20a, miR-203, miR-181a,
miR-125b, miR-34a, miR-148a, miR-214, miR-124, miR-204, and miR-199a), which have been found to
regulate genes, such as HMGB1, SIRT6, MMPs, MAP kinases, KRAS, LIMK1, c-MYC, SHP2, CD44,
BCAM, FZD6, DDR1, and ERKs. The potential action is described to be via the regulation of the
cell cycle, epithelial–mesenchymal transition, and stemness, while they have also been found to
promote cellular apoptosis and senescence [152]. A number of studies have evaluated the association of
various miRNAs with clinocopathological features. miR-205 has exhibited an association with various
pathological features of a poor prognosis, such as desmoplasia, perineural invasion and infiltrative
patterns, while clinically it has been linked to local recurrence [153,154]. Recently, Gong et al. described
that miR-221 also has carcinogenic properties. This is achieved as miR-221 has been found to interact
with PTEN, which is a key oncogene. Notably, the authors pinpointed the potential development
of anti-miR-221 antibodies, assisting both diagnosis and treatment [155]. On the contrary, miR-203
expression was shown to be associated with a favorable prognosis, as it was primarily found in
well-differentiated zones only and rarely in the invasion front [153]. Zhang et al. found that SCC
patients with low miR-20a levels exhibited a significantly poorer overall survival than those with
a high miR-20a expression. Moreover, miR-20a expression was closely associated with the TNM
stage, as it was proven that a low level of miR-20a expression was more frequently exhibited in
tumors with an advanced TNM stage [156]. Several studies have also examined the expression profiles
of various miRNAs in MCC. Ning et al. used next-generation sequencing of small RNA libraries
on tissue samples and identified the MCC miRNome. In total, eight miRNAs were overexpressed
(miR-502-3p, miR-9, miR-7, miR-340, miR-182, miR-190b, miR-873, and miR-183) and three miRNAs
were suppressed (miR-3170, miR-125b, and miR-374c) in contrast to other forms of NMSCs. In situ
hybridization further proved that miR-182 was abundant within cancer cells. The concomitant
evaluation of the expression profiles of four miRNAs (miR-182, miR-183, miR-190b, and miR-340) in
the MCPyV-negative cell line, MCC13, proved that they were downregulated. Thus, they proposed
the possible diagnostic use of this miRNA panel in cases of MCPyV-positive MCC [157]. Veija et al.
compared the miRNAome between MCPyV-positive and MCPyV-negative MCCs. According to
their findings, miR-30a, miR-34a, miR-142-3p, and miR-1539 were overexpressed (2.5 to 5 times) in
MCPyV-positive MCCs, while miR-181d exhibited a 3.5-fold higher expression in MCPyV-negative
MCCs [158]. Renwick et al. used miRNA FISH in formalin-fixed paraffin-embedded tissues and
succeeded in correctly discerning BCC from MCC, based on the overexpression of miR-205 and miR-375,
respectively [159]. An important finding also derived from the study by Moens et al. who evaluated the
secretion of various miRNAs in exosomes using RT-PCR. They succeeded in identifying the presence
of miR-30a, miR-125b, miR-183, miR-190b, and miR-375 in exosomes [160]. This finding highlights
the clinical potential of circulating miRNAs as biomarkers for MCC. In this context, the analysis of
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circulating tumor DNA and circulating miRNAs has been translated into clinical practice to predict the
clinical-pathological features of tumors thus ameliorating the diagnostic and therapeutic strategies
available for cancer patients [161]. However, solid evidence for the clinical relevance of extracellular
miRNAs is still lacking. Moreover, despite the fact that numerous studies emerge daily, enriching
the MCC-related miRNA panel, only a few of these have compared the expression profiles between
malignant and non-malignant Merkel cells, and even fewer have tested the clinical or pathological
relevance of these profiles [160,162]. miRNAs are recognized also as important biomarkers for the
management of cutaneous melanoma. In this context, several studies have identified sets of miRNAs
strictly associated to the development and progression of melanoma. In particular, Tao and colleagues
(2019) have identified five miRNAs (miR-25, miR-204, miR-211, miR-510, and miR-513c) associated with
survival of melanoma patients [163]. In the same manner, Hanniford et al. have identified a 4-miRNA
signature (miR-150–5p, miR-15b-5p, miR-16–5p, and miR-374b-3p) predictive for the development of
melanoma brain metastases [164]. Notably, some miRNAs, in particular the miR-510, are associated
with both melanoma clinical features. A summary of the various miRNA expressions patterns and
their clinical significance for NMSCs is presented in Table 2.

Table 2. Deregulated microRNA expression profiles and their clinical relevance for NMSC.

miRNA Expression Status Type of NMSC Possible Significance Reference

hsa-miR-223-3p,

Upregulated BCC Diagnosis Sand et al. [145]

hsa-miR-197-3p,
hsa-miR-342-3p,
hsa-miR-505-3p,
hsa-miR-204-5p,

hsa-miR-941,
hsa-miR-145-5p,

hsa-miR-301b-3p,
hsa-miR-452-5p,
hsa-miR-191-5p,

miR203 Downregulated BCC Diagnosis, Therapy Yi et al. [146]

miR-34a Downregulated BCC Prognosis Hu et al. [149]

miR-21,

Upregulated SCC Diagnosis Mizrahi et al. [150],
Yu et al. [151]

miR-205,
miR-365,
miR-31,

miR-135b,
miR-424,
miR-320,
miR-222
miR-15a,
miR-142
miR-186

miR-20a,

Downregulated SCC Diagnosis García-Sancha et al. [152]

miR-203,
miR-181a,

miR-125b, miR-34a,
miR-148a, miR-214,

miR-124,
miR-204,
miR-199a

miR-205 Upregulated SCC Diagnosis, Prognosis Cañueto et al. [153],
Stojadinovic et al. [154]

miR-221 Upregulated SCC Diagnosis, therapy Gong et al. [155]

miR-203 varied SCC Prognosis Cañueto et al. [153]

miR-20a Varied SCC Prognosis Zhang et al. [156]
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Table 2. Cont.

miRNA Expression Status Type of NMSC Possible Significance Reference

miR-502-3p,

Upregulated

MCC Diagnosis Ning et al. [157]

miR-9,
miR-7,

miR-340
miR-182,

miR-190b,
miR-873,
miR-183

miR-3170,
DownregulatedmiR-125b,

miR-374c

miR-182,
Downregulated in

MCPyV-negative cell line
miR-183,

miR-190b,
miR-340

miR-30a

Upregulated
MCPyV-positive

MCCs Diagnosis Veija et al. [158]

miR-190b,
miR-142-3p,

miR-1539

miR-181d MCPyV-negative
MCCs

miR-375 Upregulated MCC Diagnosis Renwick et al. [159]

miR-30a,

Upregulated MCC Diagnosis Moens group [160]
miR-125b,
miR-183,
miR-190b
miR-375

4. Biomarkers under Evaluation

Micronuclei Frequency (MNf)

Micronuclei (MN), or Howell–Jolly bodies, are small cytoplasmic formations unsheathed in a
nuclear envelope. In nature, they represent acentric chromatid/chromosome fragments (as a result of
DNA damage) or whole chromatids/chromosomes (due to mitotic spindle failure, kinetochore damage,
centromeric DNA hypomethylation and defects in the cell cycle control system) that are not included
in the nucleus during telophase. Instead, they form small DNA-containing structures that are just a
fraction of the size of the nucleus [165,166]. A large number of studies have indicated the promising
potential of MN frequency (MNf) as a biomarker for diagnostic, prognostic and predictive use in
various types of cancer, among which are those of the lung, bladder, and colorectal cancer [167,168].
However, both melanoma and NMSC have not been extensively studied with regards to their MNf
status. Nonetheless, there is evidence that in premalignant cell lines (for example keratinocytes), MNf
is higher than in normal skin lines [169], while chromosomal aberrations due to UVA and UVB skin
exposure also result in an increased MNf [170,171]. Taking all these findings into consideration, it can
be hypothesized that MNf as part of a wider panel of biomarkers, can be used not only for the diagnosis
of NMSC, but also for a close and convenient monitoring for the early detection of tumor regression
or progression.

5. Conclusions

NMSC is the most common type of cancer worldwide, representing an immense burden for both
patients and healthcare systems. However, if diagnosed in an early stage, a great number of these cases
will probably have a definitive care. Moreover, the vast majority of NMSC cases have well-studied
causative factors, allowing for the establishment of screening protocols meant for high-risk groups.
On the contrary, it is suggested that the macroscopic examination of the skin largely fails to assist
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secondary prevention improvement. Thus, the introduction of more sensitive and specific modes of
diagnosis is required. The present review aimed to systematically suggest that molecular biomarkers
are able to achieve this goal. In fact, molecular biomarkers seem to be promising candidates, not only for
early detection, but also for the achievement of the corner stone of effective care which is personalized
medicine. Despite the fact that NMSCs are distinct entities, they have been proven to share some
common features to a certain extent. The hypermethylated E-cadherin (CDH1) promoter and the
deregulated expression profile of miR-203 are some of the BCC/SCC shared biomarkers. However,
as presented above, even if current literature suggests the possible clinical significance of various
molecular targets (micronuclei frequency, extracellular miRNAs, histone methylation/acetylation) solid
evidence on this topic is still missing. This highlights the need for further validation first through
in vivo and then through large cohort studies where panels of sensitive and specific biomarkers
will be evaluated both for their ability to detect and for their availability to foretell the prognosis.
Unfortunately, a great disadvantage of NMSC biomarkers is the inability to specifically locate a lesion
that has not made itself clinically/macroscopically evident yet. Thus, research for biomarkers has to
create panels that will be not only disease-sensitive/specific but also site-sensitive/specific and therefore
being able to discern between different body regions or between skin and mucous membrane cancers.
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Abbreviations

NMSC non-melanoma skin cancer
BCC basal cell carcinoma
SCC squamous cell carcinoma
MCC Merkel cell carcinoma
BD Bowen’s Disease
AK Actinic Keratosis
UV Ultraviolet
β-HPV β-Human papilloma virus
UVB ultraviolet B
UVA Ultraviolet A
EGFR epidermal growth factor receptor
FGFR fibroblast growth factor receptors
EBV Epstein–Barr virus
MCPyV Merkel Cell Polyomavirus
LTAg large T-antigen
STAg small t-antigen
TL Telomere length
hTERT human telomerase reverse transcriptase
hTR human telomere RNA
TERC telomerase RNA component
TA telomerase activity
PBL peripheral blood lymphocytes
CIM CpG island methylation
DNMTs DNA methyltransferases
LAD lamina-associated domains
HATs acetyltransferases
HDACs histone deacetyltransferases
pri-miRNAs primary miRNAs
pre-miRNAs precursor miRNAs
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3′ UTR 3′-untranslated region
5′ UTR 5′-untranslated region
MN Micronuclei
MNf Micronuclei frequency
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Abstract: Basal cell carcinoma (BCC) is the most common malignant skin tumor. BCC displays
a different behavior compared with other neoplasms, has a slow evolution, and metastasizes
very rarely, but sometimes it causes an important local destruction. Chronic ultraviolet exposure
along with genetic factors are the most important risk factors involved in BCC development.
Mutations in the PTCH1 gene are associated with Gorlin syndrome, an autosomal dominant disorder
characterized by the occurrence of multiple BCCs, but are also the most frequent mutations observed
in sporadic BCCs. PTCH1 encodes for PTCH1 protein, the most important negative regulator of
the Hedgehog (Hh) pathway. There are numerous studies confirming Hh pathway involvement in
BCC pathogenesis. Although Hh pathway has been intensively investigated, it remains incompletely
elucidated. Recent studies on BCC tumorigenesis have shown that in addition to Hh pathway,
there are other signaling pathways involved in BCC development. In this review, we present recent
advances in BCC carcinogenesis.

Keywords: basal cell carcinoma; Hedgehog pathway; signaling pathways; carcinogenesis

1. Introduction

Basal cell carcinoma (BCC) is the most prevalent form of skin cancer, developing on sun
exposed areas, especially in the fourth decade of life. BCC is a slow-growing, locally invasive tumor,
with a low capacity of metastatic spread [1,2]. It is commonly recognized that only 0.0028–0.55% of
BCCs will metastasize [3]. Exposure to ultraviolet (UV) light is a key factor in its pathogenesis [4].
Therefore, most cases of BCC are diagnosed in individuals with fair skin phototypes that carry out
activities involving intense, intermittent or continuous exposure to UV [5]. In addition, the exposure to
ionizing radiation, arsenic or coal tar derivatives increases the risk of developing a BCC. The incidence
of BCC is higher compared to the general population in two particular scenarios, immunosuppressed
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patients and patients with certain genodermatoses such as Gorlin syndrome [6,7]. In this review,
we focused on recent advances related to the signaling pathways involved in BCC carcinogenesis.

2. The Genetic Basis of Basal Cell Carcinoma Initiation and Therapy Resistance

2.1. Genes Involved in Nevoid Basal Cell Carcinoma Syndrome

Nevoid basal cell carcinoma syndrome (NBCCS) is an autosomal dominant disorder characterized
by mutations in the patched (PTCH)1 gene, PTCH2 gene and suppressor of the fused (SUFU) gene,
which are negative regulators of the hedgehog (Hh) pathway [8]. PTCH1, located on chromosome
9q22.3, encodes the homologous transmembrane protein PTCH1 that acts as a receptor for the
Hh pathway [9]. PTCH2 is located on chromosome 1p34 and encodes for PTCH2 and SUFU is
located on chromosome 10q24.32 and encodes for the suppressor of a fused homologous protein,
SUFU [8]. The prevalence of NBCCS ranges between 1/57.000 and 1/256.000. It is a multisystemic
disease characterized by the development of multiple BCCs, jaw keratocysts, palmar and plantar
pits, abnormalities of the bones and eyes, cardiac dysfunction, calcification of the falx cerebri, etc.
In about 5% of cases patients can associate intellectual deficiency [10]. NBCCS is also known as Gorlin
Goltz syndrome, after the name of those who described it as a distinct entity in 1960. It occurs most
commonly in Caucasian adults aged 17–35 years, with no sex predominance [11].

2.2. Genes Involved in Sporadic BCC

Sporadic BCC is also related to genetic alterations in components of the Hh pathway. Mutations
in the PTCH1 gene were observed in 30–60% of cases, in the smoothened (SMO) gene in 10–20%, and to a
lesser extent in the SUFU gene. Alterations involving glioma-associated oncogenes (GLI) are rare [12].
Mutations in TP53 gene were observed in a high number of cases, over 50% of BCCs. TP53 encodes for
the p53 protein, one of the most important regulators of the cell cycle. Mutations in TP53 seem to be
involved in the initiation of the malignant process but also in tumor progression [13].

Given that BCC has a great diversity in terms of clinical appearance, histopathological forms,
evolution and response to treatment, Bonilla et al. considered that there are many other genes involved
in its pathogenesis. Thus, they identified mutations in MYCN, PTPN14, and LATS1. MYCN alterations
were observed in 30% of the studied BCC samples, most of them being identified in the Myc box 1
(MB1) region. Mutations in PTPN14 were observed in 23% of cases, and in LATS1 in 16% of cases [14].

Moreover, alterations in pigmentary genes were detected in BCC patients [13]. Genetic studies
have revealed several BCC susceptibility regions such as 1p36, 1q42, 5p13.3, 5p15, and 12q11-13.
A recent study has found new susceptibility regions on chromosome 5, 5q11.2-14.3, 5q22.1-23.3,
and 5q31-35.3. These findings may underlie the development of new diagnostic tools and therapeutic
approaches in BCC management [15].

A large number of mutations have been revealed so far in BCC cells, therefore Jayaraman et al.
hypothesized that this variety of mutations leads to the activation of the host’s defense system,
which may explain why BCC evolves slowly and metastasizes very rarely [16]. In line with this,
the study by Dai et al. performed on 19 BCC samples has revealed the overexpression of 222 genes
and the downregulation of 91 genes. Upregulated genes were involved in cell cycle regulation and
mitosis, while downregulated genes were involved in cell differentiation and unsaturated fatty acid
metabolism. The increased expression of cyclin-dependent kinase (CDK)-1, a regulator of the cell cycle,
has been observed, and may represent a novel target for new therapies in BCC [17].

2.3. Genes Linked to Therapy Resistance

There are several attempts to target Hh pathway, some of them already approved in BCC, some of
them in the preclinical phase (Table 1). Gene mutations plays an important role in the response to drug
therapy. About 20% of patients with BCC treated with vismodegib, a SMO inhibitor, undergo treatment
failure within one year of treatment. The main mechanism involved in resistance development is the
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overexpression of several components of the Hh pathway [18]. Mutations were observed in both the
vicinity and distally of drug binding situs of SMO. SMO mutations that occur in the vicinity of the
drug binding domain such as D473, H231, W281, Q477, V321, I408, and C469, have been detected
only in resistant BCCs which suggests the role of the drug therapy in acquiring these mutations.
Mutations distal to the drug binding domain such as T241M, A459V, L412F, S533N, and W535L were
found in both untreated BCCs and resistant tumors revealing their inherent role [19].

Table 1. Hedgehog inhibitors in basal cell carcinoma.

Target Therapy Molecule Reference

SMO Vismodegib * Sekulic et al. [20]
SMO Sonidegib ** Danial et al. [21]
SMO Itraconazole Kim et al. [22]
SMO BMS-833923 Siu et al. [23]
SMO Taladegib Bendell et al. [24]
SMO Patidegib Jimeno et al. [25]
SMO NVP-LQ506 Peukert et al. [26]
SHH Robotnikinin Hassounah et al. [27]
GLI GANT-58 and GANT-61 Lauth et al. [28]
GLI Arsenic trioxide Ally et al. [29]

* Approved by the FDA in 2012, ** Approved by the FDA in 2015.

Vismodegib resistance in BCC was also linked to mutations in TP53 [18]. Mutations in SUFU
were linked to resistance to vismodegib in a small number of cases [3]. However, tumor resistance was
identified in patients without an identifiable mutation [30]. Secondary resistance to vismodegib was
first described in a patient diagnosed with medulloblastoma [31].

The mechanisms involved in BCC resistance are not only related to mutations in the canonical Hh
pathway, therefore Whitson et al. have shown in a mouse model that the activation of non-canonical
Hh pathway by MKL1/SRF is related to the resistance to SMO inhibitors in some BCCs. Thus, they have
highlighted the role of MKL1 inhibitors in the treatment of BCC in combination with SMO inhibitors,
MKL1 inhibitors could exhibit a synergistic effect [32].

3. Hedgehog Pathway—From Discovery to New Concepts

The Hh pathway plays an essential role in human embryogenesis, being involved in cell
differentiation, cell growth, and morphogenesis. [33]. Under normal conditions, the hair follicle
and the skin are the only two regions where the Hh signaling displays post-embryonic activity.
Hh signaling is also active in stem cells and in tissues undergoing regeneration, having an important
role in wound healing [13]. The ectopic activation of the Hh pathway contributes to tumorigenesis,
metastasis and resistance to therapy [34]. The first link between BCC and the Hh pathway was revealed
in the context of the discovery of loss-of-function mutations in PTCH1 gene in patients with Gorlin
syndrome [35].

Recent research has revealed that Hh signaling can be activated through different pathways [36].
Thus, Hh signaling was classified as canonical and non-canonical [37]. The canonical Hh pathway
involves a GLI-mediated transcription. When the activation of Hh pathway occurs independently
of GLI-mediated transcription it is categorized as non-canonical Hh pathway [38]. The aberrant
stimulation of the Hh pathway as a result of mutations in PTCH1 and SMO is involved in the
development of BCC [39]. The binding of one of the Hh ligands to PTCH1, a 12-pass transmembrane
receptor protein that prevents the activation of Hh pathway, is the first step required for the activation
of the canonical Hh pathway. In vertebrates, three ligands were described, including Sonic hedgehog
(Shh), Indian hedgehog (Ihh), and Desert hedgehog (Dhh), of which Shh is the strongest pathway
activator [37]. Hh bindings proteins, such as Hh interacting proteins, sequester Hh ligands and in this
manner control the amount of Shh that binds to PTCH1 [40]. The Hh ligands bind to PTCH1 and
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remove it from the primary cilium resulting in the stimulation of SMO, a 7-pass transmembrane protein,
and its translocation to the primary cilium. The accumulation of SMO triggers a cascade of events that
promote the transcriptional activation of GLI, resulting in cell proliferation (Figure 1) [39,41].

Figure 1. Hh pathway (inactive state and active state) and the crosstalk between Hh and EGFR
pathways. Shh—Sonic hedgehog; PTCH1—protein patched homolog 1; SMO—smoothened protein;
GLI—glioma-associated oncogenes; Pr—proteasome; EGFR—epidermal growth factor receptor;
Ras—rat sarcoma virus; Raf—rapidly accelerated fibrosarcoma; MEK—mitogen-activated protein
kinase kinase; ERK—extracellular signal-regulated kinase.

Recent studies have shown that there are two different categories of non-canonical Hh signaling,
type 1 acting via PTCH1, in a SMO independent manner and type 2 acting via SMO, independently of
GLI regulation. The role of non-canonical Hh signaling in skin cancers is not fully elucidated [38].

Non-canonical pathways involved in BCC tumorigenesis include K-Ras, transforming growth
factor-β (TGF-β), PI3K/Protein kinase B (AKT)/mammalian target of rapamycin (mTOR), protein kinase
C, and the serum-response factor-megakaryoblastic leukemia-1 pathway [34,37].

In the absence of Hh ligands, PTCH1 is located on the primary cilium and does not allow SMO
migration and insertion into the primary cilium. The GLI transcription factors are phosphorylated
by protein kinases and undergo proteolytic cleavage resulting in repressor molecules that will
suppress the activation of the Hh pathway [42,43]. In other words, Hh ligands are the initiators of
Hh pathway, PTCH1 operates as a negative regulatory receptor, and SMO as a positive regulatory
receptor. In the absence of Hh ligands, PTCH1 binds to SMO preventing the pathway activation [13,44].
GLI transcription factors are blocked into the cytoplasm by various proteins acting as mediators.
The most important proteins involved are protein kinase A (PKA) and SUFU. The proteolytic cleavage
of GLI transcription factors generates the repressor forms, GLI2R and GLI3R. The mechanism by
which PTCH1 suppresses SMO function in the absence of ligands is not fully known. There have been
postulated several theories. It seems that PTCH1 does not allow SMO activation by blocking SMO
agonists, such as primary cilium oxysterols. Another theory claims that PTCH1 increases the influx of
SMO antagonists into the primary cilium [45].

4. The Role of Inflammation and Immune Response in BCC Pathogenesis

A substantial body of evidence indicates that BCC is an immunogenic tumor. This is supported by
the increased incidence of BCC among immunosuppressed subjects and by the presence of numerous
immune cells that infiltrate the tumor and peritumoral area [46].
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4.1. Tumor Microenvironment in BCC

In BCC samples, it has been observed a high number of immature CD11c +myeloid dendritic
cells (DCs) which suggests that tumor microenvironment has an immunosuppressive effect, knowing
that immature DCs induce downregulation of T cells [47]. Regulatory T cells (Tregs) have the ability
to prevent the maturation of DCs [48] and it should be highlighted that an increased number of
FOXP3 + Treg have been identified in the tumor and peritumoral area, and not identified in normal
skin. However, the role of Tregs in BCC is not fully understood. [49]. The cell composition of the
inflammatory infiltrate may be influenced by various factors, UV exposure or treatment. It has been
shown that, after exposure to UV light, Langerhans cells stimulate the function of the Th2 subset of
CD4+ T cells [50]. After immunocryosurgery, a significant increase in the CD3+/Foxp3+ ratio was
observed, which denotes the induction of an antitumor response [51]. Tumor-associated macrophages
(TAMs) also exert an immunosuppressive effect in BCC, their presence being associated with increased
invasion capacity and high microvessel density [47].

The increased expression of Th2 cytokines is an additional factor in the generation of an
immunosuppressive tumor microenvironment. High levels of IL-4 and IL-10, type 2 cytokines,
have been identified in BCC [48]. High levels of IL-10 correlate with a decreased expression of MHC-I
and other molecules such as ICAM-1, CD40, CD80, and HLA-ABC. In BCC the low number of CD8
cells and decreased expression of MHC-I allow the tumor escape from immune surveillance. Treatment
with Hh inhibitors is associated with an increase in the number of CD8+ and CD4+ T cells [52].
A recent study suggests a potential role of IL-23/Th17-related cytokines in BCC. The role of IL-23
in carcinogenesis is not fully elucidated, increased levels of IL-23 being associated with both tumor
growth and apoptosis. In contrast, in regressing BCC, a Th1 immune response has been revealed [53].

4.2. The Link between Inflammation and Hh Signaling

Recent research highlights the link between Hh signaling and immune cells. Data obtained
from a study conducted on murine BCC cells, have revealed that Hh signaling induces the migration
of myeloid-derived suppressor cells (MDSC) and M2 polarization of macrophages, resulting in an
immunosuppressive tumor microenvironment. Moreover, keratinocytes presenting SMO oncogene
release TGF-β with an inhibitory action on effector T cells. Another immune-related mechanism in
which Hh signaling is involved is the decrease in MHC-I molecule expression on the cell membrane of
malignant cells, a phenomenon that hinders immune system recognition [54]. A recent study has shown
that the inhibition of the Hh pathway in BCC patients treated with vismodegib or sonidegib (SMO
inhibitors) resulted in an increased MHC-I expression in tumor cells associated with a high number of
CD4 and CD8 T cells infiltrating the tumors [55]. Given the immunosuppressive effect of Hh signaling,
it was found useful to associate Hh inhibitors with immune checkpoint inhibitors. Thus, patients with
BCC who received nivolumab or pembrolizumab obtained encouraging results [54]. Hh signaling
seems to reduce TCR signaling in mature T cells, and the inhibition of Hh signaling promotes T
cell activation and proliferation and hence induces an anti-tumoral effect [55]. The relationship
between inflammation and carcinogenesis has been intensively studied in the last decade [50,56].
Chronic inflammation is a key factor in cell malignant transformation [57]. Pro-inflammatory cytokines
are important players in the initiation and perpetuation of the inflammatory process [58]. Interleukin 6
(IL-6) is the pro-inflammatory cytokine prototype [59,60]. A recent study has shown that IL-6 stimulates
tumorigenesis by synergistically acting with Hh pathway. Hh—IL-6 signaling tandem is based on
the activation of the signal transducer and activator of transcription 3 (STAT3) via IL-6/Jak2 pathway.
IL-6 and Hh pathway interact at the level of cis-regulatory regions following the cooperation of GLI and
STAT3. Regarding the activation of IL-6 signaling, three mechanisms have been suggested, including
its activation by Hh pathway, its activation under the influence of the tumor microenvironment or via
sIL6R-mediated trans-signaling [61].
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5. Crosstalk between Hh Signaling Pathway and Other Signaling Pathways in BCC

BCC carcinogenesis is orchestrated by various signaling pathways that cooperate and form a
complex network [62] (Figure 2).

Figure 2. Crosstalk between Hh signaling pathway and PI3K/AKT/mTOR pathway, Wnt/β-catenin
pathway, Notch pathway. Shh—Sonic hedgehog; PTCH1—protein patched homolog 1;
SMO—smoothened protein; GLI—glioma-associated oncogenes; TKR—tyrosine kinase receptor;
PDK-1—phosphoinositide-dependent kinase-1; PI3K—phosphoinositide 3-kinase; AKT—protein
kinase B (PKB); mTOR—mammalian target of rapamycin; S6K1— S6 kinase 1; FZD—Frizzled
receptors; LRP—low-density lipoprotein receptor related protein; APC—adenomatous polyposis
coli; GSK3β—glycogen synthase kinase β; NICD—the intracellular fragment of Notch;
Maml1—mastermind-like protein 1.

5.1. Wnt/β-Catenin Pathway

Wnt proteins are a complex of 19 lipidated and glycosylated proteins, which govern the activity
of the canonical, β-catenin-dependent, and non-canonical, β-catenin-independent, Wnt pathways.
In the non-canonical pathway, β-catenin does not undergo activation [63]. The Wnt/β-catenin pathway
mediates numerous processes such as cell proliferation, migration and invasion and is involved in the
development of several cancers. β-catenin is a member of a multi-molecular complex consisting of axin,
adenomatous polyposis coli (APC) and glycogen synthase kinase β (GSK3β). In the absence of Wnt
signaling, β-catenin is phosphorylated by GSK3β, ubiquitinated and subsequently it is degraded into
the proteasome. When a Wnt ligand binds to the Frizzled receptors and the low-density lipoprotein
receptor related protein (LRP), GSK3β is inactivated, β-catenin escapes from the complex and is
translocated to the nucleus where Wnt target genes are upregulated [64,65]. Mutations in the Wnt
pathway can lead to its activation independently of ligands and subsequently the malignant process is
initiated. Under normal conditions, the Wnt pathway is inactive [65].

The Hh pathway downregulates the Wnt pathway through secreted frizzled-related protein 1
(SFRP1), and the Wnt pathway modulates the activity of the Hh pathway through GLI3. A disruption
in this antagonism may be involved in tumorigenesis [66]. In BCC, the activation of the Hh pathway
can induce aberrant activation of the Wnt pathway by the GLI transcription factors. The crosstalk
between the two pathways is mediated by several molecules. Wnt2b, Wnt4, and Wnt7b are activated by
GLI1 and subsequently the Wnt/β-catenin pathway is stimulated. In addition, β-catenin can increase
the expression of the coding region determinant-binding protein (CRD-BP) and thus promotes the
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stabilization of GLI mRNAs [65]. Noubissi et al. showed that in BCC the expression of CRD-BP is
increased and there is a positive correlation between CRD-BP level and the activation of Wnt and
Hh signaling pathways. A decreased CRD-BP expression is linked to a low proliferation rate of
BCC cells [67]. Alternatively, GLI1 simulates Wnt proteins and Snail to promote the translocation of
β-catenin from the cell’s membrane to its nucleus; in the cell membrane, β-catenin forms a complex
with E-cadherin and Snail acts as a suppressor of E-cadherin (Figure 2) [68]. In about 30% of BCC
samples, it has been found an accumulation of β-catenin in the nucleus, an accumulation that is
associated with a higher proliferation rate [69]. GSK3β is not only a member of the Wnt pathway, but it
has also been demonstrated that GSK3β participates in the Hh pathway as well, being involved in the
activation of Snail by GLI1 [68]. In the skin, the Wnt pathway may also interact with the Notch and
vitamin D pathways [63].

However, Carmo et al. have found a downregulation of Wnt3 and Wnt16 in 58 nodular BCC
samples when compared to healthy tissue. Wnt3 can activate both canonical and non-canonical
pathways and is involved in cell proliferation and malignant transformation. Wnt3 overexpression
has been commonly identified in aggressive tumors. Carmo et al. pointed out that BCC is not an
aggressive tumor, therefore there may be different gene expression profiles in such tumors [70].

Brinkhuizen et al. have shown that promoter hypermethylation of the components of the Hh and
Wnt pathways is involved in carcinogenesis in BCC, a finding that may underlie the development
of new therapies [12]. Interestingly, it appears that in some cases of BCC treated with Hh inhibitors,
the Wnt pathway could play a role in relapse by modulating the transcriptional profile of the residual
cells [69].

5.2. PI3K/AKT/mTOR Pathway

The PI3K family comprises enzymes with multiple subunits that act jointly to induce the
conversion of phosphatidylinositol diphosphate (PIP2) to phosphatidylinositol triphosphate (PIP3).
PIP3 via phosphoinositide-dependent kinase-1 (PDK-1), promotes the phosphorylation of AKT,
a serine/threonine kinase, and its conversion to the active form. AKT can act on many targets, one of
the main targets being mTOR. Other important targets are cyclic AMP–responsive element binding
protein (CREB), and procaspase 9, p21, p27 families [71]. The PI3K/AKT signaling pathway is involved
in mTOR phosphorylation. The downstream effector of PI3K is mTOR, which also acts as an upstream
regulator [72].

The PI3K/AKT/mTOR pathway plays an important role in the normal growth and development
of the human body. Mutations in the components of this pathway can lead to alterations that modify
mTOR signaling, therefore the aberrant mTOR signaling pathway has been identified in various
disorders [73,74]. mTOR mediates cell growth and alterations in mTOR pathway have been related to
the development of several other neoplasms [72]. Certain growth factors and oncogenic proteins act as
activators of the PI3K/AKT/mTOR pathway. The stimulation of PI3K/AKT/mTOR signaling promotes
the phosphorylation and activation of several protein kinases, which are involved in carcinogenesis [62].

mTOR is a serine/threonine kinase that pertains to the PI3K-related protein kinase family;
its C-terminus exhibits a great structural similarity to the catalytic domain of PI3K. mTOR includes
two protein complexes, mTOR complex 1 (mTORC1), and mTOR complex 2 (mTORC2), that have
different functions. mTORC1 is upregulated by the PI3K/AKT signaling and downregulated by the
TSC1/TSC2 complex. The downstream targets of mTORC1 are S6K1 and 4EBP1, which control mRNA
translation. mTORC2 is upregulated by growth factors, activates PKC-α and AKT and regulates the
function of the small GTPases (Rhoa, Rac1 and Cdc42), involved in cell survival and modulation of the
actin cytoskeleton [73,75].

Kim et al. highlighted that in BCC there is a crosstalk between Hh and PI3K/AKT/mTOR pathways.
SOX9, a protein whose expression is mediated by GLI, stimulates mTOR transcriptional activity.
Moreover, depletion of SOX9 is associated with a decreased mTOR expression and consequently a
decreased BCC cell proliferation [76]. PI3K induces PDK1 activation which in turn will activate S6K1.
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S6K1 can phosphorylate GLI1, thus GLI1-SUFU interaction is blocked, GLI1 is translocated to the
nucleus inducing GLI-dependent transcription (Figure 2) [42].

The inhibition of mTOR is associated with the activation of another important cellular process,
autophagy [43]. The latest studies point out that the role of autophagy in tumorigenesis should be
studied more deeply as autophagy is interconnected with Hh signaling. Autophagy is an important
process responsible for the elimination of damaged cells, being involved in tumor initiation and
progression. It seems that Hh signaling has both a stimulatory and inhibitory effect on autophagy,
but most studies have revealed its inhibitory role [34].

Everolimus, an immunosuppressive agent, acting on mTOR has shown encouraging results in
BCC therapy [77]. The use of inhibitors of PI3K/AKT/mTOR pathway in combination with SMO
inhibitors may enhance the effect of SMO inhibitors leading to a better response in BCC [78].

5.3. Hippo-YAP Pathway

The Hippo-YAP pathway mediates important cell processes such as cell differentiation,
proliferation and apoptosis and through its downstream effectors, YAP and TAZ, is responsible
for skin barrier function. In the damaged skin areas YAP and TAZ activate the stem cells involved
in tissue regeneration [79]. YAP and TAZ play an essential role in embryonic development. At the
same time, YAP and TAZ may contribute to carcinogenesis through the activation of target genes that
promote cell proliferation, epithelial-to-mesenchymal transition (EMT) and metastasis [80].

Recent research has revealed that in BCC, the overexpression of the Hippo-YAP pathway
participates in the process of tumorigenesis [79]. YAP and TAZ are two molecules that shuttle between
the nucleus and the cytoplasm. In the nucleus, YAP and TAZ stimulate the expression of proliferative
and antiapoptotic genes following the interaction with transcriptional factors of the TEA domain family
members (TEAD). It has been observed that aberrant activation of the nuclear form of YAP is associated
with basal cell proliferation and decreased markers of cell differentiation. However, the mechanism by
which YAP initiates carcinogenesis in BCC is still unknown. Mutations in some genes, that control
YAP and TAZ phosphorylation—LATS1 and LATS2 and their translocation from the nucleus to the
cytoplasm—PTN14, are involved in the aberrant activation of the Hippo signaling [81]. The role of the
Hippo pathway in BCC carcinogenesis is supported by the study conducted by Bonilla et al. which
analyzed 293 BCC samples and showed that YAP target genes are overexpressed [14]. The study
performed by Maglic et al. has found that Hippo signaling induces BCC carcinogenesis via the
c-JUN/AP1 axis [82].

In a mouse model, Akladios et al. have revealed that positive regulatory interactions between
YAP and Hh signaling are involved in BCC development. They showed that epidermal YAP activity
induces the accumulation of GLI2 into nucleus in YAP2-5SA-ΔC mice [83].

5.4. EGFR Pathway

The epidermal growth factor receptor (EGFR) belongs to the ErbB family of tyrosine kinase
receptors and stimulates the growth of cells previously activated by an EGFR ligand [84]. The specific
ligands of EGFR are the epidermal growth factor, amphiregulin, TGF or heparin growth factor [85].
The binding of soluble ligands to the ectodomain of the receptor leads to homo and heterodimerization
with other members of the receptor family. Receptor dimerization is a key step for the activation
of its intracellular tyrosine kinase domain. Phosphotyrosine residues activate signaling pathways
including Ras/MAPK, PLCγ1/PKC, PI3K/AKT, and STAT pathways [86]. EGFR overexpression is
found in various tumors and represents an important promoter for the activation of different signaling
pathways, leading to cell proliferation, invasion and metastasis [86]. EGFR is involved in some cases
of SCC; 7% of head and neck SCC (HNSCC) display EGFR mutations [87].

Recent studies attribute a role to the EGFR pathway in BCC. Avci et al. detected a high EGFR
expression in BCC samples, identifying a 4.17-fold increased expression in tumoral tissue compared to
healthy tissue. In addition, the EGFR expression was 6.66 times higher in recurrent BCC compared
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with non-recurrent BCC. Analyzing the histopathological type, they concluded that EGFR can be
considered a negative prognostic marker for infiltrative BCC with important consequences in terms of
resection margins. The results were not statistically significant in the case of nodular and superficial
BCC [88]. Similarly, another study found an increased EGFR expression in the analyzed BCC samples.
The highest expression of EGFR was identified in the adenoid and morpheiform types and the lowest
in the nodular type, suggesting that EGFR plays a role in the histological differentiation of BCC [85].

In vitro studies have shown that the interaction between Hh and EGFR pathways modulates
the Hh target genes. The cooperation between EGFR and Hh signaling promotes the activation of
RAS/MEK/ERK and JUN/AP-1 signaling (Figure 1). EGFR/Hh signaling is involved in the up-regulation
of several genes required for BCC development including SOX2, SOX9, JUN, CXCR4, and FGF19 [89].
Moreover, EGFR by activating ERK1/2 suppresses GLI2 proteolytic degradation in keratinocytes [43].

The study performed by Schnidar et al. emphasized the usefulness of a therapy based on the
combined inhibition of the Hh and EGFR pathways. It has been observed that BCC cells express certain
EGFR ligands, indicating the autocrine stimulation of this pathway [90]. Therapy with cetuximab,
a monoclonal antibody that inhibits EGFR, has revealed promising results in keratinocyte carcinomas
(BCC and SCC) [91].

5.5. Vitamin D Pathway

The action of vitamin D in cancer seems to be dual, with both pro- and anti-carcinogenic effects.
The activation of vitamin D receptor (VDR) in the skin induces an antiproliferative effect by stimulating
or inhibiting different pathways. [92,93]. In the skin, vitamin D inhibits the Hh signaling pathway
as a protective mechanism against the harmful effects of UVB radiation. It has been observed that,
in Vdr-null mice, the Hh pathway is overexpressed in the epidermis and hair follicle. Lack of VDR
in keratinocytes interferes with cell differentiation, tissue repair, and increases the risk of developing
a malignant process [94]. Teichert et al. have shown that vitamin D may directly inhibit the Hh
pathway in a VDR-dependent manner. However, vitamin D might inhibit Hh pathway independently
of VDR [95].

Recent studies have shown that vitamin D suppresses the Hh pathway by inhibiting SMO function.
The mechanism is not fully understood but it has been shown that vitamin D acts upstream of PTCH
and downstream of GLI. Another argument that vitamin D represses the Hh pathway by inhibiting
SMO function is that there is no inhibition of the Hh pathway in the case of SMO-null cells [96].
Thus, Uhman et al. have shown that the application of calcitriol, the active form of vitamin D3, on
the skin represses the development of BCC in Ptch mutant mice [97]. Calcitriol activates the VDR
signaling pathway resulting in an antiproliferative effect and mediates cell differentiation by increasing
the expression of markers such as involucrin, loricrin, and filaggrin. Moreover, calcitriol can mediate
skin apoptosis [98]. Calcitriol is secreted by fibroblasts and released under the action of PTCH. It was
pointed out that in PTCH-null cells, the synthesis of calcitriol occurs but the compound cannot be
released [96].

However, the study by Brinkhuizen et al. did not reveal the efficacy of calcitriol in the treatment
of superficial BCC. They have also tried a combination between diclofenac and calcitriol to reveal a
synergistic effect, but there were no results. However, the use of diclofenac 3% gel in hyaluronic acid
in BCC promotes apoptosis and inhibits cell proliferation [99].

5.6. P53 Pathway

There are several studies providing data on the role of p53 in BCC pathogenesis. It has been
shown that p53 is overexpressed in BCC samples and suggested that p53 mutations following chronic
UV exposure might be an important factor in BCC development [100]. P53 is a well-known tumor
suppressor gene and has important implications for cancer prevention; therefore, mutations in the p53
gene have been identified in various neoplasms. P53 protein may undergo inactivation by interacting
with various proteins such as MDM-2, MDMx, and FAK [101]. It acts as a transcription factor by
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binding to certain sequences in the DNA structure leading to the activation or suppression of target
genes. Thus, p53 controls pathways involved in cell division and DNA repair [102].

The role of p53 mutations in BCC pathogenesis is not clear. In this regard, Oh et al. conducted
the first study that showed an increased expression of p53, ΔNp63, TAp73, and γ-H2AX associated
with the downregulation of MDM-2 [103]. The p63 gene has two isoforms, TAp63 acts as a suppressor,
whereas ΔNp63 acts as an oncogene. Similarly, the p73 gene has two isoforms, TAp63, with tumor
suppressor effect and ΔNp73 with an oncogenic role. Exposure to UVB leads to the production of
γ-H2AX, which can be regarded as a marker of UVB-related DNA damage. MDM-2 is a negative
modulator of p53 [103,104]. The study by Wang et al. tried to answer the question regarding the
mechanism by which p53 is activated in BCC. The study has shown that aberrant Hh signaling activates
p53 via Arf. In addition, the study has revealed that loss of p53 results in tumor development and
progression. In contrast, loss of Arf is not associated with the initiation of the malignant process but is
involved in tumor progression. On the other hand, an increased Arf expression in tumor keratinocytes
contributes to the suppression of BCC development. The stress induced by oncogenes results in
Arf activation which induces an increased p53 expression [105]. Arf/p53 pathway is involved in the
elimination of altered cells [106].

The study by Li et al. has revealed that one of the mechanisms by which Hh pathway is involved
in BCC tumorigenesis is the evasion of p53 activity. Moreover, Hh signaling contributes to p53
degradation in mouse embryonic fibroblasts [107].

Alterations of p53 function have implications for the treatment of BCC. A recent study on a BCC
cell line has found that imiquimod promotes reactive oxygen species production, which will stimulate
ATM and ATR signaling pathways contributing to cell apoptosis mediated by p53. In addition, cell lines
that displayed mutations of p53 were more resistant to imiquimod-induced apoptosis [108].

5.7. Notch Pathway

The Notch signaling pathway could be involved in BCC tumorigenesis. Notch receptors are
a group of four transmembrane proteins (Notch1-4) that are able to interact with different ligands.
The most popular ligands are jagged 1 and 2 and delta 1, 3, and 4 [109]. The binding of the specific
ligands promotes the activation of Notch signaling. This interaction produces the intramembrane
cleavage of Notch receptor resulting in the release of the intracellular fragment of Notch (NICD),
which translocates to the nucleus and activates the expression of Notch target genes [110].

Recent studies have shown that the interaction between Hh and Notch signaling pathways is
involved in carcinogenesis and resistance to chemotherapy [111]. It has been found that Notch1 acts as
an inhibitor of a malignant process. A study on animal models with Notch1-deficient skin has revealed
a spontaneous development of BCC after a certain period. Moreover, in these cases, an increased
activation of the Hh pathway was observed [109].

Shi et al. pointed out that there is a low expression of the Notch signaling pathway in BCC.
After stimulating Notch signaling with Notch signaling peptide jagged 1, BCC cells undergo apoptosis.
Interestingly, an increased activity of the Notch pathway was observed in the hair follicle, the origin of
BCC. Thus, it was hypothesized that studying the Notch pathway in BCC may allow the introduction
of new therapies [112]. Eberl et al. analyzed Notch expression in BCC cells and observed that the
inner cells that display increased Notch activation after vismodegib treatment die, while those in the
periphery that do not express Notch survive and lead to tumor recurrence. Thus, it seems that Notch
modulation plays an important role in the pathogenesis and treatment of BCC [111].

Moreover, there is an important crosstalk between Notch and Wnt pathway. Wnt stimulates the
expression of the Notch ligand Jagged, in turn Notch exerts an inhibitory effect on Wnt expression.
In addition, mastermind-like protein 1 (Maml1), a coactivator of the Notch signaling, may act as a
regulator of β-catenin transcription (Figure 2) [113].
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6. Conclusions

The pathogenesis of BCC is very complex. PTCH1 mutations play a crucial role in activating the
Hh pathway; however, additional mutations that promote BCC carcinogenesis have been identified.
Recent studies have shown that there is a significant cross-talk between Hh signaling pathway and
other signaling pathways, including Wnt, Notch, EGFR, p53, PI3K/mTOR, and vitamin D. A further
argument for the involvement of other pathways in the development of BCC could be the tumor
resistance to Hh inhibitors. The knowledge and characterization of the BCC signaling pathways and
the interactions between them could underlie the development of new therapies in BCC.
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Abstract: Background: Basal cell carcinoma (BCC) is the most common skin cancer in the white
population. Nonsurgical treatments are first-line alternatives in superficial BCC (sBCC); therefore,
differentiating between sBCC and non-sBCC is of major relevance for the clinician. Scraping cytology
possesses several advantages, such as an earlier diagnosis and scarring absence, in comparison to
a biopsy. Nevertheless, previous studies reported difficulties in differentiating the different BCC
subtypes. The objective of this study was to determine the capability and accuracy of scraping
cytology to differentiate between sBCC and non-sBCC. Methods: In this retrospective study, cytological
samples of histologically confirmed BCC were examined. Select cytological features were correlated
to BCC subtypes (sBCC or non-sBCC). Results: A total of 84 BCC samples were included (29 sBCC;
55 non-sBCC). An inverse correlation between the diagnosis of sBCC and the presence of mucin,
dehiscence, and grade of atypia in the basal cells was observed. The presence of medium and large
basal cell clusters correlated directly to a sBCC diagnosis. The presence of clear cells is strongly
associated with sBCC. Therefore, Conclusion: Scraping cytology is reliable in differentiating sBCC
from other BCC subtypes.

Keywords: skin cancer; diagnosis; cytology; basal cell carcinoma

1. Introduction

Basal cell carcinoma (BCC) is the most common skin cancer in the white population [1].
This slow-growing, malignant epithelial skin tumor predominantly affects older people; however,
epidemiological data point out an increasing incidence, particularly in the younger population [2].

Although there is no global consensus on the classification of BCC subtypes, one of the most
accepted divides them in a nodulocystic, adenoid, micronodular, infiltrative, morpheaform (sclerosing),
keratotic, metatypical (basosquamous), pigmented, superficial, and ulcerative BCC. Other unusual
variants are pleomorphic (giant cell), clear cell, signet ring cell, granular, infundibulocystic, metaplastic,
shadow cell, and keloidal BCC [3].

Current guidelines for BCC management recommend a different approach depending on the
BCC subtype. Thus, nonsurgical treatments are considered first-line treatments for superficial BCC
(sBCC), whereas surgical alternatives are usually the first choice for other subtypes [4]. Therefore, BCC
subtyping—or, at least, differentiating sBCC from non-superficial BCC (nsBCC)—is crucial for the
clinician in order to choose surgical or nonsurgical treatments.
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Currently, several non-invasive techniques, such as dermoscopy, high frequency ultrasound, and
reflectance confocal microscopy, are used to identify the BCC subtype and support the treatment
decision. However, histopathology remains the gold standard for BCC subtyping [5–8]. A skin biopsy
is usually the technique performed for this purpose. The biopsy requires sample processing and it
usually leaves a scar that, if the BCC is susceptible of nonsurgical treatment, would preferably be
avoided, especially in cosmetically sensitive areas, such as the face.

Cytology is a non-commonly used technique in dermatology, unlike other specialties, such as
gynecology. It has several advantages, such as earlier diagnosis, the absence of scars [9,10] and stitches,
the sparing of local anesthesia and suture material, and it also saves the patient a trip back to an
outpatients’ minor procedures clinic to have the stitches removed [11].

Nevertheless, one of the most important drawbacks of exfoliative cytology so far is that previous
studies reported that it is unable to differentiate the tumor subtypes [12], and others have only suggested
its potential to determine the BCC subtype without proving it [13]. Scrape smears of BCC typically
show many cohesive epithelial fragments composed of tightly-packed small cells with uniform, oval,
dark nuclei. The nuclear chromatin is dense, but granular and evenly distributed; the nucleoli are
small and indistinct. The cytoplasm is scanty and cyanophilic. The marginal palisading arrangement
of tumor cells, stromal fragments, and mucin may be seen [9,14,15]. However, BCC subtyping—or,
at least, differentiating sBCC from non-sBCC—would be of major relevance to the clinician in order to
choose surgical or non-surgical management for BCC.

The objective of this study is to determine the capability and accuracy of cytology in differentiating
sBCC from non-sBCC.

2. Material and Methods

A retrospective study was designed. Lesions with histological diagnosis of BCC and in which
cytology had been previously done were included in the study. The lesions were collected between May
2016 and September 2016 from an outpatient clinic of the Pius Hospital of Valls and Eldine Laboratory
(Tarragona, Spain). A previous informed consent was obtained from all patients.

Dermoscopy was performed prior the procedure to exclude coexisting lesions. The samples for
cytology were obtained by a firm scraping of the lesion after first removing any surface crust. Usually,
a scalpel blade was used. The tissue obtained was spread onto a glass slide and immediately fixed with
fixation spray and stained using Papanicolaou’s technique. Coverslips were placed on the slides with
a Dibutylphthalate Polystyrene Xylene (DPX) mounting medium, a synthetic non-aqueous mounting
medium for microscopy, and they were permanently filed. Cytological examination was done with a
Leica DM750 microscope (Leica Microsystems, Wetzlar, Germany), and the image was taken with a
Leica ICC50 camera (Leica, Wetzlar, Germany).

The cytological features were grouped into three broad categories: basal cells, squamous cells,
and other findings. The system of evaluation is detailed in Table 1.

In this retrospective study, all the cytology smears were assessed blindly by a pathologist
with 27 years of experience in cytology, with no cross-reference to the clinical notes or the routine
histopathological report.

The biopsies were taken either by a shave biopsy or an excision following local anesthesia.
They were fixed in 4% formaldehyde, routinely processed, and embedded in paraffin. Sections were
stained with hematoxylin and eosin. Histopathological classification was based on the previously
described standard criteria for each subtype, and included superficial, nodulocystic, and infiltrative
BCC. Histopathologically, in the nsBCC group, nodulocystic and infiltrative BCCs were included.

Demographic data, such as age, sex, and anatomic location of the lesions were also collected.
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Table 1. Cytological features of skin tissue scoring system definition.

Item Definition Score/Code

Basal cells

Cellularity
Total presence of basal cell clusters (plaques and/or

groups) in the two extensions performed in each case
(homogeneous behavior)

None 0
Poor: <20 1

Moderate: 20–100 2
High: >100 3

Groups Three-dimensional cell clusters
Absence 0
Presence 1

Sheets Two-dimensional cell clusters
Absence 0
Presence 1

Size
Size of cell clusters observed counted over 50 clusters in
random fields. The percentages of the three groups add

up 100%

Large clusters: >100 cells 0–100
Medium clusters: 20–100 cells 0–100

Small clusters: <20 cells 0–100

Dehiscence
Quality of the peripheral cells of the cluster to be

released from the primary cluster and remained isolated
Absence 0
Presence 1

Atypia Abnormality in cells
Mild 1

Moderate 2
Severe 3

Squamous cells Cellularity Presence of squamous cellularity in the sample counted
on 10HPF *

None 0
Poor: <3 1

Moderate: 4–6 2
High: >6 3

Isolated cells Quantity of dispersed single cells in the sample counted
on 10HPF

0 0
<3 1
4–6 2
>6 3

Clustered cells Quantity of clustered cells in the sample counted on
10HPF

None 0
<3 1
4–6 2
>6 3

Other findings

Palisade Peripheral cells of the cluster disposed as palisade cells Absence 0
Presence 1

Mucin
Absence 0
Presence 1

Stroma
Presence of stromal fragments (Fibrous, fibromyxoid,
fibrovascular) loose or attached to other cell groups.

Valued over the entire sample

None 0
<5 groups 1

6–10 groups 2
>10 groups 3

Clear cells Presence of clear sebaceous cells
Absence 0
Presence 1

* High power field.

Statistical analysis was performed using a XLSTAT statistical package (version 2.01.16684, 2015),
considering each BCC as an independent event. The results were expressed as mean and standard
deviation and frequencies. The outcome dichotomous variable was set to the definite histopathological
diagnosis of a superficial type of BCC or a non-superficial type of BCC (including nodular and
infiltrative types). All separated cytological variables were included in the analysis. On the one hand,
the analysis of variance (ANOVA) and Chi-Square test were used to compare univariate associations of
cytological features with a diagnosis of sBCC or non-sBCC. On the other hand, multivariate associations
were assessed by using discriminant analysis (multiple logistic regression model), with the purpose of
identifying independently significant cytological criteria to define each BCC subtype. All p-values
cited are two-sided and p-values less than 0.05 were considered statistically significant. The accuracy
of cytology sensitivity, specificity, positive predictive value, and negative predictive value of cytology
for the sBCC diagnosis were calculated by comparing the cytological results with the histopathological
findings. The results were arranged in a 2 × 2 contingency table.

3. Results

A total of 84 BCCs were included in the study from 45 patients (38 men, 84.4%, and 7 women,
15.6%). The age ranged from 52 to 96 (mean 76.5). The most common location was in the head and
neck (n = 52), followed by the anterior and posterior thorax (n = 28), and extremities (n = 4). The major
size of the tumors ranged from 3.77 mm to 13.00 mm (mean 8.35 mm, 95% CI = 7.7–9.0 mm).
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The cytological findings relevant to the sBCC and nsBCC groups are summarized in Table 2.

Table 2. Cytological findings and distribution scores in superficial and non-superficial basal cell
carcinoma (BCC).

Cytological Feature Category
Superficial BCC (n = 29) Non-Superficial BCC (n = 55) p Value

Mean (95% CI) Frequency Mean (95% CI) Frequency

Basal cells

Cellularity

None

2.38 (2.09–2.67)

0%

2.64 (2.34–2.94)

0%

0.08
Poor 3.4% 10.9%

Moderate 55.2% 14.5%
High 41.4% 74.6%

Groups Absence 1.00 (0.70–1.30) 0% 1.34 (1.04–1.64) 1.8%
0.02Presence 100% 98.2%

Sheets
Absence 0.62 (0.40–0.84) 37.9% 0.60 (0.38–0.82) 40%

0.86Presence 62.1% 60%

Size
Large clusters 33.8 (23.7–43.9) 46.8 (36.7–56.9) 0.01

Medium clusters 34.3 (28.4–40.2) 22.7 (16.8–28.6) 0.01
Small clusters 31.9 (22.3–41.5) 30.45 (20.8–40.1) 0.77

Dehiscence
Absence 0.10 (−0.09–0.29) 89.7% 0.34 (0.15–0.53) 65.5%

0.02Presence 11.3% 34.5%

Atypia
Mild

1.14 (0.87–1.41)
86.2%

1.73 (1.46–2.00)
36.4%

<0.0001Moderate 13.8% 52.7%
Severe 0% 10.9%

Squamous cells

Cellularity

None

1.66 (1.17–2.15)

17.2%

1.38 (0.89–1.87)

25.5%

0.17
Poor 20.7% 32.7%

Moderate 41.4% 20%
High 20.7% 21.8%

Isolated cells

0

2.48 (1.88–3.08)

17.2%

2.02 (1.42–2.62)

29.1%

0.13
<3 0% 5.5%
4–6 0% 0%
>6 82.8% 64.4%

Clustered cells

None

1.52 (0.95–2.09)

34.5%

0.96 (0.39–1.53)

50.9%

0.04
<3 13.8% 25.5%
4–6 17.2% 0%
>6 34.5% 23.6%

Other findings

Palisade
Absence 0.69 (0.46–0.92) 31% 0.56 (0.33–0.79) 43.6%

0.27Presence 69% 56.4%

Mucin
Absence 0.07 (−0.11–0.25) 93.1% 0.25 (0.07–0.43) 74.5%

0.04Presence 6.9% 25.5%

Stroma

None

1.62 (1.12–2.12)

27.6%

1.42 (0.92–1.92)

18.2%

0.37
<5 groups 20.7% 38.2%

6–10 groups 13.8% 27.3%
>10 groups 37.9% 16.3%

Clear cells
Absence 0.45 (0.30–0.60) 55.2% 0.02 (−0.13–0.17) 98.2%

<0.0001Presence 44.8% 1.8%

The results of the subtype BCC cytodiagnosis (Table 3) allowed us to calculate the accuracy of this
technique. The sensitivity and specificity for BCC differentiation was 96.55% and 100%, whereas the
positive and negative predictive values were 100% and 98.21%, respectively.

Table 3. Evaluation of cytology in subtype BCC diagnosis.

Histopathology

Cytology Superficial BCC Non-Superficial BCC

Superficial BCC 29 0
Non-superficial BCC 1 55
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A multiple-group discriminant analysis, which included 18 parameters, correctly classified 75%
of original grouped cases into superficial or non-superficial BCCs.

3.1. Superficial BCC Features

Upon cytological evaluation, the most frequent criteria of sBCC were moderate cellularity of the
basal cells (16/29, 55.17%) forming groups with an equal distribution as large, medium, and small
clusters (33.8%, 34.3%, and 31.9%, respectively, proportions), the presence of basal cell sheets (18/29,
62.07%), mild grade of basal cell atypia (25/29, 86.21%), and the absence of dehiscence (26/29, 88.67%).

In regards to the squamous cells visualized in the cytological analysis, the predominant pattern
was a moderate grade of squamous cellularity (12/29, 41.38%), with a high proportion of isolated cells
(24/29, 82.76%). Other common findings were the presence of palisade cells (20/29, 68.97%) and clear
sebaceous cells (13/29, 44.83%), the absence of mucin (27/29, 93.10%), and finally, more than 10 groups
of stromal fragments (11/29, 37.93%) (Figure 1A).

 

Figure 1. Basal cell cacinomas (BCCs). (A) Superficial basal cell carcinoma (sBCC): presence of two
fragments composed of tightly packed small cells with mild atypia, peripheral palisade (red arrows),
absence of dehiscence, and one cluster of clear sebaceous cells (red star) (Papanicolaou stain, ×100).
(B) Non-superficial basal cell carcinoma (nsBCC): cellular smear with large clusters of basal cells with
dehiscence and severe grade of atypia (Papanicolaou stain, ×200).

As far as anatomical sites go, the most common location of sBCC was the trunk (22/29, 75.86%)
lesions, and head and neck for the rest of the superficial tumors (7/29, 24.14%).

According to the results and the statistics applied, the analyses have shown a strong inverse
correlation between the diagnosis of sBCC and the presence of mucin, dehiscence, and atypia in basal
cells (the more severe the atypia, the less likely of it being a sBCC). Moreover, a significantly direct
correlation between the presence of medium and large basal cell clusters has also been discovered on
this BCC subtype.

3.2. Non-Superficial BCC Features

Upon cytological examination, the nsBCCs revealed high cellularity (41/55, 74.55%) and groups
and sheets of basal cells (54/55, 98.18% and 33/55, 60.00%, respectively). According to the frequency
of visualization, the order of the basal cell cluster size was large clusters (46.81%), followed by small
(30.45%), and finally, medium (22.69%). In comparison to the superficial subtype, 34.55% (19/55) of
nsBCCs showed the presence of dehiscence. Moreover, 10.91% (6/55) of the samples had basal cells with
a severe grade of atypia, although a moderate grade was the most common (29/55, 52.73%) (Figure 1B).

Among the cytological features analyzed in the squamous cells, poor cellularity was the most
common pattern found (18/55, 32.73%), followed by a total absence of such cells in 25.5% of nsBCCs.
Finally, in 65.45% (36/55) of the samples in this group, a high number of isolated cells was reported.
In contrast, the cytology did not show any clustered cells in 50.91% (28/55) of cases. Out of the last
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four items evaluated in the cytology, the palisade image was present in 56.36% (31/55) of the tumors.
The results frequently showed the absence of mucin and clear cells (41/55, 74.55%, and 54/55, 98.18%,
respectively). Finally, the most viewed stroma form was as <5 groups of stromal fragments (21/55,
38.18%) (Figure 2).

 

Figure 2. BCCs. (A) Cytology revealed large clusters of basal cells, mucin, and peripheral cells arranged
in palisades (red arrows) (Papanicolaou stain, ×100). (B) Cytological image with a fragment composed
of small basal cells with uniform oval, dark nuclei (Papanicolaou stain, ×200). (C) Group of basal cells
accompanied by a stromal fragment (red circle) and keratinized squamous cells (Papanicolaou stain,
×100). (D) On histology, BCC showed a lobular pattern with islands and basaloid cells (hematoxylin
and eosin, ×40).

Most commonly, the nsBCCs developed on the head and neck (45/55, 81.82%); whereas their
presence on the trunk and extremities was only 10.91% (6/55) and 7.27% (4/55), respectively. Regarding
the subtypes, most nsBCCs were nodular (35/55, 63.63%), followed by infiltrative (14/55, 25.45%), and
other subtypes (6/55, 10.90%).

4. Discussion

This study is unique in evaluating the reliability of the cutaneous tissue smear cytodiagnosis of
sBCC, independent of the histopathological evaluation. We assessed the accuracy of the cytological
criteria for differentiating sBCC from other subtypes.

The clinical and epidemiological characteristics of sBCC in our study were comparable with
existing evidence. As previously reported, sBCC was most commonly located on the trunk, whereas
nsBCCs developed more frequently on the head and neck area [16].

Our results demonstrate that both classic and additional criteria may be present in superficial and
non-superficial tumors, and accordingly, the presence of a single criterion cannot accurately predict
the histopathological subtype. The clear cells represent an exception, being strongly associated with
sBCC (Figure 3). In the only case where clear cells were found and nsBCC was established as the
histopathological diagnosis, a biopsy also showed several focuses of sBCC. Furthermore, the frequent
appearance of fragments containing a cluster of clear cells attached to a cluster of basal cells and
stromal fragment could be explained by the superficiality of sBCC tumor proliferation and the intimate
anatomical disposition of these three elements.
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Figure 3. Clear sebaceous cells in sBCC (Papanicolaou stain). (A) Papanicolaou stain, ×100;
(B) Papanicolaou stain, ×100; (C) Papanicolaou stain, ×100; (D) Papanicolaou stain, ×200;
(E) Papanicolaou stain, ×100; (F) Papanicolaou stain, ×40.

According to our results, the cytological pattern of sBCC is formed by the low cellularity of basal
cells in contrast to a higher amount of squamous cells. Regarding the basal cells, they are characterized
by mild atypia with an absence of dehiscence. In addition, the presence of a high quantity of stroma,
clear cells, and peripheral palisade was shown to predict a sBCC subtype. In contrast, the detection of
mucin could be suggestive of excluding the diagnosis of sBCC. All these findings may be explained by
several reasons. On the one hand, low basal cellularity, mild-grade atypia, the absence of dehiscence,
and peripheral palisade are related to the well-differentiation of the BCC. On the other hand, the
high content of squamous cells and a high amount of stroma are associated with the superficiality of
tumor proliferation.

We have shown that cytology could be a reliable diagnostic method for differentiating BCC
between sBCC and nsBCC, with 98.81% of the lesions being correctly assessed. The only false negative
reported was an ulcerative BCC instead of a sBCC with focal ulceration. It is common to establish an
ulcerative BCC misdiagnosis, since this variant is usually accompanied by a lot of granulation tissue
and inflammation. Although there are other techniques, such as reflectance confocal microscopy and
optical coherence tomography, that may be used for the same purpose, their higher costs may limit the
access to numerous dermatologists.

Limitations of the present study include the retrospective design that is subject to recall and
observer biases. In addition, no investigator has previously noted the cytological variability of different
subtypes of BCCs. During the analysis of the first samples, there were no cytological variables known
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as significant to differentiate each BCC subtype, and actually, it was not certainly known if any
cytological criteria would be found. Moreover, since the pathologist assessed the cytology smears
blindly with no knowledge of the clinical notes or the final histopathological diagnosis, an association
of cytological patterns with BCC subtypes could not be made in advance. Moreover, the shaving
biopsy may have missed some of the deepest BCC subtypes in the patients it was performed on [17,18].
Although dermoscopy was performed to exclude coexisting lesions, the location of most BCCs over
photodamaged skin of the head and neck may hamper the recording of the squamous cell due to the
background epidermal atypia [19].

Related to the technical procedures, there were some difficulties in subtyping BCC with
cytodiagnosis. Mucin visualization was difficult in some cytological smears due to two reasons:
one of them is explained by the presence of a blood background in the evaluation of the samples,
because of the cytological technique itself (scraping); the second reason lies in the staining technique.
While using Diff-Quick, the mucin is observed with an intense fuchsia tonality; in Papanicolaou’s
staining, its intensity decreases significantly and the color is blue.

5. Conclusions

Cytological examination is easy to perform, does not require local anesthesia, saves time, is less
expensive than a regular biopsy, and provides rapid diagnosis. Smear-taking for cytology is very
well-tolerated, as it causes negligible trauma or discomfort to the patient.

Therefore, it can be performed (and, when necessary, repeated) even in apprehensive patients,
and in sites where a biopsy has been proven to be difficult to obtain, or where aesthetic problems may
arise, such as the face.

Our study revealed significant differences in the cytological characteristics among superficial
and other BCC subtypes, suggesting that a combination of this technique with other non-aggressive
diagnostic modalities, such as a clinical examination, dermatoscopy, or ultrasound, may significantly
enhance the preoperative subtype classification of the tumor. This is particularly relevant in clinical
practice, where treatment modality is determined by the tumor subtype.

Additional studies are needed to investigate whether cytology could increase the accuracy of the
preoperative subtype classification of BCC.
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Abstract: Basal cell carcinoma (BCC) is the most common cancer worldwide and its incidence is
constantly rising. Early diagnosis and treatment can significantly reduce patient morbidity and
healthcare costs. The value of reflectance confocal microscopy (RCM) in non-melanoma skin cancer
diagnosis is still under debate. This systematic review and meta-analysis were conducted to assess
the diagnostic accuracy of RCM in primary BCC. PubMed, Google Scholar, Scopus, and Web of
Science databases were searched up to July 05, 2019, to collect articles concerning primary BCC
diagnosis through RCM. The studies’ methodological quality was assessed by the QUADAS-2
tool. The meta-analysis was conducted using Stata 13.0, RevMan 5.0, and MetaDisc 1.4 software.
We included 15 studies totaling a number of 4163 lesions. The pooled sensitivity and specificity were
0.92 (95% CI, 0.87–0.95; I2 = 85.27%) and 0.93 (95% CI, 0.85–0.97; I2 = 94.61%), the pooled positive and
negative likelihood ratios were 13.51 (95% CI, 5.8–31.37; I2 = 91.01%) and 0.08 (95% CI, 0.05–0.14;
I2 = 84.83%), and the pooled diagnostic odds ratio was 160.31 (95% CI, 64.73–397.02; I2 = 71%). Despite
the heterogeneity and risk of bias, this study demonstrates that RCM, through its high sensitivity and
specificity, may have a significant clinical impact on the diagnosis of primary BCC.

Keywords: basal cell carcinoma; diagnostic test accuracy; in vivo; reflectance confocal microscopy;
systematic review; meta-analysis

1. Introduction

A significant increase in the worldwide incidence and prevalence of skin cancer, and especially
basal cell carcinoma (BCC), has been reported in recent years [1–4]. Although locally invasive,
this keratinocyte carcinoma has an excellent prognosis when diagnosed and treated early.

The routine diagnosis of BCC is based on clinical evaluation and histopathological examination,
however with several caveats to this practice. Clinical diagnosis relies on the experience of the
dermatologist and is subject to observer bias, and histopathological examination requires an invasive
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procedure prone to unavoidable sampling errors [5], sometimes requiring several interventions until a
final diagnosis is reached.

Multiple techniques that enable non-invasive, real-time diagnosis of skin tumors have been
developed, including dermoscopy, high-frequency ultrasonography [6], optical coherence tomography,
multi-modal imaging [7], and reflectance confocal microscopy (RCM) [8–10]. RCM enables in vivo,
non-invasive imaging of the skin layers and cellular structures in a horizontal plane at quasi-histologic
resolution [11]. This imaging technique has been widely used in the diagnosis [12–20] and therapeutic
monitoring [21–25] of skin cancer and inflammatory [26–30] and infectious skin diseases [31–33].
Numerous studies have investigated the diagnostic accuracy of in vivo RCM for BCC.

To formulate comprehensive and up-to-date evidence-based suggestions for the rational use of
RCM, we performed a systematic review and meta-analysis to evaluate its accuracy in the diagnosis of
primary BCC using histopathology as the reference standard.

2. Materials and Methods

A systematic review and meta-analysis was conducted and the results were reported according to
the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) statement [34].
Adjustments were made as to adhere to the recommendations for reviewing diagnostic test accuracy
reports [35]. Because this study did not directly involve patients, an ethics committee approval was
not required.

2.1. Study Objective and Definition of Reference Standard

The main objective of this systematic review and meta-analysis is to evaluate the accuracy of in vivo
RCM for the diagnosis of primary BCC. A BCC diagnosis following histopathological examination of
an incisional or excisional biopsy specimen was considered the reference standard.

2.2. Literature Search Strategy

One reviewer (ML) searched the following databases from inception till 05.07.2019: PubMed
(keywords ”(basal cell carcinoma) AND confocal microscopy”), Google Scholar (keywords “basal cell
carcinoma” AND “confocal microscopy” -”ex vivo” -”ex-vivo”, patents excluded), Web of Science
(keywords ”TS = (confocal microscopy AND basal cell carcinoma)Timespan: All years. Indexes:
SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, BKCI-S, BKCI-SSH, ESCI, CCR-EXPANDED,
IC.”) and Elsevier SCOPUS (keywords ”TITLE-ABS-KEY (“confocal microscopy” AND “basal cell
carcinoma” )”). All references were imported and deduplicated using the reference manager EndNote
(version X7, 1988–2013 Thomson-Reuters). Only articles written in English were taken into account
for inclusion.

2.3. Eligibility Criteria

Two reviewers (ML and VMV) screened all retrieved articles by title and abstract to establish their
relevance. Full-text recovery and analysis were done only for potentially eligible articles. Disagreements
were settled through discussion with a third reviewer (MIP).

The established eligibility criteria were: (1) the RCM device used in the study was the VivaScope
1000 or 1500 (Lucid Technologies, Henrietta, NY, USA; Caliber I.D., Rochester, NY, USA); (2) the
investigated lesions were primary BCCs, any histopathological subtype; (3) the reference standard
was a diagnosis of BCC following the histopathological examination of incisional or excisional biopsy
specimen; (4) sufficient data for the reconstruction of a 2×2 table or specified values for sensitivity (Sn)
and specificity (Sp) were available.

We excluded from the analysis: (1) reviews, editorials, opinions, ex-vivo studies; (2) clinical cases
or case series including less than 10 BCCs, in order to avoid a small studies effect; (3) studies were
full-text and recovery was not possible, even after searching the available medical databases and/or
contacting the corresponding authors. Studies thought to include overlapping populations were also
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excluded, keeping only the one with the largest number of participants. Additionally, the reference list
of each study was checked to identify further relevant articles that may have been overlooked during
initial screening.

2.4. Data Extraction and Quality Evaluation of the Studies

One reviewer (ML) extracted the data from the included studies into a predefined form, validated
by another reviewer (CC). The following parameters were extracted: the name of the first author, year
of publication, country, number of participating centers, study type (prospective/retrospective), lesion
type, number of investigators and their experience level (low/high), RCM device, total number of
patients and lesions, patient gender and age (mean/median, years), confocal criteria employed for the
diagnosis of BCC, number of true and false positives and negatives.

All included articles were evaluated using the QUADAS-2 (Quality Assessment of Diagnostic
Accuracy Studies) tool, which has a maximum score of 14 points [36]. QUADAS-2 offers a perspective
over the methodological quality of a study through the assessment of four key domains: patient
selection, index test (in vivo RCM), reference standard (histopathological examination), and patient
flow and timing in the study. Each of these domains is evaluated for risk of bias, while the first three
domains are also evaluated regarding applicability concerns.

2.5. Statistical Analysis and Meta-Analysis

Two-by-two tables were constructed for each RCM-based diagnosis of BCC against histopathology
from incisional or excisional biopsy specimens and sensitivity, specificity and their 95% confidence
intervals were visually represented using forest plots.

We used a bivariate model (hierarchical logistic regression) for the meta-analysis of sensitivity and
specificity and to create the HSROC (summary receiver operating characteristic) curve. The HSROC
curve illustrates sensitivity versus specificity and supplies information regarding the overall
test performance across different thresholds. This model accounted for both the within- and
between-study variability.

Every meta-analysis of diagnostic accuracy tests suffers from heterogeneity, attributed mainly
to index test efficiency variation due to different diagnostic thresholds. Therefore, we considered
the investigation of heterogeneity sources outweighs the mere demonstration of its existence [37].
Heterogeneity sources were evaluated through subgroup analyses and meta-regression using the
following variables: study type (prospective/retrospective), reference standard (incisional/excisional
biopsy), RCM device (VivaScope 1000/1500) and investigator experience level (low/high). Deeks
asymmetry test and funnel plot were used to evaluate publication bias [38].

Data organization and statistical analyses were carried out using the software packages STATA
(v13.0; StataCorp LP, Texas, USA), MetaDisc (v1.4; Unidad de Bioestadistica Clinica—Hospital Ramon
y Cajal, Universidad Complutense, Madrid, Spain) and Review Manager (v5.3; Nordic Cochrane
Center, Copenhagen, Denmark).

3. Results

3.1. Literature Search Results

The initial database search identified a total number of 4624 items. After deduplication, only
3627 remained. After title and abstract evaluation 3543 items were excluded and only 84 were selected
for full-text retrieval and analysis. Sixty-nine articles were excluded based on full-text analysis (motives
were recorded) (Figure 1). Fifteen studies totaling a number of 4163 lesions were included in the final
analysis [5,19,39–51]. Study characteristics were summarized in Table 1.
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Figure 1. Screening process and results. Basal cell carcinoma (BCC).

The male/female ratio could not be calculated due to missing data in several studies.
The manufacturer of the RCM devices VivaScope 1000 and 1500 was Lucid Inc. (Lucid Technologies,
Henrietta, NY, USA), the majority of studies being carried out in Europe. A single study [39] utilized
a prototype version of the VivaScope 1000 (Wellman Laboratories, Boston, MA, USA)and in two
multicenter studies [41,42] different RCM devices were used, according to each participating center.
Three studies did not specify the investigators’ level of experience with RCM [43,45,50]. Confocal
criteria for BCC diagnosis varied considerably between studies (Table 2).
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3.2. Quality Assessment of Study Reports

The results of the methodological quality assessment of the studies are illustrated in Figures 2
and 3.

 
Figure 2. Included studies according to QUADAS-2 guidelines.

 
Figure 3. Methodological quality assessment via QUADAS-2 tool.

Eight studies had a retrospective design, while only seven were prospective. In general,
the included studies exhibited high or unclear risk for bias in all domains except the index test
and high or unclear applicability concerns. Ten studies (66.66%) had a high (n = 6) or unclear (n = 4) risk
of bias concerning patient selection, mostly due to the exclusion of poor quality images, case-control
design or unspecified patient selection protocol. Only five studies fully described the patient selection
protocol. Ten studies presented high (n = 7) or uncertain (n = 3) applicability concerns owing to
restrictions applied to the studied population (only including lesions highly suspicious of BCC, only
including nodular lesions, etc.) and inclusion of patients with multiple lesions. In their retrospective
study, Longo et al. [42] only included histopathologically confirmed nodular lesions, compensating
through a relatively large sample (n = 140) and a wide variety of lesions. Peccerillo et al. [51] only
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included dermoscopically equivocal pigmentary lesions and excluded lesions located on the face, again
compensating through a very large sample size (n = 1484). Castro et al. [46], Longo et al. [42], and
Peppelman et al. [43] excluded lesions which, based on their location or the presence of hyperkeratosis,
could not be evaluated by RCM and lesions in which RCM evaluation was inconclusive. Although
understandable why lesions not suitable for RCM examinations due to physical limitations may not be
included, these exclusions could have led to an overestimation of specificity.

Twelve out of the 15 included studies had a low risk of bias concerning the index test. More than
half (n = 9) of the studies had high or uncertain applicability concerns in the index test domain due to
tele-diagnosis use, blinding of the investigators to patient history or clinical data, presentation only of
diagnostic consensus or lack of a diagnostic threshold.

Five studies had a low risk of bias regarding the use of the reference standard, while three were
at high risk of bias owing to inadequate reference standards. Seven studies were at an unclear risk
of bias. In two studies [39,40], not all lesions underwent histopathological examination. Regarding
applicability concerns of the reference standard, only one study [39] had a high risk owing to the use of
expert clinical diagnosis as a reference standard, while seven studies did not specify the pathologists’
experience level. Although the excision of all benign lesions included in a study is not practical, studies
in which a clinical diagnosis was designated as definitive were considered as having a high risk of bias.

Regarding flow and timing according to the QUADAS-2 tool, six studies had a high risk of
bias, while five and four studies had unclear and low risk of bias, respectively. Gerger et al. [40],
Guitera et al. [41], Lupu et al. [19], Peccerillo et al. [51], and Longo et al. [42] included patients
suspected of skin cancer (including melanoma) which could have simplified the diagnosis of basal cell
carcinoma, however all studies included a fair number of both benign and malignant lesions somewhat
compensating for this limitation. Nori et al. [39], Gerger et al. [40], Rao et al. [44], Peccerillo et al. [51],
and Castro et al. [46] did not specify the time interval between index test (RCM) and reference standard
(histopathological examination).

3.3. Diagnostic Accuracy of RCM and Meta-Analysis

All fifteen studies were included in the meta-analysis. Sensitivity ranged from 73% to 100%,
while specificity ranged from 38% to 100%. The pooled sensitivity and specificity values were 0.92
(95% CI, 0.87–0.95; I2 = 85.27%) and 0.93 (95% CI, 0.85–0.97; I2 = 94.61%). The distributions of RCM
sensitivity and specificity and their summary values for the diagnosis of BCC in the included studies is
represented in Figure 4.

The positive likelihood ratio ranged from 1.62 (95% CI, 0.96–2.72) to 2315.51 (95% CI, 144.33–37148.9)
and the negative likelihood ratio ranged from 0.011 (95% CI, 0.001–0.17) to 0.3 (95% CI, 0.19–0.49).
The pooled positive and negative likelihood ratios were 13.51 (95% CI, 5.8–31.37; I2 = 91.01%) and
0.08 (95% CI, 0.05–0.14; I2 = 84.83%). The diagnostic odds ratio (DOR) ranged from 21.37 (95% CI,
9.39–48.61) to 12725 (95% CI, 508.97–318141.1). The pooled DOR was 160.31 (95% CI, 64.73–397.02; I2 =

71%).
The shape of the HSROC curve in Figure 5 and the area under the curve (AUC) of 0.97 suggested

the lack of a threshold effect. The shape of the prediction region is meant to give a graphic representation
of the extent of between-study heterogeneity, is dependent on the assumption of a bivariate normal
distribution for the random effects, and should therefore not be over-interpreted [52].
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Figure 4. Forest plots for individual studies and pooled estimates of sensitivity and specificity with
corresponding heterogeneity statistics of reflectance confocal microscopy for the diagnosis of basal
cell carcinoma.

 
Figure 5. Curve summarizing reflectance confocal microscopy (RCM) sensitivity and specificity
forBCC diagnosis.

3.4. Heterogeneity Analysis

Concerning heterogeneity analysis, a Spearman correlation coefficient of 0.468 (p= 0.079) suggested
the lack of a threshold effect.

Next, we investigated potential sources of heterogeneity, other than the threshold effect.
We performed a meta-regression analysis employing the following covariates as predictors: (1) study
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design (prospective/retrospective), (2) RCM device (VivaScope 1000/1500), (3) reference standard
(histopathology from incisional/excisional biopsy specimen), (4) investigator experience level (low/high),
and (5) number of participating centers (single center/multicenter).

The results showed that a prospective study design was associated with a 9.35 times higher RCM
diagnostic performance compared with the retrospective design (RDOR = 9.35; 95% CI, 1.17;74.56;
p = 0.037), while using the histopathology examination of the excisional biopsy specimen as a reference
standard resulted in a 3.27 times (RDOR = 3.27; 95% CI, 0.93;11.47; p = 0.06) higher index test
performance. The type of RCM device, investigator experience, and number of participating centers
were not significant predictors in our meta-regression model (p = 0.46, 0.91 and 0.5, respectively).
The results of the meta-regression are summarized in Table 3.

Table 3. Results of the meta-regression for heterogeneity sources.

Covariate Coefficient Standard Error p RDOR (95% CI)

Study design 2.236 0.9 0.037 9.35 (1.17; 74.56)

RCM device −0.838 1.09 0.46 0.43 (0,03; 5.38)

Reference standard 1.184 0.54 0.06 3.27 (0.93; 11.47)

Investigator experience 0.067 0.59 0.91 1.07 (0.27; 4.2)

Number of centers 0.561 0.79 0.5 1.75 (0.28; 10.98)

RDOR, Relative Diagnostic Odds Ratio; RCM, reflectance confocal microscopy.

Subgroup analysis revealed that RCM pooled sensitivity and specificity values in the retrospective
study designs (n = 8) were 0.87 (95% CI, 0.796–0.926) and 0.95 (95% CI, 0.855–0.983) compared to 0.95
(95% CI, 0.895–0.982) and 0.90 (95% CI, 0.689–0.974) in the prospective study designs (n = 7). The pooled
positive and negative likelihood ratios in retrospective studies were 17.55 (95% CI, 5.91–52.06) and
0.131 (95% CI, 0.08–0.215). The same ratios were 9.67 (95% CI, 2.73–34.27) and 0.048 (95% CI, 0.02–0.115)
in prospective studies. The graphical representation of the diagnostic odds ratios (DOR) along with
standard errors and confidence intervals for each study are illustrated in Figure 6.

 
Figure 6. Plot with pseudo 95% confidence limits in the included studies.

Finally, we sought to identify potential publication bias. The funnel plot of Deeks asymmetry
test [38] was relatively symmetrical (Figure 7), suggesting the lack of publication bias (p = 0.45).
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Figure 7. Plot of Deeks asymmetry test for publication bias.

Although we chose to report the results of the meta-analysis, they should be interpreted exercising
caution and keeping in mind its limitations due to variation and potential biases.

4. Discussion

RCM is a novel, non-invasive diagnostic technique that enables real-time imaging of the skin
down to the upper layers of the dermis at resolutions similar to histology. The confocal criteria for
RCM diagnosis of various skin tumors are relatively easy to learn and the results are reproducible [53].

This systematic review and meta-analysis compares the diagnostic accuracy of RCM to
histopathological examination from an incisional or excisional biopsy specimen using the results of
15 studies which included a total number of 4163 lesions. Our literature search strategy used broad
keywords in multiple databases to identify as many studies as possible.

The results of the meta-analysis show a sensitivity of 92% and a specificity of 93% for the
in vivoRCM diagnosis of BCC. However, these high values of both sensitivity and specificity must
be interpreted with caution. The significant amount of heterogeneity renders the direct comparison
of RCM diagnostic accuracy between studies impossible. RCM sensitivity for the diagnosis of
BCC ranged between 73% and 100%, and its specificity ranged between 38% and 100%. Although
statistically non-significant (possibly due to insufficient statistical power), these wide variations could
still be attributed to the different confocal criteria and slightly different reference standards (incisional
versus excisional biopsy specimen), but also investigator experience, and possibly other unknown
heterogeneity sources. Investigator experience could influence diagnostic accuracy even when using
the same diagnostic criteria. Rao et al. demonstrated a higher sensitivity (97.4% vs. 93.1%) and
specificity (80.5% vs. 64.1%) for an investigator with over nine years of experience with RCM compared
to one with only one year experience [44].

We observed that the RCM performance in prospective studies was significantly superior to
that of retrospective studies (prospective vs. retrospective, RDOR = 9.35, p = 0.037). The pooled
specificities of prospective and retrospective studies were consistent (90% vs. 95%), but the sensitivity
for prospective studies was higher than that for retrospective ones (95.6% vs. 87.52%). Although the
results of prospective studies were more reliable, a variety of uncontrollable factors, such as RCM
devices and software and investigator experience may still influence the final diagnostic accuracy.

Subgroup analysis revealed that RCM pooled sensitivity and specificity values in the retrospective
study designs (n = 8) were 0.87 (95% CI, 0.796–0.926) and 0.95 (95% CI, 0.855–0.983) compared to 0.95
(95% CI, 0.895–0.982) and 0.90 (95% CI, 0.689–0.974) in the prospective study designs (n = 7).
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5. Clinical Relevance

The results of this study may have significant implications for patients suffering from BCC. Based
on recent epidemiological data, the expected prevalence of a primary BCC in Europe is 1.4% [54,55].
Using this available data together with our results, the absolute number of true and false positives and
negatives can be estimated in a hypothetical cohort of 1000 subjects. This means that 14 subjects in
this cohort would have a primary BCC. By using RCM as a diagnostic tool with a sensitivity of 92%
and a specificity of 93%, just one of these 14 BCCs would go unnoticed, while 69 patients would be
unnecessarily treated (Figure 8).

Figure 8. The consequences of using reflectance confocal microscopy for BCC diagnosis in a cohort of
1000 subjects. The use of RCM would lead to 82 patients being treated, of which 69 would not need to
be treated; 918 patients would not be treated, of which only one would have necessitated treatment.
BCC, basal cell carcinoma; RCM, reflectance confocal microscopy.

In vivo RCM could therefore become a very useful technique in the diagnosis of BCC. However,
in order for it to be regarded as a potential replacement for histopathological examination, this
non-invasive technique should have the ability to discriminate between the different histopathological
BCC subtypes [56]. This aspect is of critical importance due to the different therapeutic approaches
to BCC based on its histopathological subtype [57]. Several studies, some of which are included in
this analysis [5,19,43] have sought to determine specific RCM criteria for the discrimination of BCC
histotype. Unfortunately, we were unable to estimate sensitivity and specificity of BCC subtyping
through in vivo RCM from the data available in the included studies.

6. Strengths and Limitations

We consider the adherence to the PRISMA guidelines [34], the rigorous examination of the existing
literature, and the use of the QUADAS-2 tool [36] for methodological quality assessmentto be strengths
of our analysis.

Our results should be interpreted bearing in mind some limitations: the relatively small number of
studies (n = 15) included in the analysis; the double reference standard (histopathological examination
from incisional and excisional biopsy specimen; ideally, only the excisional biopsy specimen should be
used); the incomplete reporting of the patient selection process in some studies; the use of different
confocal criteria for the diagnosis of BCC; the variation in RCM device and investigator experience
between studies. Regarding the confocal criteria for BCC diagnosis, an international consensus for
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use in future studies is desirable. To facilitate homogeneity, futurestudies could consider reporting
investigator experience in years, number of examined lesions and/or attended courses.

7. Future Directions

We expect more studies investigating the diagnostic accuracy of in vivoreflectance confocal
microscopy for BCC will be carried out. To promote comparability of their results, future studies
should adhere to STARD guidelines [58] and use the histopathological examination of the excisional
biopsy specimen as a reference standard.

Moreover, as this non-invasive technique becomes more widely disseminated, studies could
benefit from the use of RCM devices with similar technical properties and standardization of imaging
protocols. To assure results comparability, these studies should report the investigators’ level of
experience with RCM. More studies that investigate RCM accuracy for BCC histopathological subtype
are needed. Additionally, comparative studies analyzing the cost/efficiency ratio between RCM and
the current standard (histopathological examination of the incisional biopsy specimen) are warranted.

8. Conclusions

Reflectance confocal microscopy is a promising technique in the diagnosis of primary basal cell
carcinoma. A definitive conclusion could only be drawn when a higher number of studies, possibly
with homogeneous methodological approach, will be available.
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microscopy in the dermato–oncology practice. J. Med. Life 2011, 4, 63.

10. Ilie, M.A.; Caruntu, C.; Lupu, M.; Lixandru, D.; Georgescu, S.-R.; Bastian, A.; Constantin, C.; Neagu, M.;
Zurac, S.A.; Boda, D. Current and future applications of confocal laser scanning microscopy imaging in skin
oncology. Oncol. Lett. 2019. [CrossRef]

11. Rajadhyaksha, M.; Grossman, M.; Esterowitz, D.; Webb, R.H.; Anderson, R.R. In vivo confocal scanning
laser microscopy of human skin: Melanin provides strong contrast. J. Invest. Dermatol. 1995, 104, 946–952.
[CrossRef] [PubMed]

12. Caruntu, C.; Boda, D.; Gutu, D.E.; Caruntu, A. In vivo reflectance confocal microscopy of basal cell carcinoma
with cystic degeneration. Rom. J. Morphol. Embryol. 2014, 55, 1437–1441. [PubMed]

13. Ghita, M.A.; Caruntu, C.; Rosca, A.E.; Kaleshi, H.; Caruntu, A.; Moraru, L.; Docea, A.O.; Zurac, S.; Boda, D.;
Neagu, M.; et al. Reflectance confocal microscopy and dermoscopy for in vivo, non-invasive skin imaging of
superficial basal cell carcinoma. Oncol. Lett. 2016, 11, 3019–3024. [CrossRef] [PubMed]
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Abstract: Cutaneous squamous cell carcinoma (cSCC) is a common type of neoplasia, representing
a terrible burden on patients’ life and clinical management. Although it seldom metastasizes, and most
cases can be effectively treated with surgical intervention, once metastatic cSCC displays considerable
aggressiveness leading to the death of affected individuals. No consensus has been reached as to
which features better characterize the aggressive behavior of cSCC, an achievement hindered by the
high mutational burden caused by chronic ultraviolet light exposure. Even though some subtypes
have been recognized as high risk variants, depending on certain tumor features, cSCC that are
normally thought of as low risk could pose an increased danger to the patients. In light of this, specific
genetic and epigenetic markers for cutaneous SCC, which could serve as reliable diagnostic markers
and possible targets for novel treatment development, have been searched for. This review aims to
give an overview of the mutational landscape of cSCC, pointing out established biomarkers, as well
as novel candidates, and future possible molecular therapies for cSCC.

Keywords: cutaneous squamous cell carcinoma; ultraviolet radiation; genes; microRNAs; lncRNAs;
novel therapeutic approaches

1. Introduction

Skin is the largest human organ and serves as the first line protective barrier against environmental
assaults. Accumulation of these stresses (sun damage, microorganisms, noxious agents) can lead to
cutaneous neoplasia, commonly named skin cancer. Cutaneous cancer represents the most common
worldwide malignancy, and its incidence shows few signs of plateauing. It is generally divided into
malignant melanoma and non-melanoma skin cancer (NMSC), the latter including basal cell carcinoma
(BCC) and squamous cell carcinoma (SCC) as the major subtypes [1]. The impact of cutaneous cancer
at a global level is vast, in the order of millions of cases every year, with patients being far more often
diagnosed with either BCC or SCC, than with malignant melanoma. Annually, about 4.3 million new
cases of BCC, 1 million cases of SCC and ~200,000 cases of melanoma are registered in the United States
alone, with most cases found on sun-exposed areas of the body. Due to high-associated mortality,
this specific cutaneous cancer is rightly perceived as much more deadly, when compared to NMSC.
Nonetheless, NMSC cases are not to be trifled with, and represent a definitive cause for concern,
with more than 5400 deaths worldwide each month [2,3]. When choosing ethnicity as a monitoring
criteria, cutaneous cancer represents approximately 2–4% in Asians, 4–5% in Hispanics, and 1–2% in
people of African descent, with SCC being the most common cutaneous cancer in the last group [4].
Numerous attempts have been made to reduce the number of cases, by informing the public about the
risk factors involved in the appearance of cutaneous carcinoma (exposure to ultraviolet radiation, family
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history, genetic predisposition, light skin color, etc.), the means for prevention and the importance of
early diagnosis, but still, the incidence continues to rise [5]. Thus, the personal, medical and financial
issues associated with cutaneous carcinoma continue to represent a heavy burden on patients’ life and
clinical management [2,3].

Cutaneous SCC (cSCC), the second most common type of skin cancer, develops preferentially in the
interfollicular epidermis, as a consequence of the unrestricted proliferation of epidermal keratinocytes.
Its appearance is strongly associated with the development of precursor lesions, namely actinic
keratoses, signs of chronic sun damage, which result from the proliferation of atypical epidermal
keratinocytes. Most such precancerous lesions will not progress to cSCC tumorigenesis, but simply
persist or may even regress. Even so, they pose an increased risk of neoplasia and should be treated
accordingly [6]. cSCC is considered highly curable, because its metastatic rate is quite low (1–5%
of cases) and surgical removal of the affected tissue is usually very effective in treating this form of
cancer. This depends of course on the gravity of said cSCC, as once metastatic it usually displays
a rapacious behavior [7]. No consensus has been reached as to which features better characterize the
aggressiveness of cSCC. Some subtypes (adenosquamous, desmoplastic) have been recognized as
high risk variants, but, depending on certain tumor features (size, location, depth, etc.), cSCC that
are normally thought of as low risk could pose increased danger to the patients. As a result of this
uncertainty, molecular markers have been searched for as reliable biomarkers for cSCC and possible
targets for novel treatment development [8].

New findings with regards to the molecular patterns involved in neoplastic transformation of
cells have come to light in the last decades. Modern techniques, such as next generation sequencing,
have made it possible to highlight some important mutational markers. It is now well known that,
once proto-oncogenes acquire mutations, and thus convert to oncogenes, cell growth and proliferation
will be uncontrolled. Similarly, alterations in tumor suppressor genes, which have the function to
inhibit cell growth, can easily lead to unregulated cell proliferation as a result of the loss of negative
control. As such, any dysregulation of the proto-oncogenes and tumor suppressors represents the basic
mechanism behind tumor development and growth [5]. Research for a pathway of similar significance
to SCC as the Hedgehog signaling cascade for BCC, meaning that mutations appearing in that pathway
lead to oncogenesis, is ongoing. Sequencing of the whole genome from cSCC revealed an intense
mutational profile, with an average of one mutation per 30,000 base pairs [9]. This discovery has
hindered the identification of key driver mutations. Another disparity between the two NMSC is that
BCC apparently arises de novo, while SCC can develop from precursor lesions (in 65% cases from
actinic keratosis). A genomic analysis of such precursor samples and cSCC specimens, revealed that
the former display a lower mutational burden, thus suggesting an earlier stage of tumor evolution [10].
It was therefore concluded that the mutations acquired in cSCC, but not actinic keratosis, might be
the specific mutations that drive progression from premalignant to malignant forms [11]. Mutations
in several genes and pathways have been suggested to determine the development of cSCC [12],
and several noncoding RNA molecules have been found to be abnormally expressed in this type of
cancer [13,14].

This review aims to provide an understanding of the current knowledge regarding the genomic
landscape of cSCC, pointing out relevant disease biomarkers and potential targets, which could facilitate
the future diagnosis and treatment of cSCC. Firstly, we describe the major risk factor associated with
the development of this type of cutaneous carcinoma and the means for prevention and early diagnosis.
Then, we summarize the most frequently mutated genes associated with cSCC, as well as recently
discovered ones. We continue with an up to date overview of the noncoding RNA modifications and
finalize with a brief description of the current therapeutic options, as well as potentially new ones
for cSCC.
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2. Etiology, Prevention and Early Diagnosis of Cutaneous SCC

An overwhelming number of epidemiological and experimental investigations have deemed
cumulative exposure to ultraviolet (UV) radiation as the main environmental risk factor for the
pathogenesis of cSCC [2,15]. Apart from UV radiation, inherited genetic conditions (xeroderma
pigmentosum, albinism, epidermolysis bullosa), human papillomavirus (HPV) infections, severe
arsenic exposure, chronic immunosuppressed state (organ transplantation) or precancerous lesions
(such as actinic keratosis) are recognized as predisposing factors in the development of cSCC [12,15–17].
Of the three subtypes of UV radiation (A, B, C, distinguished by wavelength), only UV-A and UV-B
are considered clinically relevant for the pathogenesis of skin cancer, because UV-C is absorbed
entirely by the atmosphere. The daily dosage of UV-B is much lower than UV-A, however, UV-B is
far more dangerous, because it is strongly absorbed by the cellular nucleus DNA, and proteins in
the epidermis, thus exerting its effect on the genetic material of epidermal keratinocytes, from which
cSCC originates (Figure 1). UV-B is also responsible for the majority of sunburns. Upon stimulation
by UV exposure, melanocytes from the basal layer of epidermis act to absorb UV by undergoing
melanogenesis, in which they produce the photoprotective pigment melanin that is also distributed to
keratinocytes. As a result of this, the incidence of skin cancer is much lower in individuals with darker
skin phenotypes, which possess higher levels of photoprotective pigment [18]. However, the protection
is prone to failure in case of repeated exposure to intense UV radiation, thus, cutaneous damage will
appear, at first in the form of a sunburn. UV-B rays directly induce DNA lesions (misbonding of two
pyrimidines, either thymine or cytosine, within the same DNA strand), because the wavelength of
this specific radiation corresponds to the absorption spectrum of the genetic material. As such, UV-B
photons are directly absorbed and lead to formation of cyclobutane pyrimidine dimers and pyrimidine
6-4 pyrimidone photoproducts, which left unrepaired become mutagenic [5,19]. In contrast to UV-B,
the exact role of UV-A in cutaneous carcinogenesis is not clearly understood. For a long time, it was
considered that UV-A has a minor role in skin cancer development, because the photons are not directly
absorbed by DNA. However, researchers have discovered that UV-A causes indirect damage to DNA
by the generation of reactive oxygen species, crosslinks between DNA and proteins and even the direct
formation of single-strand DNA breaks or cyclobutane pyrimidine dimers [20]. Epidemiologic studies
also seem to support these harmful effects, and it has been reported that a single indoor tanning session,
during which UV-A radiation emission is substantially higher than from natural sun [21], can increase
the risk of developing cSCC by 67% [22]. In light of these findings, alternative pathways that lead
to skin carcinogenesis are currently being searched for, to understand the mechanisms behind UV-A
induced mutations [5].

Due to the fact that UV radiation, regardless of its natural or artificial origin, is considered to be
the main environmental risk factor in the etiology of cSCC, and also because, in early stages, cSCC can
be cured with good prognosis, this type of cancer represents an ideal candidate for combating by
means of primary and secondary (early detection) prevention [2]. The first steps in the prevention
of cutaneous cancer are constantly informing and reminding the public about the dangers that come
with exposure to the UV light. This can be carried out through huge promotion of sun creams and
campaigns such as the ‘Slip (on a shirt), Slop (on some sunscreen), Slap (on a hat)’ initiative and the
following SunSmart campaign in Australia, or the periods of live program (POLP) in Germany [23].
All these programs aim to provide the public with skincare routines that are concentrated on sun
protection and exposure to UV radiation. Regular use of sunscreen with an SPF 15 or higher reduces the
risk of developing skin cancer by approximatively 40% [24,25]. The next step, secondary prevention of
cSCC, is achieved by early observations of the precancerous lesions, in order to identify the first stages
of cancer, which, luckily, can be treated with the proper medicine and self-care. This step is reached
with the help of public screening campaigns and the monitoring of skin cancer risk groups. For cSCC,
the risk groups include patients with skin type I (white), patients who suffer from actinic keratosis
(precancerous lesions) and patients who have been previously diagnosed with cSCC [15,26]. The aim
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of standardizing such groups is to establish a reliable set of prognostic biomarkers, as specific and as
sensitive as possible. In addition to this, a set of molecular biomarkers is currently being searched for.

Figure 1. Effect of ultraviolet radiation on the genetic material of epidermal keratinocytes, from which
cutaneous squamous cell carcinoma (SCC) originates. Excessive absorption of ultraviolet (UV) light
generates oxidative stress, through formation of reactive oxygen species (ROS), and breaks the double
helix, leading to aberrant binding of pyrimidines and further genetic alterations, culminating with tumor
formation. Other risk factors include viral infections and chemical exposure (created in BioRender.com).

3. Established SCC-Associated Markers

Data from the genomic analyses (next generation sequencing (NGS) and whole exome sequencing
(WES)) have identified some genes to be frequently mutated in cSCC, establishing them as driver
genes. Apart from TP53, which is one of the first inactivated tumor suppressor genes, a handful of key
mutations frequently found in SCC of the skin have been proposed, among them CDKN2A, NOTCH 1,
NOTCH 2, FAT1 and RAS family members, involved in different cellular processes, such as cell-cycle
control, squamous cell differentiation, survival and proliferation (Figure 2). Frequency of mutations
in cSCC-associated genes across published studies can be found in Table 1, and differences may be
attributed to the detection method, number and heterogeneity of the evaluated samples [27–31].
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Figure 2. Molecular alterations that drive cutaneous squamous cell carcinoma (cSCC) proliferation,
survival and metastasis through aberrant signaling (highlighted in pink): (A) alterations in KNSTRN
expression promote abnormal chromosome segregation during mitosis; (B) CDKN2A encodes for
cell-cycle regulatory proteins p16INK4A and p14ARF, involved in retinoblastoma (RB) and p53 pathways.
loss of heterozygosity (LOH), mutations or deletions of CDKN2A leads to functional loss of: (i) p16INK4A,
which allows phosphorylation of RB by CDK4-Cyclin D complex and release of E2F transcription factors,
that can then transcribe S phase promoting genes; (ii) p14ARF, which allows MDM-2 to bind p53 and
inhibit apoptosis; (C) activating mutations in EGFR, RAS and RAF or inactivation of negative regulator
RASA1 promotes cell proliferation and survival through constitutive activation of MAPK pathway;
(D) proposed model for RIPK4 action in skin carcinogenesis that depicts the phosphorylation of PKP1 by
RIPK4, which promotes binding to scaffold protein SHOC2 and blocking of RAS/MAPK signaling. In the
absence of functional RIPK4, the complex cannot assemble and the signaling pathway remains active,
thus facilitating cSCC development; (E) the inactive precursor is cleaved in the Golgi by a furin-like
convertase (S1 cleavage) and translocated into the cell membrane, where binding of a NOTCH ligand
(Delta, Jagged) to the receptor induces the second cleavage (S2) by a member of the disintegrin and
metalloproteinases (ADAM) family. This results in the formation of a membrane-tethered NOTCH
truncated fragment, which is further cleaved (S3) by a presenilin-dependent γ-secretase complex,
generating the NOTCH intracellular domain (NICD). The active form of the NOTCH receptor (NICD)
can now enter into the nucleus, where it exerts its transcriptional activity. Inactivation of NOTCH 1/2
favors cSCC progression, however, the specific functional significance of this mutation has yet to be
described; (F) the molecular mechanisms that contribute to tumor development in the context of FAT1
functional loss are poorly understood in cSCC, however, a model proposed for HNSCC suggests FAT1
acts as a scaffold for Hippo kinases, favoring the activation of the complex and the phosphorylation of
YAP, which is sequestered in the cytoplasm or degraded. Absence of FAT1 dismantles the Hippo core
complex leading to YAP dephosphorylation and its translocation to the nucleus, where it interacts with
TEAD to induce the expression of genes promoting tumor progression (created in BioRender.com).

3.1. TP53

A highly characterized gene in cSCC, the tumor suppressor gene TP53 codes for the “Guardian of
the Genome” protein p53, a critical regulator involved in various cellular activities, among them DNA
repair, cell-cycle control and apoptosis [32]. In cSCC, mutations of p53 are frequent but atypical, as they
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do not appear within conserved regions, as in the case of other cancers. Instead, p53 alleles present UV
signature mutations identified as ‘hot spots’ along their sequences, which cause the gene to become
inactive and give rise to a p53 mutant protein, also inactive. The p53 alterations are primarily believed
to bestow resistance to apoptosis upon the cells, in response to UV radiation (Figure 2B), thereby
leading to positive selection of p53 mutant cells and clonal expansion [5]. Across different studies the
mutational frequency of TP53 ranges from 42% to ~95% (Table 1) [27–31,33], with a statistically higher
rate of mutation in metastatic tumors relative to primary non-metastatic cSCC. Further studies are
needed to understand the implications of this finding [30].

Table 1. Frequency of mutations in cSCC-associated genes across published studies.

Gene No. of Analyzed Samples Mutations (%) References

Cell-cycle control

TP53

100 42 [33]
91 64 [27]
39 94.9 [28]
29 79 [29]
28 54–85 [30]
40 70 [31]

CDKN2A

100 28 [33]
91 23 [27]
39 43.6 [28]
29 45 [29]
28 29–42 [30]
40 45 [31]

Keratinocyte differentiation

NOTCH 1

100 54 [33]
91 75 [27]
39 59 [28]
29 48 [29]
28 50–63 [30]
40 75 [31]

NOTCH 2

100 34 [33]
91 63 [27]
39 51.3 [28]
29 31 [29]
28 41–48 [30]
40 50 [31]

FAT1

39 43.6 [28]
170 40 [27]
28 22–37 [30]
40 60 [31]

RIPK4
39 28 [28]
29 24 [29]

RAS signaling

HRAS

100 6 [33]
91 16 [27]
39 20.5 [28]
29 13 [29]
28 12–13 [30]
40 22.5 [31]

KRAS
91 13 [27]
29 10 [29]
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Table 1. Cont.

Gene No. of Analyzed Samples Mutations (%) References

BRAF
39 17.9 [28]
29 13 [29]
28 5–13 [30]

RASA1 39 13 [28]

Chromatin segregation/remodeling

KNSTRN 100 19 [33]

KMT2C
39 38.5 [28]
28 36–43 [30]

KMT2D
39 69.2 [28]
28 31–62 [30]

3.2. CDKN2A

CDKN2A maps to chromosome 9 and encodes for p16INK4a and p14ARF (also referred to as p16 and
p14), two cell-cycle regulatory proteins involved in retinoblastoma (RB) and p53 pathways, respectively.
Loss of heterozygosity (LOH), mutations or homozygous deletions of CDKN2A lead to loss of function
(Figure 2B), and have been associated with the progression of cSCC from actinic keratosis [34,35].
In a study investigating the potential pathways important in metastatic cutaneous SCC, both primary
and metastatic samples of cSCC were compared using WES and targeted-sequencing. An increased
rate of CDKN2A mutation (42%) was observed in the metastatic tumors, when compared to primary
cutaneous SCC (29%) [30]. Another study, searching to validate tumor drivers and therapeutic
targets, found CDKN2A to be mutated in 45% of 40 primary cSCC (20 well-differentiated and
20 moderately/poorly differentiated tumors), from both immunosuppressed and immunocompetent
patients, by employing whole-exome analyses [31]. Across the published studies, the frequency of
CDKN2A alteration varies from 23% to 45% (Table 1) [27–31,33].

3.3. RAS Signaling Genes

Among the genes carrying activating mutations in cSCCs are members of the RAS family,
which consists of small guanosine triphosphate proteins (GTPases), involved in cellular signal
transduction. When RAS is “switched on” by incoming signals, it subsequently activates other
proteins found downstream (e.g., BRAF), culminating with the expression of specific genes involved
in cell growth, differentiation and survival. RAS mutations at gene level can lead to the synthesis of
permanently functional proteins, an outcome that can cause unintended and overactive cell signaling,
even in the absence of an incoming signal (Figure 2C) [36]. In a study conducted by Li et al., out of the
29 metastatic cSCC samples evaluated, the majority of the activating mutations affected genes in the
RAS/RAF/MEK/ERK pathway, such as HRAS, KRAS, the downstream kinase BRAF and the epidermal
growth factor receptor (EGFR). Aside from an activating mutation, EGFR was also significantly
recurrently amplified, though only one sample had a high-level gain [29]. Overexpression of EGFR
seems to be a common feature of SCC, and an early event in squamous carcinogenesis [37].

Gain-of-function mutations of HRAS have been identified in up to 23% of cSCC [27–31],
with a higher incidence in patients treated with BRAF inhibitors. A targeted sequencing analysis of
21 cSCC samples collected from patients receiving the BRAF inhibitor vemurafenib identified activating
RAS mutations in 60% of the tumor samples, with HRAS being more commonly affected than other
members of the RAS family, indicating the potent effect of BRAF repression on the other signaling
molecules involved in RAS/RAF/MEK/ERK pathway [38,39]. In general, HRAS mutation is more
commonly associated with cSCC than KRAS (10–13%) and NRAS (5%) [27,29] (Table 1). Inman et al.
identified oncogenic activating mutations in HRAS [31], which have previously been identified in
3–20% of cSCC [28,29]. Notably, 10% of the samples exhibited copy number loss of HRAS, a result
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others have observed as well [29], warranting the need for better understanding of the role of HRAS in
cSCC [31]. Concerning BRAF alterations, their frequency differs between primary (5%) and metastatic
tumors (13–18%) across published studies [28–30].

3.4. NOTCH Signaling Genes

Frequently affected in cSCC, NOTCH1 and NOTCH2 genes encode for the members of the NOTCH
family of transmembrane receptors with the same name, and represent direct targets of the transcription
factor p53. The NOTCH signaling pathway (Figure 2E) they patronize is crucial to epidermal
development and maturation, contributing to keratinocyte differentiation, therefore, any changes
in NOTCH activity could destabilize this process [40]. While NOTCH1 is expressed throughout
the epidermis, NOTCH2 is localized primarily in the basal layer [41]. Inactivation of NOTCH1 and
NOTCH2 through point mutations in functional domains or truncation mutations have been identified
in up to 75% for NOTCH1 and 63% for NOTCH2, through WES of cutaneous SCC samples [27,31]
(Table 1). The mutation of NOTCH1 is considered an early event in squamous carcinogenesis of
the skin, and its loss is associated with disease progression. In their study, South et al. presented
a comprehensive mutation analysis of NOTCH1 in 130 samples of cSCC and squamoproliferative
lesions, plus 10 matched, normal skin samples, using exome-level sequencing and validation by
targeted deep sequencing. They demonstrated that NOTCH1 receptor is significantly mutated in
75% of sporadic cSCCs (n = 91), 49% of squamoproliferative lesions arising in patients receiving
vemurafenib (n = 39) and 70% of normal skin samples (n = 10, four perilesional and six separate from
lesion), thus confirming NOTCH1 receptor mutations as an early event and major tumor suppressor
mechanism in carcinogenesis of cSCC [27].

3.5. FAT1

This gene encodes for the cadherin-like protein tumor suppressor FAT atypical cadherin 1,
a member of the cadherin superfamily involved in the differentiation process of epidermal keratinocytes.
Mutations of FAT1 in cutaneous SCC are common, and range from 22% to 60% across different studies
(Table 1), which searched to identify and validate driver genes and novel therapeutic targets using
WES and targeted-sequencing [27,28,30,31]. FAT1 was found to harbor nonsense mutations in 40–45%
of both sporadic and aggressive cases of cSCC, leading to its inactivation [27,28], while another study
that concentrated on the differential expression between primary and metastatic tumors found an
increased rate of FAT1 mutation in primary tumor samples (37%), in comparison to metastatic cSCC
(22%) [30]. One study that focused on primary cSCCs from immunosuppressed and immunocompetent
patients found FAT1 to be mutated in 60% of the tumor samples [31]. While frequently encountered,
the molecular mechanisms that contribute to tumor development in the context of FAT1 functional
loss are poorly understood in cSCC. A proposed model in head and neck SCC (HNSCC) (Figure 2F)
suggests that FAT1 acts as a scaffold for Hippo kinases, favoring the activation of the complex and the
phosphorylation of Yes-associated protein (YAP), which is sequestered in the cytoplasm or degraded.
Absence of FAT1 dismantles the Hippo core complex, leading to YAP dephosphorylation and its
translocation to the nucleus, where it interacts with TEAD to induce the expression of genes promoting
tumor progression [42].

4. Novel SCC-Associated Markers

Additional improvements in genomic analysis techniques have led to the identification of novel
genes that could drive cSCC development, shedding further light on the vast mutational landscape of
this specific skin cancer. Alterations of genes involved in keratinocyte differentiation, RAS signaling,
chromatin segregation and remodeling, as well as other potential cSCC-associated genes, have been
found in independent studies (Table 1), although a consensus on reliable novel driver genes has
not been reached. However, it is important to mention that discrepancies across different studies
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concerning the list of novel key mutations probably reflect the clinico-pathological heterogeneity of
cSCC analyzed samples, and the employed technique for detection [28–31,33].

4.1. KNSTRN

KNSTRN gene encodes a kinetochore associated protein, with the function to modulate onset of
anaphase and segregation of chromosomes during mitosis. Point mutations at codon 24 of KNSTRN
(UV signature mutations) have been observed in 19% of cSCC cases and 13% of precancerous lesions [33].
This affects the function of KNSTRN protein, and results in the disruption of chromatid cohesion in
normal cells, an event that can lead to chromosomal aberrations or aneuploidy (Figure 2A). Studies to
clarify its clinical applicability are needed of course, but mutations of this protein rarely occur in other
malignancies, thus, it may represent a previously unidentified oncogene and a specific biomarker for
cutaneous tumorigenesis [5,43].

4.2. RASA1

Another interesting candidate tumor suppressor gene in aggressive cSCC is RAS p21 protein
activator 1 (RASA1), found mutated in 13% of analyzed cases, with 66% of its mutations predicted
to truncate or eliminate the protein [28]. Due to its high inactivation mutation ratio, it has also been
identified as a candidate tumor suppressor gene in HNSCC [44]. The p120-RasGAP protein it encodes
belongs to a family of RAS GTPase activating proteins (GAP), and functions as a negative regulator
of pro-oncogenic RAS (Figure 2C), thus preventing cancer formation, although its exact role is not
fully understood [45]. Inactivation of RASA1 and other members of the family through genomic
loss, mutation or epigenetic silencing has been proposed to explain activation of the RAS signaling
pathway in tumors that do not harbor specific RAS mutations. Despite the fact that RASA1 is frequently
inactivated by mutation in many other tumor types, its role in cSCC and cancer in general remains
unclear [46].

4.3. RIPK4

This gene encodes for a serine/threonine kinase essential for squamous epithelial differentiation
regulation [47], which has previously been reported as recurrently mutated in HNSCC [48]. Inactivating
mutations in RIPK4 are associated with popliteal pterygium syndrome, a severe autosomal recessive
disease that affects the human face, limbs and genitalia [49]. In mice, a similar neonatal lethal syndrome
is generated after knockout of RIPK4, which is accompanied by defective epidermal differentiation,
including keratinocyte hyperplasia with expanded spinous and granular layers [47]. Pickering et al.
identified this novel candidate driver gene of cSCC mutated in 28% of the tumors with a UV signature,
with all mutations clustering in either exon 2 or exon 8, which encode the kinase and ankyrin repeat
domains, respectively. They also observed a high ratio of nonsense, frameshift and splice mutations
(35%), suggesting that a selection for inactivation of RIPK4 occurs in cSCC. The clustering of mutations
within the kinase and ankyrin repeat domains strongly indicated non-random mutations and supported
the hypothesis that RIPK4 is a putative tumor suppressor for aggressive cSCC [28]. Li et al. arrived to
the same conclusion when they found RIPK4 recurrently altered in their cSCC cohort, with mutations
in seven out of 29 samples (24%), and two of these mutations truncated, suggesting a recurrent
inactivation of the gene [29]. Despite the potential significance of RIPK4 in cSCC, little is known
about how it functions to regulate epidermal differentiation and tumorigenesis at the molecular level.
A proposed model for RIPK4 action in skin carcinogenesis depicts the phosphorylation of desmosome
protein plakophilin-1 (PKP1) by RIPK4, which promotes binding to scaffold protein SHOC2 and the
blocking of RAS/MAPK signaling [50], illustrated in Figure 2D.

4.4. Chromatin Remodeling Genes

Genes important in chromatin remodeling and histone modification, such as KMT2C and KMT2D,
showed high rates of mutations in several cSCC cases [28,30]. A study concerning identification of
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novel driver genes and therapeutic targets in aggressive cSCC found frequent inactivating mutations
(~39%) in KMT2C, a gene which encodes a component of a histone methylation complex involved
in transcriptional regulation. Their presence was correlated with significant shorter recurrent free
survival for the patients, which were prone to faster recurrence and bone invasion [28]. Another
study reported mutations in this gene in both primary cSCC (36%) and metastatic samples (43%),
with a higher incidence in the latter [30]. Such mutations of KMT2C have also been reported for other
types of tumors, including breast, bladder and gastric cancers, with reduced overall survival for the
patients, as observed in the TCGA cancer datasets [51–53].

KMT2D, a histone methyltransferase that regulates H3 lysine 4, was also strongly mutated in 69%
out of 39 aggressive cSCC samples analyzed through exome and targeted sequencing for identification
of novel potential driver mutations [28], and in vitro studies have shown that KMT2D mutated
cells display genomic instability and increased transcriptional stress [54]. In a study evaluating the
differential mutation frequencies in metastatic cSCC versus primary tumors, only KMT2D showed
significantly higher rates of mutation in the metastatic samples (62%) relative to non-metastatic ones
(31%), implying a potential role in the development of cSCC aggressive behavior [30]. KMT2D alterations
have also been reported in HNSCC (11–16%), esophageal SCC (14–19%) and cutaneous melanoma
(19–29%), suggesting that common epigenetic pathways drive squamous cell carcinogenesis [54–56].
These provided data supports the two epigenetic regulators as potential new biomarkers for cSCC,
driving this type of skin cancer towards aggressive behavior and poor outcome.

4.5. Other Potential Cutaneous SCC-Associated Genes

A recent analysis of the complex mutational landscape of cSCC, associated with the development of
poorly differentiated and well-differentiated tumors in both immunosuppressed and immunocompetent
patients, has identified several new potential driver genes correlated with tumor development [31].
The analysis implicates SEMA3C, STEAP4, MMP10, RAP2B and AP2M1 as potential cSCC drivers,
genes with known implications in other types of carcinoma. Semaphorin-3C (SEMA3C) promotes
prostate cancer growth by transactivating multiple receptor tyrosine kinases (RTK), including EGFR,
via Plexin B1 receptor which has intrinsic GAP activity [57]. Furthermore, the overexpression of SEMA3C
is associated with unfavorable outcomes in a wide spectrum of tumors, including glioma, breast, lung,
liver, pancreatic, stomach and gynecological cancers [58]. STEAP4 encodes for a member of the six
transmembrane epithelial antigen of prostate (STEAP) family, which functions as a metalloreductase
and may promote prostate and colorectal cancer development [59,60]. Stromelysin-2, also known
as matrix metalloproteinase-10 (MMP10), may mediate c-Fos driven cSCC development, and has
been linked to lung cancer stem cell maintenance, tumor initiation and metastatic potential [61,62].
The intronless gene RAP2B is a well described oncogenic activator, belonging to the RAS-related
family [63] and AP2M1, a component of the adaptor protein complex 2 (AP-2), may regulate senescence
escape in response to chemotherapy through interaction with CTLA-4 immune checkpoint [64].
Furthermore, the analyses revealed some genes that may pre-dispose patients to well-differentiated
tumors (alteration in sodium/potassium transporter ATP1A1) or poorly differentiated ones (alterations
in Grainyhead like transcription factor 2 (GRHL2) and arginine methyltransferase PRMT3) [31]. Overall,
these observations lend support to the hypothesis that the recent integrated analysis approach has
potentially revealed novel drivers of cSCC, and provides further incentive for functional interrogation
of the genes and pathways revealed in the study [31].

5. Non-Coding RNA Modifications in Cutaneous SCC

MicroRNAs (miRNAs/miRs) are non-coding transcripts of about 19–25 nucleotides in length,
which regulate gene expression at a post-transcriptional level, by either causing mRNA degradation or
blocking translation. In cancer, miRNAs can function as tumor suppressors or oncogenic miRNAs
(onco-miRs), depending on the pathway in which they are involved [65,66]. While miRNAs have
been heavily studied, and are well understood for their function in gene regulation, long non-coding
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RNAs (lncRNAs) are less understood. LncRNAs are transcripts longer than 200 nucleotides, without
open reading frames, that can interact with DNA, RNA or proteins to regulate gene expression via
various pathways [67], and were found to play an active role in carcinogenesis [68]. Dysregulation of
miRNAs and lncRNAs’ expression has been shown to impact cell proliferation, resistance to apoptosis,
the induction of angiogenesis, the promotion of metastasis and the evasion of tumor suppressors
during cSCC development [13,14] (Figure 3); but their functions and molecular mechanisms still
remain underexplored.

 
Figure 3. Non-coding RNA modifications and their functional roles in cSCC development:
(A) down-regulation of tumor suppressor microRNAs (miRNAs) leads to the overexpression of
target genes, while up-regulation of onco-miRNAs has a suppressive effect on specific molecular targets;
(B) Dysregulated long non-coding RNAs (lncRNAs) that contribute to tumor progression through
abnormal regulation of targeted genes (currently unknown for GAS5); (C) LncRNAs and miRNAs
favor cell proliferation, survival, migration, invasion, inflammation, angiogenesis, tumor progression
and metastasis in cSCC. Color-coded for involvement in several processes (created in BioRender.com).

5.1. Tumor Suppressor miRNAs Downregulated in cSCC

MicroRNA profiling studies showcased the altered expression of tumor suppressor miRNAs,
while further research revealed their molecular targets and possible roles in cSCC evolution (Figure 3A).
For instance, downregulation of miR-124 and miR-214 mediates tumor progression through the
induction of ERK kinases that contribute to the MAPK signaling pathway, essential for cell proliferation,
differentiation and survival. While miR-124 downregulation only affects ERK2, transfection of
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miR-214 mimic lowers the expression of both ERK1 and ERK2, thus establishing the two as targets of
miR-214 [69,70]. Downregulation of miR-204 also contributes to malignant progression via the MAPK
pathway modulation, by activating STAT3, which acts as a transcription factor when translocated into
the nucleus, promoting tumor development [71]. The overexpression of miR-204 could inhibit STAT3
activation and translocation into the nucleus, with consequent inhibition of carcinoma progression [72].

Compared to healthy skin, the expression of miR-193b/365a cluster was significantly altered in
a mouse model of two-stage chemically induced cSCC. The cluster exhibited decreased expression
during tumor progression and was found to target KRAS and MAX, thus proving that miR-193b/365a
act as synergistic co-regulators of the MAPK pathway, promoting cell proliferation and survival [73].
Reduced levels of miR-181a, which also targets KRAS seem to be essential for keratinocytes’ transition
towards cSCC, facilitating cell survival through continued MAPK signaling [74]. Upstream activators
MAP3K4 and MAP3K9 are up-regulated in the absence of miR-148a, which, in turn, promotes
proliferation and tumor metastasis [75].

Concerning tumor cell survival, the loss of miR-483-3p leads to overexpression of various
anti-apoptotic genes, such as API5, BIRC5 (also termed Survivin) and RAS-related nuclear protein (RAN).
In vivo intra-tumoral delivery of miR-483-3p has been shown to inhibit growth of cSCC xenografts,
promoting it as a potential treatment [76]. Functional studies have also shown miR-1 to be involved in
promoting cell survival, as well as invasion and inflammation, if down-regulated. As a result of its low
expression, various target genes, among them, Met, Twf1, Ets1 and Bag4, are overexpressed, causing
pro-oncogenic changes in squamous epithelial cells, such as high secretion of MMPs, epidermal growth
factor ligands, inflammatory mediators and the inhibition of terminal differentiation [77,78].

The underexpression of miR-34a is associated with the aggressive progression of cSCC [79,80].
Studies suggest that miR-34a is a tumor suppressor whose restoration inhibits proliferation, migration
and invasion of cancer cells by modulating the expression of HMGB1 and SIRT6 [80]. The first
target is a nuclear-binding protein that participates in the regulation of DNA organization and gene
transcription, while the second targeted gene is a NAD+-dependent histone deacetylase and ADP
ribosyl transferase that has been implicated in DNA repair, genomic stability and telomere structure [81].
The suppressive function of miR-34a also relies on its involvement in keratinocyte differentiation [79].
Techniques that modulate miR-34a expression could provide a starting point for valuable therapeutic
tools. MRX34, which restores the function of endogenous miR-34, has already been tested in a clinical
setting with promising results [82,83]. Pronounced angiogenesis is promoted by miR-203 and miR-361
in cSCC tumors compared to normal skin. Low levels of miR-361-5p induce VEGFA expression,
while miRNA-203 was shown to exert its function, both in vitro and in vivo studies, by targeting the
proto-oncogene c-MYC, and at the same time, facilitating cell migration and invasive growth [84,85].

Recent data has revealed miRNA molecules that take part in almost every stage of cSCC
carcinogenesis, such as miR-20a and miR-199a whose down-regulation favors proliferation, migration,
invasion and metastasis, or miR-125b, which also partakes in inflammation and angiogenesis [86–88].
The expression of LIMK1, a known tumor metastasis promoter, is significantly higher in the absence of
miR-20a, resulting in the inactivation of substrate cofilin, with subsequent formation of stress fibers and
cell invasion [86]. In cSCC cell lines, miR-199a targeted CD44 to repress the proliferation, migration and
invasion of tumor cells, and regulated the interaction between CD44 and Ezrin, a complex involved
in metastasis [87,89]. A non-kinase transmembrane proteoglycan, CD44 exerts its effects on tumor
cells by modulating cytoskeletal architecture and activating various protein kinases or transcription
factors [90]. Apart from CD44, the down-regulation of miR-199a increased the activity of matrix
metallopeptidases MMP2 and MMP9, important for epithelial to mesenchymal transition (EMT) [87].
In the A431 and UT-SCC-7 cell lines, the absence of miR-125b stimulates tumor cell growth, migration,
invasion, inflammation and angiogenesis, apparently by targeting MMP7, MMP13 and MAP2K7,
as discovered through bioinformatic analyses [88].
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5.2. Oncogenic miRNAs Upregulated in cSCC

Substantial progress has been made in the past few years in identifying the target genes and
functional roles of several onco-miRNAs linked to cSCC development (Figure 3A), which could serve
as new therapeutic biomarkers for this type of cutaneous cancer [13,91]. Gong et al. demonstrated that
miR-221 is significantly higher in cSCC tissues and cell lines than in normal samples, and it can operate
as an oncomir [92]. Functional experiments showed that knockdown of miR-221 inhibited cell cycle
and proliferation, while the upregulation of said miRNA presented the opposite effect. PTEN was
identified as a direct target gene of miR-221. After transfection with miR-221 mimics, the dual reporter
gene assays showed decreased levels of PTEN mRNA and protein expression, which induces the
activation of the PI3K/AKT/mTOR pathway, hence, promoting the survival and invasion of tumor
cells [92]. Similarly, in A431 cell line, miR-21 downregulates the expression of PTEN, and another tumor
suppressor, PDCD4, promoting cell survival and invasion [93]. Targeting of the tumor suppressor
GRHL3 by a miR-21-dependent network also results in PTEN loss, and the induction of aggressive
cSCC [94]. Moreover, in immunocompromised patients and organ transplant recipients, cancer survival
and invasion are favored by the up-regulation of miR-135b [95]. This specific miRNA modulates LZTS1,
a tumor suppressor critical for normal mitosis progression, whose absence impairs Cdk1/Cdc25C
interaction during the M phase and shortens the mitotic division time, causing improper chromosome
segregation [95,96].

The miR-346-induced proliferation and migration of A431 cells is caused by the downregulation
of SRCIN1. Data from the luciferase reporter assay indicated that SRCIN1 as a direct target gene
of miR-346, via the 3′-UTR. SRCIN1 protein and mRNA levels, was suppressed, due to the ectopic
expression of miR-346, which, in turn, facilitated cell proliferation and migration. Further rescue
experiments demonstrated that overexpression of SRCIN1 reduced the effects of miR-346 on A431
cells [97]. Upregulation of miR-205 also induced cancerous keratinocyte proliferation and migration by
targeting lipid phosphatase SHIP2 [98,99]. In the same cell line, miR-186 targets APAF1, a key molecule
in the intrinsic apoptosis pathway [100]. In response to cytochrome c release, APAF1 oligomerizes and
forms the apoptosome [101], therefore, its downregulation as a consequence of miR-186 overexpression
inhibits tumor cell apoptosis and promotes cSCC proliferation, invasion and migration [100]. At the
same time, miR-31 favors the enhanced proliferation, motility and colony-forming ability of cSCC
cell lines. Experiments concerning silencing by siRNA or knockdown in UT-SCC-7 and A431 cells
showed that loss of miR-31 suppresses these processes, by directly targeting RhoBTB1, a member
of the Rho family of small GTPases [102,103]. Finally, Zhou et al. identified HOXA9, a direct target
of onco-miR-365, to be significantly downregulated in cSCC tumors and cell lines. Absence of
HOXA9 positively regulates HIF-1α and its downstream glycolytic regulators, which contributes to the
enhanced glycolysis in cSCC development, as further cell proliferation, migration and invasion [104].

5.3. Aberrant Activity of lncRNAs

Currently a hot topic in the field of cancer research [105,106], several studies have outlined the
aberrant expression of lncRNAs in cSCC development (Figure 3B). For instance, Zhang et al. proposed
a novel c-MYC-assisted MALAT1-KTN1-EGFR axis, which contributes to cSCC progression, and may
serve as a new target for therapy. Metastasis associated lung adenocarcinoma transcript 1 (MALAT1)
was found to regulate the protein expression of EGFR, but did not affect its mRNA expression.
Transcriptomic sequencing identified kinectin 1 (KTN1) as the key mediator for the MALAT1 regulation
of EGFR. Mechanistic studies revealed that MALAT1 interacts with c-MYC to form a complex,
which directly binds to the promoter region of the KTN1 gene and enhances its transactivation to
positively regulate EGFR protein expression, leading to increased cell proliferation [107]. The knockout
of MALAT1 decreased the protein expression of vimentin and increased E-cadherin and β-catenin,
favoring cell migration and invasion [108]. Yu et al. found another well-known lncRNA, specifically
HOTAIR, exhibited an obvious elevation in cSCC cell lines A431 and SCL-1 [109]. HOTAIR is
widely involved in the regulation of tumor cell proliferation, apoptosis, angiogenesis, invasion and
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metastasis [110]. In cSCC, the increased expression of HOTAIR facilitated cell migration, proliferation
and EMT, while its down-regulation impeded these malignant processes. Furthermore, HOTAIR
competitively bound to miR-326, so as to positively modulate its expression and regulate prenylated
Rab acceptor 1 domain family, member 2 (PRAF2) expression [109]. Liu et al. detected increased levels of
THOR, a highly conserved lncRNA, mainly expressed in normal testis and tumors [111], in A431 cells.
The knockdown of THOR downregulated IGF2BP1-dependent mRNAs, suppressing cell survival
and proliferation. As such, targeting IGF2BP1 through THOR silencing might be a novel strategy for
cSCC inhibition [112]. Piipponen et al. employed whole-transcriptome and RNA in situ hybridization
analyses, succeeding in finding high levels of P38 inhibited cutaneous squamous cell carcinoma
associated lincRNA (PICSAR) expression in cSCC cells. According to their study, PICSAR targeted dual
specificity phosphate 6 (DUSP6), a negative regulator of ERK2 and enhanced MAPK/ERK signaling
cascade. Functional studies revealed that PICSAR promotes in vitro cell proliferation and migration,
as well as growth of human cSCC xenografts in vivo [113]. Another report detected intergenic length
non-protein coding RNA 1048 (LINC01048) to be highly expressed in cSCC tissues and recurrence
tissues, compared to adjacent normal and non-recurrence samples. The knockdown of LINC01048 led to
the activation of the Hippo pathway through upregulation of YAP1. Further mechanism investigation
revealed that LINC01048 increased the binding of TAF15 to YAP1 promoter to transcriptionally
activate YAP1 in tumor cells. Finally, rescue assays demonstrated that YAP1 positive regulation by
LINC01048 mediated cell proliferation and survival [114]. Li et al. reported the significant upregulation
of LINC00319, a recently discovered cancer-related lncRNA transcribed from the intergenic region
of chromosome 21, in cSCC tissues and cell lines. The increased expression of LINC00319 was
associated with larger tumor size and lymphovascular invasion. Gain-of-function and loss-of-function
approaches demonstrated that LINC00319 promoted tumor cell proliferation, accelerated cell cycle
progression, facilitated migration and invasion, and inhibited apoptosis. Mechanistic studies revealed
that LINC00319 exerts its oncogenic functions via miR-1207-5p-mediated regulation of cyclin-dependent
kinase 3 (CDK3) in A431 cells. Taken together, the data implies a potential link between upregulation of
LINC00319 and poor prognosis of cSCC [115].

Located on chromosome 19, the gene of terminal differentiation-induced ncRNA (TINCR)
can promote epidermal differentiation through post-transcriptional mechanism. In this regard,
the downregulation of TINCR in cSCC specimens could be correlated to the decrease in
differentiation [116]. Additionally, some suggested that TINCR is involved in A431 cell apoptosis and
autophagy induced by the combined treatment with 5-aminolevulinic acid and photodynamic therapy,
via the ERK1/2-SP3 pathway [117]. Another lncRNA whose expression is lowered in cSCC is LINC00520,
a new type that has only been reported in a few tumors. In A431 cells, LINC00520 targeted EGFR,
thus inhibiting the PI3K-AKT signaling pathway and suppressing cell proliferation and migration.
Consequently, loss of LINC00520 had the opposite effect on A431 cells [118]. Finally, significantly
decreased expression of GAS5, a tumor suppressor usually induced by stress (e.g., cell-to-cell contact
inhibition, serum deficiency), was observed in cSCC tissue samples, in contrast to normal skin [119,120].
Studies done on A431 cells determined that GAS5 promoted the proliferation and survival of tumor
cells, although its molecular targets are currently unknown [121].

The aforementioned findings suggest that the aberrant expression of ncRNAs (low levels of tumor
suppressors and overexpression of onco-promoters), as well as subsequent target genes’ dysregulation,
may be potential predictor biomarkers of cSCC outcome, and support them as putative targets for
cSCC, with prospective therapeutic value.

6. Novel Therapeutic Approaches for Cutaneous SCC

The standard treatment for cSCC is represented by surgical resection of the affected tissue and
the immediate area around the lesion, with various surgical modalities (standard excision, Mohs’
micrographic surgery, curettage and electrodessication or cryosurgery), followed by chemotherapy
or radiotherapy for patients with high-risk tumors, such as those who experience local recurrence
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or metastases. However, this therapeutic method generates lesions of different sizes and depths,
which can be difficult to heal, while follow-up treatment has a systemic effect, instead of targeting
the specific affected area, thus, weakening the patients’ immune system without guaranteeing full
efficiency. Furthermore, regenerative proliferation associated with chronic inflammation and oxidative
stress during wound healing has been shown to contribute to skin tumor promotion [122]. As such,
novel therapeutic approaches are being searched for, to overcome the current limitations and provide
high-risk patients with efficient therapeutic alternatives, potentially increasing their chance of survival
and decreasing the heavy financial and emotional burden.

6.1. Targeted Therapy

A significant progress in the treatment of cSCC is represented by the introduction of targeted
therapy drugs, such as EGFR inhibitors. Overexpression of this growth factor receptor involved
in RAS signaling is quite common in cSCC, thus, mapping it as a promising target for molecular
therapy. Cetuximab, an inhibitor of EGFR has been developed and tested on high-risk cSCC patients in
clinical trials, with positive results. A good outcome was reported for patients with locally advanced
or regional SCC, while, for distant metastatic sites, it has remained inefficient [123–125]. Tyrosine
kinase inhibitors have also been used to disrupt EGFR pathways in cSCC cases. Clinical studies
on gefetinib and imatinib have yielded slightly positive responses, with modest antitumor activity
in recurrent or metastatic cSCC, but with limited adverse effects [126,127]. Cetuximab has already
been approved by the FDA for treatment of HNSCC, as a stand-alone treatment or in combination
with conventional therapies for enhanced efficiency. Radiation therapy synergizes with cetuximab
by inducing apoptosis and blocking secondary repair mechanisms, and studies have shown that in
combination with chemotherapy EGFR inhibitors are efficient against metastatic cSCC [8,128,129].

6.2. Immunotherapy

Cutaneous SCC harbors a heavy mutational burden caused by UV radiation [9], increasing the
likelihood of response to immunotherapy, with promising results being reported in clinical studies for
use of checkpoint inhibitors in advanced cSCC [130]. Recently, human monoclonal antibody cemiplimab,
that targets PD-1, has been approved by the FDA for patients with locally advanced or metastatic
cSCC, unfit for curative surgery or radiation therapy [131]. While efficient in ~50% of aggressive cSCC
cases, common adverse effects (rash, fatigue, diarrhea), as well as serious immune-mediated reactions,
such as pneumonitis, colitis, hepatitis, nephritis, were reported [131], advising caution to be employed,
especially for immunocompromised patients. Research is ongoing for the further development of
immunotherapy drugs, with the consensus that checkpoint inhibitors will play a great role in cSCC
treatment in the future.

6.3. Topical Treatment

Although not currently recommended for treating cSCC, case reports have shown promising
results for topical imiquimod or 5-fluorouracil treatment, either alone or in combination [132]. Recently,
Fayne et al. reported a case of biopsy-proven invasive cSCC in an elder Caucasian male patient,
with a history of multiple actinic keratoses and no previous skin cancers, who declined surgical
treatment due to cosmetic outcome concerns. A combination of topical 5% imiquimod cream,
2% 5-fluorouracil solution, and 0.1% tretinoin cream was used five nights/week under occlusion,
for a treatment goal of 30 total applications. The patient was evaluated in clinic every two weeks,
during which, the affected site was briefly treated with cryotherapy. Out of the 30 desired applications,
the patient completed only 24, due to the burning pain associated with the treatment, however, the
follow-up biopsy 15 months after completing the topical procedure revealed a dermal scar with no
evidence of residual carcinoma. Therefore, the combination therapy of topical imiquimod, tretinoin
and 5-fluorouracil application, coupled with intermittent cryotherapy, proved to be efficient in treating
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a small, invasive cSCC in this particular case. Nonetheless, prospective randomized-controlled clinical
trials are warranted [133].

7. Discussion

cSCC tumors are heterogeneous and characterized by inherent evolution, propelled by genetic
instability, which challenges diagnostics and complicates the development of targeted therapies.
While monotherapies, such as EGFR inhibitors, may prove temporarily successful for patients with
locally advanced or regional cSCC, they remain inefficient for metastatic sites [123–125], possibly
because they are not radical enough. For instance, a much higher incidence of activating RAS
mutations was detected in patients treated with vemurafenib, which hindered the intended repression
of mitogen-activated protein kinase (MAPK) signaling pathway (involved in cell proliferation and
survival), and rendered the BRAF inhibitor inadequate for cSCC treatment [38,39]. Consequently,
targeting a single molecular signature is unlikely to combat the aggressive behavior of cSCC and yield
the desired outcome for the patients, prompting researchers to try and find reliable combinations instead.

In this regard, the pivotal signaling routes for cSCC progression could serve as a starting point, by
identifying and targeting multiple co-regulators at once. For example, the constitutive activation of
RAS signaling pathways is favored by the aberrant expression of both genes and ncRNAs [13,14,27–31].
Activating mutations in EGFR [29,37], RAS [27–31,38,39] and RAF [28–30], as well as the inactivation
of negative regulators RASA1 [45,46] and RIPK4 [50], promotes RAS signaling and facilitates cell
proliferation and survival. The downregulation of tumor suppressors miR-124 and miR-214 mediates
cSCC progression through induction of ERK kinases [69,70], while the reduced expression of miR-204
also targets MAPK cascade via STAT3 [71]. At the same time, the decreased expression of miR-181a
and miR-193b/miR-365a cluster, which target KRAS, promotes continued MAPK signaling [73,74].
Moreover, in the absence of miR-148a, upstream activators MAP3K4 and MAP3K9 are up-regulated,
again favoring RAS signaling [75]. Concerning the action of lncRNAs on this specific pathway,
the increased expression of MALAT1 and low levels of LINC00520 have been found to regulate
the expression of EGFR receptor [107,118], while PICSAR targeted DUSP6, a negative regulator of
ERK2 [113], and the downregulation of TINCR enhanced the ERK1/2-SP3 pathway [117]. Aside from
RAS signaling, the Hippo-YAP pathway could represent another central signaling route in cSCC
development, as the functional loss of the tumor suppressor FAT1 and the increased expression of
lncRNA LINC01048 has been shown to favor the transcriptional activation of YAP1, promoting cell
proliferation and survival [42,114].

Modulating the expression of the aforementioned molecular markers in various combinations
could inhibit cell proliferation and survival, which may lead to the discovery of novel, efficient and
reliable therapeutic approaches for cSCC. Pairing targeted therapy with conventional treatments may
also represent a reliable strategy. At the moment, EGFR inhibitors in combination with radiation
and chemotherapy have proved efficient against metastatic cSCC [8,128,129], while the functional
restoration of TINCR, in combination with 5-aminolevulinic acid and photodynamic therapy triggered
cell apoptosis and autophagy [117].

8. Conclusions

Cutaneous SCC is one of the most common types of neoplasia in the world, with a growing
incidence every year. Due to its high mutational burden caused by cumulative UV light exposure,
the identification and validation of specific key driver genes in cSCC has been difficult, however,
commonly mutated genes have been found and established as reliable markers for this type of
skin cancer. The search is still ongoing for novel markers that could stand as therapeutic targets,
with microRNAs and lncRNAs at the forefront of recent studies. In the past few years, new therapeutic
agents for cSCC have been developed, with EGFR and immune checkpoint inhibitors showing
promising results. Moreover, these novel therapeutic approaches could partner with current treatment
options (chemotherapy, radiation), giving clinicians the opportunity to adjust the treatment for high-risk
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patients. Unfortunately, despite the progress made in identifying specific reliable disease biomarkers
and developing novel therapeutic approaches, cSCC continues to be lethal, if diagnosed in the advanced
stages. Thus, the elucidation of the molecular mechanisms involved in the pathogenesis and evolution
of this type of cancer represents a principal research objective at the moment, as it could lead to the
identification of novel therapeutic targets, and to the improvement of patients’ diagnosis and treatment.
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Abstract: In mouse models of squamous cell carcinoma, pre-treatment with calcitriol prior to
photodynamic therapy with aminolevulinic acid (ALA) enhances tumor cell death. We have evaluated
the association between vitamin D status and the response of actinic keratoses to photodynamic
therapy with methylaminolevulinate. Twenty-five patients with actinic keratoses on the head received
one session of photodynamic therapy with methylaminolevulinate. Biopsies were taken at baseline
and six weeks after treatment. Immuno-histochemical staining was performed for VDR, P53, Ki67
and β-catenin. Basal serum 25(OH)D levels were determined. Cases with a positive histological
response to treatment had significantly higher serum 25(OH)D levels (26.96 (SD 7.49) ngr/mL) than
those without response (18.60 (SE 7.49) ngr/mL) (p = 0.05). Patients with a complete clinical response
displayed lower basal VDR expression (35.71% (SD 19.88)) than partial responders (62.78% (SD
16.735)), (p = 0.002). Our results support a relationship between vitamin D status and the response of
actinic keratoses to photodynamic therapy with methylaminolevulinate.

Keywords: photochemotherapy; methylaminolevulinate; actinic keratosis; vitamin d; calcitriol;
vitamin d receptor

1. Introduction

Vitamin D (VD) is a prohormone involved in a wide variety of functions in the organism, and has
been related with several types of cancer [1]. It has several known effects on epidermal carcinogenesis [2]:
it regulates keratinocyte proliferation promoting its differentiation [3], and it prevents UV-induced
mutations [4], enhancing mutation repair.

In humans, vitamin D is obtained mainly through exposure to sunlight which, in the epidermis,
promotes transformation of 7-dehydrocholesterol into cholecalciferol or previtamin D3. Secondarily,
cholecalciferol is hydroxylated in the liver to become 25(OH)D or calcidiol, then further hydroxylated
in the kidney into 1,25(OH)D or calcitriol, the biologically active form of vitamin D [1]. Calcitriol acts
on its intracellular receptor (VDR), which is present in almost all cell types in humans, and its signaling
exerts antiproliferative, antiangiogenic, pro-differentiating and antiapoptotic effects [5].

Actinic keratoses (AKs) are skin areas of keratinocytic dysplasia representing a preneoplastic
state—or according to some authors, an in situ form—of cutaneous squamous cell carcinoma (SCC).
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In AK, the severity of keratinocytic dysplasia is classified, as in other intraepidermal carcinomas
(CIN for cervical, VIN for vulvar, AIN for anal intraepithelial neoplasia) into KIN (keratinocytic
intraepidermal neoplasia) grade 1, 2 or 3 according to the presence of dysplastic keratinocytes in one
third, two thirds or the complete thickness of the epidermis [6].

Photodynamic therapy (PDT) with aminolevulinic acid (ALA) or methyl-aminolevulinate (MAL) is
effective in clearing keratinocytic dysplasia and reversing some of the molecular features of AK, such as
the expression of mutant P53 [7]. In this therapy, AKs are treated with mentioned photosensitizers
and exposed to specific wavelength light sources. ALA and MAL are precursors of protoporphyrin
IX (PpIX), a molecule that selectively accumulates in dysplastic keratinocytes. Irradiation induces
photobleaching of PpIX which is responsible for tumor cell death.

In SCC murine models, pre-treatment with topical vitamin D prior to ALA-PDT has been shown
to enhance PpIX accumulation and tumor cell death [8]. This has also been observed in other rodent
models with oral [9] or intraperitoneal [10] administration of calcitriol. In humans, the clinical response
of AK to PDT, in a split-scalp trial comparing MAL-PDT alone vs. MAL-PDT with a pre-treatment
of 15 days with topical calcipotriol (a synthetic derivative of calcitriol marketed to treat psoriasis),
improved in the pretreated group [11]. Galimberti also demonstrated superior efficacy of daylight
mediated MAL-PDT after pre-treatment with calcipotriol ointment [12].

We intended to explore if VD or its receptor play a role in the response of AK to PDT. Therefore,
we designed a study to evaluate the association between the serum 25(OH)D level and the skin
expression of VD receptor (VDR) in AK with the response to MAL-PDT at clinical, histological and
immuno-histochemical levels.

2. Patients and Methods

2.1. Design

A prospective observational pilot study was designed to establish whether serum 25(OH)D level
influences the response of AK to MAL-PDT in patients.

2.2. Ethics

The study was approved by the local Ethical Committee at Hospital Universitario Puerta de
Hierro in Madrid (Spain). The written informed consent was obtained from all the subjects before
being recruited for the study.

2.3. Subjects

Twenty-five patients were enrolled in the study. Inclusion criteria were as follows: having five
or more neighboring AKs susceptible to be treated with MAL-PDT, located on the face or the scalp.
Exclusion criteria were: unstable health conditions, such as cancer or immunosuppression; medical
contraindications for the treatment, such as pregnancy or photosensitivity; allergy to the MAL or any
of the excipients of the cream; and having received any treatment for face or scalp AKs within the last
six months. Patients were recruited from March 2014 to September 2016. Variables such as age, gender,
body mass index (BMI) and Fitzpatrick phototype were collected for each patient.

2.4. Treatment Protocol

Patients were treated with conventional MAL-PDT as follows. AKs were prepared for the
treatment by removal of hyperkerosis through gentle use of sandpaper or curettage. Then, a 1 mm layer
of MAL 160 mg/g cream (Metvix®, Galderma, Paris, France) was applied over each AK, spreading the
remaining cream on the surrounding cancerization area. After incubation under occlusion for three
hours, the whole area was exposed to a red LED device emitting at 630 nm (Aktilite®; PhotoCure,
Oslo, Norway) with a fluence of 37 J/cm2. After the treatment, patients were instructed to avoid sun
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exposure using the same SPF 50 sunscreen cream (Heliocare Airgel, IFC, Spain) when outdoors until
the end of the study.

2.5. Clinical Evaluation

Clinical evaluation was assessed using digital photographs before and six weeks after the treatment.
Clinical lesion response was evaluated by two dermatologists who measured the reduction in the AK
number and the Olsen grade in the treated area. Patient response was classified in three categories:
complete response, defined by a 75% to 100% reduction in number and improvement in the grade of
Olsen of the AKs; partial response when the overall improvement in number and grade was lower
than 75% and higher than 25%; and improvement was lower than 25% percent.

2.6. Biochemical Variables

Two blood tests were performed on each patient, the first one on the day of the PDT treatment
and the second one 6 weeks later, at the end of the follow-up. Serum levels of 25(OH)D (ng/mL)
(electrochemiluminescence, Roche Diagnostics, Madrid, Spain) were determined in the Central Laboratory
of Madrid. VD deficiency was defined as serum 25(OH)D of 20 ng/mL or less, VD insufficiency as values
of 20–30 ng/mL, and sufficiency over it [13].

2.7. Histological and Immune-Histochemical Variables

A 3 mm punch biopsy of the index lesion (the most severe AK in the area) was performed 1 week
before the treatment and 6 weeks after it. The second biopsy was taken at a minimal distance from the
first biopsy scar.

The skin samples were fixed (10% formalin), embedded in paraffin, sectioned (3 μm thickness)
and stained by haematoxylin and eosin, and then simultaneously subjected to immunohistochemistry
using the corresponding antibodies for detection of Ki67 (prediluted; Ventana Medical Systems Tucson,
AZ, USA), vitamin D receptor (VDR), P53, and β-catenin antibodies (Cell Signaling Technologies,
Leiden, The Nederlands). Representative sections were examined using positive and negative controls.
Immuno-histochemical evaluation of P53, Ki-67, β-catenin and VDR was performed by identifying,
in each section, the area with the highest levels of immunoexpression (“hot spots”) and estimating
the percentage of cells with nuclear positivity in a high-power field (×400). Intensity of VDR staining
was semi-quantitatively assessed by classifying expression intensity into 4 categories: 0, absence of
staining; 1, mild staining (0%–33% tumoral cell staining); 2, moderate staining (>33%–66%) and 3,
intense staining (>66%–100% tumoral cell staining).

Histological and immuno-histochemical variables (histological diagnosis, histological subtype
of AK, KIN grade as defined by Röwert-Huber et al. [6], β-catenin, P53, Ki67, VDR expressions and
VDR intensity were evaluated by a pathologist, blind to the identity of the samples. Histological
response of the AK index, assessed on hematoxylin-eosin stained sections, was defined as positive
when complete clearance or at least a decrease in two KIN grades was achieved, and negative when
absence of histological response or decrease of only one KIN grade was shown.

2.8. Statistical Analysis

Quantitative variables are expressed as mean and standard deviation (SD) and dichotomous
variables as proportions. Associations between qualitative variables were assessed using Pearson’s
Chi-squared test or Fisher’s exact test. Mann–Whitney U-test or Student’s t-test for paired data was
used to evaluate associations between quantitative variables. Pearson correlation coefficient was
calculated to evaluate the linear correlation between two variables. Statistical significance was set at
p ≤ 0.05. Analyses were performed using SPSS Statistics (version 19.0: IBM, Armonk, NY, USA).
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3. Results

3.1. Demographic Characteristics of the Sample

All twenty-five patients completed the study. However, one case was excluded from the histological
analysis since the post-treatment biopsy revealed a collision of an actinic and a seborrheic keratosis.
The mean age was 70.1 years (range 61–81) and 76% were males with Fitzpatrick phototype 3 (60%) or
phototype 2 (40%). Most of the treated AKs were located on the scalp (64%) and 36% on the facial area
(Table 1). The mean basal 25(OH)D serum levels were 25.37 (SD 9.86) ng/mL.

The severity of keratinocytic dysplasia was considered KIN3 in 7 lesions (29.17%), KIN2 in 10
(41.66%) and KIN1 in 7 (29.17%) AK.

Table 1. Sociodemographic and biochemical variables of the sample. (SD: standard deviation; BMI:
body mass index.).

Variables (N = 25) Frecuency Mean (Range or SD)

Age (years) 70.1 (61–81)

Gender Male
Female

19/25 (76%)
6/25 (24%)

Phototype II
III

10/25 (40%)
15/25 (60%)

B.M.I. (kg/m2) 30.1 (23.30–42.40)

Location of treated AK Face
Scalp

9/25 (36%)
16/25 (64%)

Serum 25(OH)D3 (ng/mL) 25.37 (SD 9.86)

3.2. Clinical and Histological Response to PDT Per Lesion

As expected, PDT induced a significant reduction in the mean number of AKs per patient,
from 7.80 (SD 2.79) to 2.8 (SD 1.61) (p = 0.005) (Figure 1). Overall clinical response was complete in
16 patients (64%) and partial in 9 (36%); there were no cases without response.

 

Figure 1. Complete clinical response to photodynamic therapy (PDT), as clearance of actinic keratoses
in the nasal area of a patient six weeks after treatment.

Histological response was positive in 17 AK (70.8%) and negative in 7 AK (29.2%). Index AK
exhibited basal KIN grade 3 in 29.17%, KIN 2 in 41.66%, and KIN 1 in 29.17% of the samples, and after
treatment KIN grade was 3 in 8.33%, KIN 2 in 12.50%, KIN 1 in 16.67% and KIN 0 in 62.50% of the
lesions, showing a significant improvement of the KIN grade (p = 0.004) Considering the KIN grade as
a quantitative variable, PDT induced a significant decrease in the mean KIN grade, from 1.88 (SD 0.85)
to 0.67 (SD 1.01) (p = 0.000).
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PDT also induced a significant decrease in the mean of the immunostaining of Ki67 (57.08
(SD 27.10) to 26.88 (SD 19.27), p = 0.001) and P53 expression (59.17 (SD 27.72) to 26.39 (SD 24.54),
p = 0.001). VDR expression increased after PDT but the differences were not statistically significant
(56.67 (SD 20.36) to 66.67 (SD 22.00), p = 0.062) (Figure 2). No relevant differences were found in the
rest of the immunological markers after PDT (Table 2).

 

Figure 2. Actinic keratoses: immuno-histochemical response to MAL-PDT (methyl-aminolevulinate
photodynamic therapy). Baseline vitamin D receptor (VDR) expression (A) did not significantly
change after treatment (B). Baseline P53 (C) and Ki67 (E) expression significantly decreased (D and F,
respectively) after PDT.
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Table 2. Clinical, histological and immuno-histochemical variables of the sample, before and after
MAL-PDT (methyl-aminolevulinate photodynamic therapy).

N = 24 Basal (mean, SD) After PDT (mean, SD) p

Clinical and histological variables

AK number per patient 7.84 (SD 2.79) 2.80 (SD 1.61) 0.005

KIN grade (quantitative) 1.88 (0.85) 0.67 (1.01) <0.001

KIN grade (qualitative)

0.004
KIN 3 7 (29.17 %) 2 (8.33%)

KIN 2 10 (41.66%) 3 (12.50%)

KIN 1 7 (29.17%) 4 ( 16.67%)

KIN 0 0 15 (62.50%)

Immunomarkers

VDR expression (%) 56.67 (20.36) 66.67 (22.00) 0.062

VDR intensity (0–3) 1.96 (0.81) 2.08 (0.93) 0.479

β-catenin expression (%) 4.17 (5.69) 2.61 (4.59) 0.191

Ki67 expression (%) 57.08 (27.10) 26.88 (19.27) 0.000

P53 expression (%) 59.17 (27.72) 26.39 (24.54) 0.000

SD: Standard deviation; VDR: vitamin D receptor; KIN: keratinocytic intraepithelial neoplasia; AK: actinic keratosis.

3.3. Association of Variables with Overall Clinical Response

No statistically significant relationship was found between patient clinical response and age,
gender, phototype, AK location and serum 25(OH)D. However, those patients with complete clinical
response showed lower VDR expression (35.71, SD 19.88) than those with partial response (62.78,
SD 16.74) (p = 0.002). Basal β-catenin, Ki67 and P53 expressions were not associated with the overall
clinical outcome (Table 3).

3.4. Association of the Variables with the Histological Response

No statistically significant relationship was found between age, gender, phototype and location of the
AK and the histological response. Patients who responded to PDT had significantly higher serum 25(OH)D
levels (26.96 ng/mL, SD 7.49) than those without response (18.60, SD 7.49) (p = 0.05). Baseline expression of
the explored immunomarkers was not associated with the histological response to PDT (Table 3).

96



J. Clin. Med. 2020, 9, 398

Table 3. Influence of clinical and histological variables on overall clinical response of patients and
histological response of AK to MAL-PDT.

Patient Clinical Response
p

Histological Response
p

Partial Response
(mean, SD) n = 6

Complete response
(mean, SD) n = 19

Positive (mean,
SD) n = 17

Negative (mean,
SD) n = 7

Age (mean, SD) 71.47 (6.66) 69.67 (3.20) 0.53 69.88 (6.19) 73.86 (5.37) 0.153
Gender

1 0.608Male 14 (73.37%) 5 (26.30%) 14 (73.70%) 5 (26.30%)
Female 5 (83.30%) 1 (16.70%) 3 (60.00%) 2 (40.00%)

Phototype
0.175 0.356II 6 (60.00%) 4 (40.00%) 5 (55.60%) 4 (44.4%)

III 13 (86.70%) 2 (13.30%) 12 (80.00%) 3 (20.00%)
Location

1 0.352-Face 7 (77.80%) 2 (22.20%) 7 (87.50%) 1 (12.50%)
-Scalp 12 (75.00%) 4 (25.00%) 10 (62.50%) 6 (37.50%)

Vitamin D (ng/ml) 24.42 (9.67) 27.67 (9.86) 0.483 26.96 (9.49) 18.60 (7.49) 0.05
VDR expression (%) 62.78 (16.74) 35.71 (19.88) 0.002 59.41 (18.53) 53.33 (25.03) 0.535
VDR intensity (0–3) 2.00 (0.77) 1.71 (0.95) 0.442 2.00 (0.79) 1.83 (0.98) 0.68
β-cat. expression (%) 4.39 (5.62) 3.86 (5.40) 0.832 5.53 (6.06) 17 (2.04) 0.103
Ki67 expression(%) 56.39 (28.12) 51.00 (32.20) 0.683 55.00 (29.42) 59.17 (22.00) 0.756
P53 expression (%) 64.41 (23.51) 59.00 (38.79) 0.701 64.69 (27.35) 52.00 (22.80) 0.361

4. Discussion

This study supports the relationship between 25(OH)D serum levels and the response of AK
to MAL-PDT: VD deficient levels were found to be significantly associated to a lack of response in
the reduction of the KIN grade of actinic keratoses, and patients whose AK exhibited a significantly
lower VDR basal expression showed a complete clinical response to the treatment. Comparing the
histological samples of AK in every patient before and after MAL-PDT, we observed a marginally
significant increase in VDR expression after the treatment in addition to the already know reduction in
P53 and Ki67 expression [7].

Thus, our findings suggest that a poorer response of AK to MAL-PDT is likely to be expected
under a deficient VD status. The mechanisms by which VD may exert an effect on the response of
AK to MAL-PDT are unknown. It has been demonstrated that VD promotes UV-induced mutation
repair in keratinocytes through an up-regulation of functional P53 [14] and has several antitumoral
effects on epidermal neoplasms through the immune system [15,16]. The transcriptional profile of
healthy keratinocytes treated with 1,25(OH)D has been studied, showing the up-regulation of some
82 genes and down-regulation of 16 other genes; among those up-regulated were peptidilarginine
deaminases, calicreins, serin-protease inhibitors, c-fos or Kruppel-like factor 4, all of which are involved
in keratinocyte differentiation [17]. These findings illustrate a poorly understood pro-differentiation
network over keratinocytes sustained by VD.

The increase on PpIX accumulation and consequent enhanced tumoral cell death induced by
exposure to calcitriol or calcipotriol prior to ALA-PDT has been proposed as a possible mechanism
in several previously published studies on murine models [8–10]. However, Bay et al. [18] exposed
hairless mice to carcinogenic doses of UV-radiation, and found that pre-treatment with calcipotriol
prior to MAL-PDT neither increased PpIX accumulation, as measured by fluorescence, nor delayed the
onset of SCC compared to MAL-PDT without pre-treatment. Accordingly, VD ability to enhance AK
response to PDT may not be related to an increased PpIX accumulation in keratinocytes, but to other
mechanisms, perhaps involving its complex effects on keratinocyte proliferation and differentiation.

The relationship between 25(OH)D serum levels and VDR expression in keratinocytes has not been
studied in humans. In swine models fed with a VD-deficient diet, VD insufficiency status resulted in a
diffuse presence of VDR in the keratinocytic cytoplasm, whilst supplementation with VD up to serum
levels of 25(OH)D sufficiency induced a preferentially nuclear location of the VDR [19]. Moreover,
unpublished data of our group in several in vitro experiences with skin and vulvar squamous cell
carcinoma cell lines (SCC-13 and A-431) reveal that these tumor cells exhibit a diffuse expression of
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VDR in the cytoplasm that changes dramatically to a predominantly nuclear expression upon the
addition of calcitriol to the cell cultures.

As for the discrepancy between the influence of variables on clinical and on histological responses
of AK to PDT, it has already been proven that clinical and histological classifications of AK do not
accurately match and that conclusions must not be drawn about the histology of AK lesions from their
clinical appearance [20]. Hence, we can infer that parallel findings should not necessarily be expected
between clinical and histological approaches.

According to our results comparing immunohystochemical features of our samples before and after
the treatment, MAL-PDT might be able to increase VDR expression in the nucleus of the keratinocytes
in AK. This may improve keratinocyte sensitivity to serum VD, thus providing an additional plausible
way through which PDT and VD interact to generate a synergic antitumoral effect on keratinocytic
neoplasms such as AK.

An important limitation of this is study is the small sample. A larger sample is warranted to
strengthen the evidence provided by our findings.

In summary, our findings imply that serum VD could be considered a modulator of the response
of AK to MAL-PDT. Determination of serum 25(OH)D might be appropriate in patients with AK
eligible for treatment with MAL-PDT, in order to predict their intrinsic ability to respond to it, and to
select those patients who could benefit from VD supplementation prior to treatment. More research
is needed, firstly to confirm our results and secondly to establish if VD supplementation in deficient
patients previous to PDT might improve its efficacy.
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Abstract: Actinic cheilitis (AC) is one of the most frequent pathologies to affect the lips. Studies show
that the most commonplace oral malignancy, squamous cell carcinoma (SCC), often emerges from
AC lesions. Invasive diagnostic techniques performed on the lips carry a high risk of complications,
but reflectance confocal microscopy (RCM), a non-invasive skin imaging technique, may change
the current diagnostic pathway. This retrospective study was aimed at consolidating the RCM
diagnostic criteria for AC and lip SCC. The study was conducted in two tertiary care centers in
Bucharest, Romania. We included adults with histopathologically confirmed AC and SCC who also
underwent RCM examination. Of the twelve lesions included in the study, four were AC and eight
were SCC. An atypical honeycomb pattern and the presence of target cells in the epidermis were
RCM features associated with AC. SCC was typified by the presence of complete disruption of the
epidermal architecture and dermal inflammatory infiltrates. The mean blood vessel diameter in SCC
was 18.55 μm larger than that in AC (p = 0.006) and there was no significant difference (p = 0.64) in
blood vessel density, as measured by RCM, between SCC and AC. These data confirm that RCM can
be useful for the in vivo distinction between AC and lip SCC.

Keywords: actinic cheilitis; squamous cell carcinoma; in vivo; reflectance confocal microscopy;
lip neoplasms

1. Introduction

Lips constitute a special location for the development of numerous skin lesions due to their
frequent exposure to exogenous factors, such as ultraviolet light, chemical, and biological agents.

Actinic cheilitis (AC) is one of the most often occurring pathologies that affects the lips [1].
Occupational activities not considered, studies report an AC prevalence between 0.2% and 0.45% [2,3].

Upon clinical examination, AC has a broad spectrum of presentation, comprised of pale, dry, scaly
lips, chronic ulcerations and erosions [4], blurring of the vermillion-skin border [2,5–10], white [11,12]
and red [2,5,9,10] areas, and vermillion atrophy [5–8]. Palpation reveals a fine sandpaper-like feeling [4],
often accompanied by a stinging or burning and an inelastic or tight sensation of the lip [4,8].

AC differential diagnosis includes inflammatory disorders such as eczema, benign leukoplakia,
lichen planus, granulomatous cheilitis, and xerosis with chronic irritation [13,14].
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Some studies show that squamous cell carcinoma (SCC) represents approximately 90% of all oral
malignancy cases [15] while others estimate that 95% of SCCs of the lips emerge from ACs [12,16].

Changes suggestive of AC progression to SCC of the lip include thickening and induration of
keratotic AC patches, the appearance of nodules with rapid growth and/or ulceration associating
bleeding and pain [4,8,17–20]. Lip squamous cell carcinoma is also much more prone to metastasis
than cutaneous SCC (0.5–3% vs. 3–20%) [21–23].

A number of techniques hold promise for the early detection, aggressiveness profile and monitoring
of keratinocyte carcinomas. The observed differences between normal, inflammatory and malignant
keratinocyte proteomic profiles are likely to unearth novel markers for SCC, in terms of diagnosis and
monitoring, and could maybe even come to the aid of targeted therapies [24–27].

Although the gold standard diagnostic technique for AC and lip SCC is the histopathological
examination of a biopsy specimen, the anatomic characteristics of the lips increase the risk of
postoperative bleeding and infection. Additionally, considering the cosmetic importance of this area,
noninvasive diagnostic techniques are useful for selecting the biopsy site, thus avoiding repeated
biopsies, and in some cases even acting as a surrogate for histopathology.

Imaging techniques, such as dermoscopy and in vivo reflectance confocal microscopy (RCM),
continue to highlight diagnostic and prognostic criteria for AC and SCC [28,29]. The lips are an ideal
site for RCM examination, due to a thinner epidermis when compared to other body sites. Because
early detection and swift therapy remain the two most important factors influencing the long-term
survival of these patients [30], we designed a retrospective study with the aim of consolidating previous
observations regarding the RCM diagnostic criteria for AC and lip SCC.

2. Materials and Methods

2.1. Subjects

Patients with histopathologically confirmed lesions of actinic cheilitis or lip SCC were included in
the study. Patients’ records were retrieved from the electronic database of the Dermatology Research
Laboratory, “Carol Davila” University of Medicine and Pharmacy, in Bucharest. The study was
conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the Local
Ethics Committee (No. 25/27.11.2017). All participants gave written informed consent as part of their
investigation and treatment procedures, at the time of their registration.

2.2. RCM Imaging and Analysis

Despite it being a retrospective study, the RCM imaging protocol was the same for all lesions, as it
is a well-established protocol in this clinic when examining non-melanocytic lesions.

Confocal imaging was done with a commercially available confocal microscope (Vivascope® 1500,
Caliber ID, Rochester, NY, USA) which uses a near-infrared laser diode with a maximum power output
of 20 mW. The device and image acquisition protocol have been described elsewhere [31].

Vertical imaging via Vivastack® was performed by capturing a series of images of 0.5 × 0.5 mm
with 3 μm increments, in depth. Horizontal mosaics (via Vivablock®) of 4 × 4 mm were captured at
different depths of the lesions. Mapping started at the stratum corneum and was continued to the
papillary dermis.

Due to the problematic separation of epidermal layers on RCM, we adopted the methodology
of Peppelman et al. [32], so that the first appearance of nucleated cells, regardless of cell size and
shape, was considered to be the stratum granulosum (SG). Since the SG is only a few cell layers thick,
three steps in depth below this point was considered as the stratum spinosum (SS).

Diagnostic RCM criteria for AC and lip SCC were selected based on previously published data
(Table 1) [33–42].
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Table 1. Reflectance confocal microscopy (RCM) criteria for the diagnosis of actinic cheilitis (AC) and
lip squamous cell carcinoma (SCC).

Epidermis

Ulceration Dark areas, with irregular and well-defined borders, filled with
amorphous material and cellular debris.

Hyperkeratosis/scale
Increased thickness of the stratum corneum seen as areas of

amorphous, variably refractive material, and reduced resolution of
deeper structures.

Parakeratosis Presence of individual polygonal, sharply delineated, nucleated cells
in the stratum corneum.

Atypical honeycomb pattern
SG/SS *

Cells with irregular shape and size showing bright cell borders,
arranged in a distorted fashion, deviating from the normal

honeycomb pattern.

Architectural disarrangement
SG/SS*

Disarray of the normal architecture of the superficial skin layers with
unevenly dispersed hyper-refractive granular particles and cells, in
which the honeycomb or cobblestone patterns are no longer visible.

Targetoid cells SS/SG*

A large cell resembling a target, either with a bright center and dark
peripheral halo or a dark center and a bright rim surrounded by a
dark peripheral halo. The first one corresponds histologically to

large dyskeratotic keratinocytes separated from adjacent cells by a
retraction halo, and the second type to dyskeratotic keratinocytes

containing a pyknotic nucleus.

Dendritic cells Large cells with obvious dendrites connected to them.

Dermal-epidermal junction

Increased vessel diameter Blood vessel diameter larger than 5 μm.

Increased vessel density More than 5 blood vessels per 0.5 × 0.5 mm RCM image.

Dermis

Solar elastosis Lace-like material adjacent to hyper-refractive, thickened collagen
bundles.

Inflammatory cells Hyper-refractive, small structures, of 8–10 μm in diameter.

Dendritic cells Large cells with obvious dendrites connected to them.

Atypical keratinocytes
(speckled/nucleated)

Round to polygonal cells with a dark nucleus and speckled
appearance.

Nest-like structures Defined, irregular, discohesive, aggregates of cells larger than
inflammatory cells.

Keratin pearls Whorl-shaped, hyper-refractive, speckled structures.

* SG/SS, stratum granulosum/stratum spinosum.

RCM images were then evaluated for these features by an RCM user (LM) with 4 years of experience
with this technique. The observer systematically evaluated the lesions for the presence or absence of
individual RCM criteria, but was not blinded to the histopathological diagnosis. Furthermore, the mean
vessel diameter and blood vessel density per individual confocal image (500× 500 μm) were determined
for both AC and lip SCC lesions. Based on previously published data [32], an increased vascular
diameter was defined as a diameter greater than 5 μm and an increased blood vessel density as more
than 5 vessels per single confocal image (500 × 500 μm). Blood vessel diameter measurements were
taken on scale calibrated images using the open source software package ImageJ. A line, perpendicular
to the axis of the vessel, was drawn from side to side in the widest visible part of the blood vessel and
the result was recorded. This measurement was repeated for every visible vessel in the chosen RCM
image. For every case, these two parameters were measured in 3 different single confocal images at
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approximately the same depth for every lesion, and the highest value for each of these two parameters
was recorded for the case.

2.3. Histopathology

All lesions included in this study were surgically excised after RCM investigation and histologically
confirmed as either AC or lip SCC by an experienced pathologist on haematoxylin–eosin (H&E) stained
paraffin sections. SCC was defined based on the presence of an invasive component.

2.4. Statistical Analysis

The analysis was conducted in order to assess how various observed RCM criteria were associated
with either AC or SCC. It comprised descriptive statistics and Fisher’s exact test to analyze the
differences between subgroups. The differences in blood vessel diameter and vessel density per
individual confocal image in AC and SCC lesions were measured using an independent t-test.

All data analyses were conducted using the statistical software package SPSS Inc. (v20, Chicago,
IL, USA).

3. Results

Twelve subjects (10 males and 2 females) with a mean age of 66.82 ± 9.87 (range 43–80) years were
included in the study.

In these patients, a total of 12 biopsy-proven lesions were evaluated with RCM, of which four ACs
and eight invasive lip SCCs. The lesions were all located on the vermillion of the lower lip. In the actinic
cheilitis subgroup, there were two smokers (one male and one female) and in the SCC subgroup there
were three smokers (all male). None of the subjects included in this study were immunosuppressed.

The degree of differentiation for the SCC lesions included in the study, along with gender, age,
immune and smoking status, are illustrated in Table 2.

Table 2. Degree of differentiation, immune and smoking status in the SCC subgroup.

Sex Age Smoking Immune Status
SCC Degree of
Differentiation

male 43 yes immunocompetent moderately differentiated
female 59 no immunocompetent well differentiated
male 80 no immunocompetent well differentiated
male 69 no immunocompetent moderately differentiated
male 71 yes immunocompetent well differentiated
male 66 no immunocompetent moderately differentiated
male 68 yes immunocompetent moderately differentiated
male 65 no immunocompetent moderately differentiated

SCC, squamous cell carcinoma.

3.1. RCM Features for Differentiating between AC and Lip SCC

Hyperkeratosis (4/4), parakeratosis (3/4), an atypical honeycomb pattern (4/4), and the presence of
dyskeratotic, targetoid cells within the epidermis (4/4) were RCM features present in virtually all the
examined AC lesions (Figure 1). Total epidermal disarray, dendritic and atypical cells in the dermis,
and tumor nests in the dermis were found in none of the AC lesions.
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Figure 1. Representative reflectance confocal microscopy (RCM) images of actinic cheilitis (AC)
and lip squamous cell carcinoma (SCC), and histological correspondents. (A) RCM image of an
atypical honeycomb pattern of the stratum granulosum, seen in an AC lesion. (B) RCM image at the
stratum spinosum showing an atypical honeycomb pattern, which can be seen in either AC or SCC.
(C) Histopathology image illustrating parakeratosis, atypical keratinocytes in the stratum granulosum
and spinosum, spongiosis, and intradermal inflammatory infiltrate in an AC lesion (haematoxylin-eosin,
cropped, original magnification 40×). (D) RCM image of the complete architectural disarray in the
granular layer of a lip SCC. (E) RCM image showing disarray in the stratum spinosum, in a SCC
lesion. (F) Histopathological image displaying infiltrative atypical polygonal squamous cells with
distinct cell borders, abundant eosinophilic cytoplasm, and large vesicular nuclei with moderate nuclear
pleomorphism in a SCC (haematoxylin-eosin, cropped, original magnification 40×) (G,H). RCM images
showing tumor nests (white asterisks) surrounded by white areas corresponding to fibrosis at the
level of the dermis, in a SCC. (I) Histopathology image illustrating invasive SCC nests and strands of
atypical polygonal squamous cells surrounded by intradermal inflammatory infiltrate in a lip SCC
(haematoxylin–eosin, cropped, original magnification 100×).

Lip SCCs were typified in confocal examination by the presence of the complete disruption of the
epidermal architecture (8/8) and the presence of dermal inflammatory infiltrate (6/8). Atypical cells in
the dermis and dermal tumor nests could be detected upon RCM examination in only half of the SCC
lesions (Figure 1). Dendritic cells, most probably corresponding to Langerhans cells, were seen in three
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out of eight SCCs. Although in SCCs with a pigmentary component, melanocytes can be seen in RCM,
none of the tumors included in our study had a clinically or dermatoscopically visible pigmentary
component. Even so, we cannot exclude the possibility that some of the observed dendritic cells could
indeed be melanocytes.

Ulceration, hyperkeratosis/scale, and dermal solar elastosis were present in both AC and SCC
with similar frequencies.

Table 3 shows the frequencies of the various RCM criteria in the studied AC and lip SCC lesions.
Table 4 contains the frequencies of the observed RCM criteria according to SCC degree of differentiation.
None of the RCM criteria varied significantly between well and moderately differentiated SCC,
as assessed by the Chi-square test.

Table 3. Frequencies of RCM criteria for AC and lip SCC.

RCM Criteria, N (%)
Histopathological Diagnosis

AC (N = 4) Lip SCC (N = 8)

Ulceration 3 (75%) 7 (87.5%)
Hyperkeratosis/scale 4 (100%) 7 (87.5%)

Parakeratosis 3 (75%) 3 (37.5%)
Atypical honeycomb pattern 4 (100%) 0 (0%)

Epidermal disarray 0 (0%) 8 (100%)
Target cells in the epidermis 4 (100%) 1 (12.5%)

Dendritic cells in the epidermis 1 (25%) 0 (0%)
Solar elastosis 2 (50%) 5 (62.5%)

Dermal inflammatory cells 2 (50%) 6 (75%)
Dendritic cells in the dermis 0 (0%) 3 (37.5%)
Atypical cells in the dermis 0 (0%) 4 (50%)
Tumor nests in the dermis 0 (0%) 4 (50%)

RCM, reflectance confocal microscopy; AC, actinic cheilitis; SCC, squamous cell carcinoma.

Table 4. Frequencies of RCM criteria according to SCC degree of differentiation.

RCM Criteria, N (%)
Squamous Cell Carcinoma

p
Well Differentiated (N = 3) Moderately Differentiated (N = 5)

Ulceration 3 (100%) 4 (80%) 0.408
Hyperkeratosis/scale 3 (100%) 4 (80%) 0.408

Parakeratosis 0 (0%) 3 (60%) 0.09
Atypical honeycomb pattern 0 (0%) 0 (0%) -

Epidermal disarray 3 (100%) 5 (100%) -
Target cells in the epidermis 1 (33.3%) 0 (0%) 0.168

Dendritic cells in the epidermis 0 (0%) 0 (0%) -
Solar elastosis 2 (66.7%) 3 (60%) 0.85

Dermal inflammatory cells 3 (100%) 3 (60%) 0.206
Dendritic cells in the dermis 0 (0%) 3 (60%) 0.09
Atypical cells in the dermis 2 (66.7%) 2 (40%) 0.465
Tumor nests in the dermis 2 (66.7%) 2 (40%) 0.465

RCM, reflectance confocal microscopy; SCC, squamous cell carcinoma.

The assessment of associations between RCM criteria and the diagnosis of AC or lip SCC
revealed that an atypical honeycomb pattern (p = 0.002, Fisher’s exact test) and the presence of target
keratinocytes in the epidermis (p = 0.01, Fisher’s exact test) were strongly associated with AC (Figure 2),
while complete epidermal disarray (p = 0.002, Fisher’s exact test) was characteristic for lip SCC.
The RCM features for AC/SCC discrimination in this study have been summarized in Table 5.
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Figure 2. Target cells in the epidermis of actinic cheilitis (AC) lesions. (A–C) Reflectance
confocal microscopy (RCM) images showing target cells (red arrows), corresponding to dyskeratotic
keratinocytes, at the level of the epidermis in AC lesions.

Table 5. Specific RCM features associated with AC and lip SCC.

RCM Criteria p

Actinic cheilitis

Atypical honeycomb pattern 0.002
Target cells in the epidermis 0.01

Lip squamous cell carcinoma

Complete epidermal disarray 0.002

AC, actinic cheilitis; SCC, squamous cell carcinoma; RCM, reflectance confocal microscopy.

3.2. Vascularization in AC and SCC Lesions

The vessel diameter and number of blood vessels per single RCM image were higher in SCC
(Figure 3). The mean blood vessel diameter in SCCs was 18.55 μm larger than that in AC lesions
(p = 0.006). There was no significant difference (p = 0.64) in blood vessel density, as measured by RCM,
between SCC and AC lesions in our sample (Table 6).

 

Figure 3. Blood vessel density and blood vessel dilation in actinic cheilitis (AC) and lip squamous
cell carcinoma (SCC). (A) Reflectance confocal microscopy (RCM) image showing blood vessels (dark
areas in the honeycomb) at the level of the dermal-epidermal junction (DEJ), in an AC lesion. (B) RCM
mosaic (1305 × 1305 μm) displaying a high density of blood vessels at the DEJ in a SCC. (C) RCM image
of dilated blood vessels (BV) filled with moderately-refractile particles (corresponding to blood cells) in
an AC lesion. (D) RCM image showing markedly dilated blood vessels (BV) at dermal level in a SCC.
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Table 6. Blood vessels characteristics of patients with AC and lip SCC.

Histopathological Diagnosis

pAC Lip SCC

Mean ± SD Mean ± SD

Mean blood vessel diameter (μm) 19.26 ± 5.67 37.81 ± 12.77 0.006
Mean number of blood vessels 8.25 ± 1.89 8.88 ± 2.53 0.64

AC, actinic cheilits; SCC, squamous cell carcinoma; SD, standard deviation.

4. Discussions

Aside from the particular functional and cosmetic significance of the lips, several conditions ranging
from benign infections to dysplasias, and the potentially fatal SCC, may develop in this area. Hence,
the examination of the vermillion and lip mucosa is an important part of the dermatological examination.

While there are numerous publications regarding RCM imaging of various skin conditions ranging
from tumors to infections and inflammatory conditions [33–35,43–47], there are only a few reports
in the literature related to the non-invasive diagnosis of lip lesions. Whilst RCM knowledge and
experience in the field of non-melanoma skin cancer is constantly expanding [48–51], obtaining biopsies
is still an invasive procedure with its own limitations, mainly due to cosmetic reasons and the risk of
sampling errors.

An obvious limitation of our study is the small sample size of only 12 lesions. It remains difficult
to have a large sample size of SCCs in non-invasive diagnostic studies. The hyperkeratotic scale makes
the evaluation of SCC difficult with either dermoscopy or RCM, hence the limited advantage of these
techniques in clinically evident SCCs. Additionally worth mentioning is the difficulty raised by the
need for histopathological confirmation in this type of study. The most important struggle in this field
remains in distinguishing between SCC in situ and invasive SCC in the case of clinically similar lesions.

Ulrich et al. [41] defined the RCM criteria for AC as: disruption of stratum corneum, hyperkeratosis,
parakeratosis, atypical honeycomb pattern at the SS and SG, dermal solar elastosis, dilated blood
vessels, and the presence of inflammatory cells in the upper dermis. In our study, the most common
RCM feature for both AC and SCC was the presence of keratinocyte pleomorphism resulting in
either an atypical honeycomb pattern in the case of AC or a complete disruption of the epidermal
architecture in SCC. Furthermore, testing for the association between RCM criteria and these two
entities, we uncovered that target cells are significantly associated with AC. These findings are in
accordance with previous studies which examined the RCM appearance of actinic keratoses and
cutaneous SCCs [32,38,52,53].

As opposed to previous studies [54], dermal dyskeratotic keratinocytes were observed in only
50% of SCC lesions included in our study, either as isolated, scattered cells or as tumor nests.
However, similar to earlier research [54], we found dermal dendritic cells in under half of the lip
SCCs (3/8) and these results do not allow for a significant association between this element and lip
SCC. On the other hand, we observed the presence of inflammatory cells in the dermis in half of the
ACs and almost all (6/8) of the SCCs, which is in line with other studies [54], and reveals traits of the
tumor microenvironment [55]. While not statistically significant, Hartmann et al. [56] reported an
increased frequency of RCM-observed dermal tumor nests and peritumoral inflammatory infiltrates
in moderately differentiated SCCs compared to well differentiated SCCs. In our data, none of the
RCM criteria were significantly different between well and moderately differentiated SCC. In our case,
we attribute this to the small sample size.

When analyzing AC and lip SCC vasculature, we found a significantly increased mean vascular
diameter and a larger blood vessel density for SCC compared to AC. Our results are in accordance
with other studies, and can be explained by the high metabolic needs of a tumor, which determines
vascular dilation and neovascularization [32,57,58].
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To conclude, this study, building upon previous research, confirms several RCM criteria which
can be used to distinguish between AC and lip SCC in vivo. This warrants further prospective, large
sample-size studies, which will form the basis for the development of protocols for the correct, efficient
and expeditious diagnosis of AC and SCC of the lips.
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