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REVIEW ARTICLE

Melanoma Epidemiology and Sun Exposure

Sara RAIMONDI!, Mariano SUPPA? and Sara GANDINI*

1Molecular and Pharmaco-Epidemiology Unit, Department of Experimental Oncology, IEO, European Institute of Oncology IRCCS, Milan,
Italy, and 2Department of Dermatology, Université Libre de Bruxelles, Hépital Erasme, Brussels, Belgium

The worldwide incidence of melanoma has increased
rapidly over the last 50 years. Melanoma is the most
common cancer found in the young adult population,
and its incidence is very high among geriatric popula-
tions. The incidence of melanoma varies by sex, and
this factor is also associated with differences in the
anatomical site melanoma. Adolescent and young adult
women have a higher incidence than men. This may be,
in part, due to the greater use of sunbeds, as well as
intentional sun exposure among girls and, in general,
risky behaviours in seeking to suntan, due to socially-
determined aesthetic needs. Indeed, the World Health
Organization declared that there is sufficient evidence
to classify exposure to ultraviolet radiation (sunbed
use and sun exposure) as carcinogenic to humans.
Although pigmentation characteristics, such as skin
colour, hair and eye colour, freckles and number of
common and atypical naevi, do influence susceptibility
to melanoma, recommendations regarding prevention
should be directed to the entire population and should
include avoiding sunbed, covering sun-exposed skin,
wearing a hat and sunglasses. Sunscreen use should
not be used to prolong intentional sun exposure. Pri-
mary prevention should be focused mainly on young
adult women, while secondary prevention should be
focused mainly on elderly men. In fact, after the age of
40 years, incidence rates reverse, and the incidence of
melanoma among men is greater than among women.
This is probably due to the fact that men are less likely
than women to examine their own skin or present to a
dermatologist for skin examination.

Key words: sunburn; sunbed; sunscreen; phenotype; melano-
ma; sun exposure.
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Melanoma arises through malignant transformation
of melanocytes, pigment-containing cells. Mela-
noma typically occurs in the skin, but may rarely occur
in the mouth, intestines, or eye. Cutaneous melanoma
(CM) is the most aggressive and lethal form of all skin
cancers, which occurs when unrepaired DNA damage
to skin cells (most often caused by ultraviolet radiation

doi: 10.2340/00015555-3491
Acta Derm Venereol 2020; 100: adv00136

SIGNIFICANCE

Young women present particularly high risky behaviours in
terms of melanoma risk, such as tanning, related to social
determined aesthetic needs. Indeed, the highest preva-
lence of sunbed use is found among female adolescents.
Prevention recommendations include avoiding sunbed use,
covering sun-exposed skin, wearing a hat and sunglasses.
Sunscreen should not be used to prolong intentional sun
exposure. Primary prevention should focus on young wo-
men, and secondary prevention in older men. In fact, at
older ages, the incidence of melanoma among men is grea-
ter than among women, probably because men are less
likely than women to examine their own skin or present to
a dermatologist for skin examination.

(UVR)) triggers mutations or genetic defects that lead
the skin cells to multiply rapidly and form malignant
tumours. CM represents approximately 5% of all skin
cancers, but it accounts for approximately three-quarters
of all skin cancer deaths (1).

The worldwide incidence of melanoma has risen
rapidly over the course of the last 50 years. According
to GLOBOCAN 2018 (2), the expected world number
of new cases of CM is 287,723 in 2018, with an age-
standardized incidence rate of 3.1 per 100,000/year and
a mortality rate of 0.63 per 100,000/year. In populations
of European origin, incidence and mortality rates were,
respectively, 11.2 and 1.7 per 100,000/year in Europe,
12.2 and 1.4 in the USA and 33.6 and 3.4 per 100,000/
year in Australia and New Zealand. Worldwide, CM in-
cidence rates vary 100-fold among different populations
depending on ethnicity, with the highest rates observed in
New Zealand and Australia, intermediate rates in Europe
and USA, and the lowest rates in South-Central Asia.
In Europe, the highest estimates of CM incidence rates
were observed in Sweden and Denmark and the lowest
rates in Greece. This variation is mainly attributed to
exposure to UVR, and genetically determined pheno-
typic characteristics. Differences by ethnicity were also
observed for CM subtypes and body location. Although
the most common melanoma subtype among populations
of European origin is superficial spreading melanoma
(SSM), melanomas in the African-American population
occur more often on non-sun-exposed skin, such as the
palms and the soles, and acral lentiginous melanoma

This is an open access article under the CC BY-NC license. www.medicaljournals.se/acta
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(ALM) is the most common histopathological type (3).
The age range with highest number of CM diagnoses is
between 40 and 60 years. The median age at diagnosis
and death are, respectively, 57 and 67 years. The inci-
dence rates start to increase from 40 years of age; thus
CM is generally considered a tumour affecting young and
middle-aged people, almost a decade before most solid
tumours (e.g. breast, colon, lung or prostate cancers). A
study that examined incidence rates time trends of CM in
39 population-based cancer registries from 1953 to 2008
(4) found that incidence rates of melanoma increased in
most European countries (primarily Southern and Eastern
Europe). However, indications of a stabilization or de-
creasing trend were observed in Australia, New Zealand,
the USA, Canada and Norway, mainly in the youngest
age group (25—44 years). Possible explanations of these
results include decreasing sun exposure in children follo-
wing intensive preventive campaigns in these countries,
and changes in the proportion of young individuals at low
risk of melanoma due to immigration to these countries
over recent decades.

Adjusting for age, adolescent and young adult women
have higher melanoma incidence rates than men (5). This
may be, in part, due to the greater use of sunbeds by girls,
which is associated with increased melanoma risk (6). In
general, girls have greater tanning risky behaviours and
socially determined aesthetic needs (7). However, after
the age of 40 years, rates reverse, and the incidence of
melanoma among men is greater than that of women.
Men are less likely than women to examine their own
skin or seek help from dermatologists for skin exami-
nation (8). Considerable sex differences in melanoma
awareness and detection practices have been reported
in population-based studies (9).

Looking at mortality rates, they were found to increase
in the USA and in Europe since 1980s but at much slower
rates than incidence. This may be due to overdiagnosis,
with diagnosis and removal of very thin, not lethal, me-
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lanomas. At all ages, mortality rates are higher in males
than in females, with a cumulative mortality at 70 years of
0.37% in men and 0.17% in women in Australia. A poo-
led analysis of the European Organization for Research
and Treatment of Cancer (EORTC) trials showed that,
in both localized and advanced disease, women have a
significant and independent advantage, across different
clinical endpoints concerning disease progression and
survival (10). This seems to depend on both biological
sex trait and behavioural differences regarding primary
(sun exposure, UVR protection) and secondary (skin
screening) prevention (11).

We review the literature regarding UV exposure and
phenotypical risk factors. A brief summary of risk esti-
mates is presented in Table L.

EPIDEMIOLOGICAL RISK FACTORS

Ultraviolet radiation

According to WHO estimates, 65,161 people a year
worldwide die from too much sun. Sun exposure is
indeed the most significant environmental cause of skin
cancer and UVR is the wavelength associated with the
occurrence of this disease.

The International Agency for Research on Cancer
(IARC) classified the entire spectrum of UVR as “car-
cinogenic to humans” (Group 1) based on substantial
evidence from both basic and epidemiological research.
Laboratory data and animal experiments (on DNA mu-
tations and repair, immune function, cell integrity, cell
cycle regulation, and other critical biological functions)
have documented a role for both UVB and UVA radiation
in skin carcinogenesis. Experiments in human volunteers
have also shown that exposure to UVA and UVB can
weaken the immune system through interacting and
overlapping mechanisms, increasing vulnerability to
cancer as well as other diseases. Furthermore, evidence

Table I. Summary of epidemiological risk factors for melanoma development

Category of

risk factors Risk factors Effect estimates

Notes

Intermittent: mainly increases risk of SSM

Chronic: increases risk of LMM. Decrease risk on occasionally
exposed sites

Increases risk of SSM and LMM, not for NM

Ever exposure vs. never: approximately 20% increased risk Evidence of dose-response effect; mainly affects young women

Sunscreen use may increase risk if used to prolong intentional
sun exposure
Increased risk of NM and SSM, not for LMM

UV radiation Sun exposure High intermittent/intentional vs. low: approximately 60%
increased risk
High continuous/occupational vs. low: no association
Sunburns History of sunburns vs. no history:
double increased risk
Indoor tanning
Sunscreen use Some evidence that high SPF may decrease risk compared
with no use
Phenotype Eye colour Light colours vs. dark: approximately 50% increased risk
Hair colour Red vs. dark: more than triple risk
Blonde vs. dark: almost double risk
Light-brown vs. dark: approximately 60% increased risk
Freckles High-density vs. none: more than double risk

Skin colour/type Fair vs. dark: more than double risk

Phototype I vs. IV: more than double risk

Dose-response trend of risk according to level of skin type

Phototype II vs. IV: approximately 80% increased risk
Phototype III vs. IV: approximately 70% increased risk

Common naevi

Atypical naevi >5 vs. 0: more than 6-times higher risk

>100 vs. <15: almost 7-times higher risk

Total naevus count was associated mainly with intermittently
sun-exposed sites (trunk and legs)

LMM: lentigo maligna melanoma; NM: nodular melanoma; SPF: solar protection factor; SSM: superficial spreading melanoma.

Theme issue: Skin malignancies
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from a large number of observational studies is generally
consistent, showing a significant positive association
with residing in areas with high ambient UVR through
life, in early life, and even for short periods in early adult
life (12). Lastly, several meta-analyses showed signifi-
cant increases in melanoma risk and non-melanoma skin
cancer (NMSC) with high sun exposure and indoor UV
tanning (6, 13).

A study conducted in Canada estimated the current
attributable and future avoidable burden of melanoma
related to exposure to UVR and modifiable UVR risk
behaviours. They estimated that 62.3% of melanomas in
Canada were attributable to exposure to UVR and that
29.7% were attributable to the combination of sunburn
(7.4%), sunbathing (17.8%), and indoor tanning (7.0%).
They also concluded that a 50% reduction in modifiable
UVR behaviour could avoid an estimated 11,980 mela-
noma cases by 2042 (14).

Recognizing the importance of establishing skin cancer
prevention as a national priority, The Surgeon General’s
Call to Action to Prevent Skin Cancer in 2014 described
prevention strategies and called on the community sec-
tors to play a role in protecting Americans from UVR
from the sun and artificial sources (15). Strategies that
support goals related to lifestyle modifications to reduce
the burden of melanoma included reducing the harms
from indoor tanning, youth education approaches, and
community-wide interventions focused on modifying
healthy behaviours, including decreasing UVR exposure

(16).

Sun exposure and sunburn

Measurements of individual sun exposure vary between
studies, but are commonly classified as “intermittent”
(short, intense sun exposure through activities such as
sunbathing, outdoor recreation and holidays in sunny
locations), “chronic” (continuous exposure, such as
occupational sun exposure) and “total” (the sum of in-
termittent and chronic exposures).

The first systematic review and meta-analysis, sum-
marizing 57 studies on sun exposure and melanoma,
found a 60% significant increased risk of melanoma
due to recreational sun exposure (summary relative risk
(SRR) of CM for intermittent sun exposure of 1.61; 95%
confidence intervals (95% CI) 1.31-1.99), while no as-
sociation was suggested for chronic sun exposure (SRR:
0.95; 95% CI1 0.87-1.04).

Sunburn is a biological response to intermittent ex-
posure to the sun in poorly adapted skin and in multiple
analyses a stronger predictor than intermittent exposure
itself (13). The SRR for sunburns, which is the main
indicator of sun exposure, was 2.03 (95% CI 1.73-2.37).

Despite the clear role of sunburn in increasing CM risk,
asurvey conducted in USA in 2013 (Youth Risk Behavior
Survey (17)) highlighted that preventive practices are not

Theme issue: Skin malignancies

regularly followed: most respondents (57%) reported
having experienced 1 or more sunburns in the prior year.

Holman et al. (18) first proposed 2 distinct biolo-
gical pathways by which CM might develop. One by
way of intermittent sun exposure, acting primarily as a
promoter of melanoma arising on pigmented naevi and
mainly of the SSM type, and the other by way of a more
continuous pattern of sun exposure, leading principally
to lentigo maligna melanoma (LMM). In 1992, Green
(19) proposed a theory of site-dependent susceptibility
of melanocytes to malignant transformation. According
to this hypothesis, people with a low propensity for
melanocyte proliferation (small number of common
naevi) need a continuous exposure to sunlight in order to
drive the clonal expansion of initiated melanocytes. The
melanomas arising from this pathway are more likely to
be located on chronically sun-exposed body sites, to be
of LMM subtype, and to occur in older patients with a
history of solar damage and NMSC. On the other hand,
people with a high propensity to melanocyte proliferation
are more likely to develop melanomas on intermittently
sun-exposed body sites, to be of SSM or nodular (NM)
histological subtypes and to occur in patients with no
history of sun damage or NMSC. Thus, both pathways
include early initiation by sun exposure, but later prolife-
ration is driven, in one pathway, by accumulation of sun
exposure in non-naevus-prone people and, in the other
pathway, by host factors in naevus-prone people (20).
In the same study by Green (19), it was found that sun
exposure and phenotypic characteristics were positively
associated with all the main histological subtypes of me-
lanoma. However, NM was not found to be associated
with sunburns, in contrast to LMM and SSM. LMM was
not found to be associated with freckling, light eye colour
and hair colour, in contrast to NM and SSM, which were
significantly associated with all 3.

This 2-pathway hypothesis for melanoma was con-
firmed and refined by many authors who observed an
inverse correlation between number of naevi and clinical
signs of sun damage (20—22), and identified a few genes
differentially mutated in LMM vs. SSM and NM. Briefly,
melanomas characterized by mutations in BRAF, NRAS
and TERT, and approximately 80% of melanomas carry
UVR signature mutations (C-T or CC-TT), along with
other genes coding for downstream components of the
tyrosine kinase RAS-BRAF signal transduction pathway
(e.g. CDKN2A4 and CDK4), were suggested to be more
frequent on intermittently exposed skin (23-25). Most
of these are considered “passenger” mutations and not
“driver” mutations; however, this high prevalence is
clearly indicative of a role for UVR in melanomogene-
sis as is noted also by presence of somatic mutations in
normal skin. BRAF mutations, which are present in ap-
proximately 40% of CM in people of European origin, are
associated with characteristics of the naevus-associated
pathway: younger age at diagnosis, occurrence on the

5L )

YEARS



ActaDV

ActaDV

trunk, SSM type and absence of chronic sun damage
in the skin (26). TERT promoter mutations (associated
with UVR exposure) are present in approximately 43%
of CM, occur more frequently at sun-exposed sites, and
tend to co-occur with BRAF alterations (27).

The melanocortin-1 receptor (MC1R), a pigmentation
gene associated with melanoma risk (28-30), is invol-
ved in the same signalling pathway and has been found
to interact positively with BRAF and CDKN24 in the
aetiology of melanoma occurring on usually unexposed
skin (31, 32). On the other hand, p53-positive melanomas
were usually associated with features of chronical sun
exposure (33), supporting the hypothesis that different
molecular pathways can lead to melanoma development
(34, 35).

Looking at the distribution by body site of different
histological types of CM, SSM is the more frequent type
on the trunk in men and legs in women, while LMM
is more frequent on the face and neck (36). It is likely
that melanocytes on different body sites have different
characteristic in terms of differentiation: atypical naevi
are more commonly found on the trunk, whilst they
are very rare on the face. Similarly, intradermal naevi,
which are mature melanocytic lesions, are commonly
found on the face, but are much rarer on limbs. It is
possible that during embryogenesis, melanocytes have
different properties according to head and neck, trunk
and limb locations, because of migration to different
body sites, and this is likely to be influenced by key
developmental genes.

The complex interplay between sun exposure, pig-
mentary characteristics and melanocytic naevi was
investigated in a meta-analysis including 24 studies for
a total of 16,180 cases of melanoma (37). Considering
each measure of sun exposure (intermittent, chronic,
sunburns and actinic damage) SRRs for CM risk were
1.31 (95% CI10.94-1.81) and 1.77 (95% CI 1.30-2.41)
respectively for occasionally vs. usually sun-exposed
body sites. Chronic sun exposure was weakly, but signi-
ficantly, negatively associated with CM on occasionally
sun-exposed sites. Overall, these results suggest that sun
exposure is associated with CM on all body sites (except
for mucosal), but in particular with CM on head and neck
in older individuals.

The apparently protective effect of chronic sun expo-
sure on CM on occasionally exposed sites and, at most,
weakly causal effect on usually exposed sites is puzzling.
Enhanced melanin production and melanosome delivery
to keratinocytes (38) and increased thickness of the top
layers of the epidermis due to continuing sun exposure
may be a possible explanation; however, they would not
be expected to reduce incidence to a level below that
present in the absence of sun exposure. Other possible
explanations are the lower melanin content, sunburn,
and lower DNA repair capacity of intermittently exposed
skin compared with habitually exposed skin. Sunburn
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can lead to cell proliferation in replacing apoptotic cells,
and habitually exposed skin may have somewhat thicker
stratum corneum, and thus models protection from tan-
ning, and some upregulation of DNA repair pathways
exemplified by fewer thymine dimers after repeated low
exposure (39—41). However, it is important to note that
the reference category for calculating RRs in epidemio-
logical studies of melanoma and sun exposure is “low
sun exposure”, not “no sun exposure”.

Migrant studies provide convincing evidence that
childhood and adolescence are critical periods for the
development of melanoma in adulthood. Indeed, it was
found that adults were at increased risk of melanoma if
they spent their childhood in sunny locations or if they
received above average intermittent sun exposure during
vacations and/or recreation. In an Australian case-control
study published in 1984 (42), earlier age at arrival of
immigrants to Australia was a melanoma risk predictor
with little residual effect of duration of residence. Speci-
fically, children who migrate from a less sunny country
before the age of 10 years had similar incidence rates of
native-born Australians, while the estimated incidence
in those arriving after age 15 years was approximately a
quarter of the native-born rates. Similarly, in a European
case-control study (43), age <10 years old at arrival in
a sunny location of residence (i.e. the Mediterranean,
subtropics, or tropics) conferred a 4-fold increased risk
of developing melanoma.

Studies investigating the role of residence in childhood
provide further evidence that sun exposure in childhood
and adolescence is more closely associated with mela-
noma risk than adult sun exposure. A case-control study
nested in the Nurses’ Health Study cohort (44) showed
an increased melanoma risk in women whose residence
during the ages 15-20 years was more equatorial in lati-
tude, whereas latitude of residence after 30 years of age
was not significantly related to melanoma risk. Finally,
in another study of 474 cases and 926 controls, those
who lived near the coast before the age of 15 years had
an increased risk of melanoma compared with those who
never lived far away from the coast (odds ratio (OR)=1.6;
95% CI 1.0-2.6) (45).

Sunbeds and indoor tanning

Sunbeds and sunlamps used for tanning purposes repre-
sent the major source of deliberate exposure to UVR. In-
door UVR tanning has been widely practiced in Northern
Europe and the USA since the 1980s and this trend has
gained popularity in sunnier countries, such as Australia.
Modern indoor UVR tanning equipment emits mainly in
the UVA range, but a fraction (<5%) of this spectrum
is in the UVB range, which is needed to induce a deep,
long-lasting tan. Both UVA and UVB radiation cause
DNA damage and immunosuppression (6, 46—48). More-
over, powerful UVR tanning units may be 10—15 times
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stronger than the midday sun in the Mediterranean Sea
area, and repeated exposure to large amounts of UVA,
delivered to the skin in relatively short periods (typically
10—-20 min) constitutes a new experience for human
beings. There are several types and denominations of
tanning devices (sunbeds, tanning beds/booths/canopies,
and solarium): the term “sunbeds” is commonly used to
generally define them all.

In 2012, an updated meta-analysis (6) summarized 27
epidemiological studies that quantified risk of CM as-
sociated with artificial UVR tanning. The SRR estimate
for “ever” vs. “never use” of indoor tanning was 1.20
(95% CI 1.08-1.34) and the risk was independent of
skin sensitivity or population and a dose-response ef-
fect was evident. When the analysis was restricted to 18
studies with a population-based sampling of cases and
controls, the SRR increased to 1.25 (95% CI 1.09-1.43).
The analysis restricted to exposure at a young age in
13 studies showed consistent results. For those starting
first exposure to sunbeds before the age of 35 years, and
increased risk of 1.59 (95% CI 1.36—1.85) was estimated
with no significant between-study heterogeneity and
no indication of publication bias. Studies on exposure
to indoor tanning and NMSC showed a significantly
increased risk of basal cell carcinoma (SRR=1.29; 95%
CI 1.08-1.53) and of squamous cell carcinoma (SCC)
(SRR=1.67;95% CI 1.29-2.17). Based on the results of
a meta-analysis published in 2009, it could be estimated
that of 63,942 new CM cases diagnosed each year in
Western Europe, 3,438 (5.4%) could be caused by sun-
bed use. Women represented the majority of this burden,
with 2,341 estimated cases (6.9% of all melanoma cases
in women) induced by sunbed use; while the figure for
men was 1,096 cases annually (3.7% of all cases in
men). Taking a melanoma incidence to mortality ratio
of 3.7 for European men and 4.7 for European women
in EU1S5 countries, approximately 498 women and 296
men would die each year from a melanoma caused by
artificial UVR tanning.

In 2009, Hirst et al. (46) estimated the numbers of
potential skin cancers that could be prevented through
regulation of solarium and the associated cost-savings to
the Federal Government in Australia (for each 100,000
people: 18-31 melanomas, 200-251 SCCs and $AU
256,054 associated costs).

In a paper published the following year, Hery et al.
(49) noted a sharp increase in melanoma incidence
among young women in Iceland, which began after 1990
with a peak in 2000. At the same time, the prevalence of
sunbeds in Iceland rapidly increased, from 1979 to 1988,
suggesting a possible link between the 2 observed trends.
However, another possible explanation could be the in-
crease in melanoma screening, which occurred all over
Europe in the 1990s. Authors also observed a decline in
melanoma rates among women after 2001, following a
reduction in prevalence of sunbeds. However, it should
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be taken into account that the lag time between exposure
and melanoma onset is quite long and the decline in
melanoma incidence is unlikely to be due to the reduced
use of sunbeds in the early 2000s.

Some authors hypothesized that indoor tanning could
act as a protective factor for melanoma risk, by pre-
venting sunburns. Recently 2 publications expressed
scepticism about the carcinogenicity of indoor tanning
(50, 51). Some authors have used the lack of randomized
clinical trials (which would be unethical) to imply that
the relationship between sunbed use and melanoma is not
causal. Suppa & Gandini (52) recently showed, however,
that the large amount of data coming from observatio-
nal studies in fact provides enough information to infer
that sunbed use does cause melanoma: they were able
to demonstrate the applicability of all epidemiological
criteria for causality to the relationship between sunbed
use and melanoma. They found that recent studies have
reinforced previous knowledge about the detrimental
effects of first sunbed exposure at young age, especially
in women (53, 54). In fact, new insights on sunbed use
have emerged, such as its relevance for the development
of additional primary melanomas (55), its association
with melanoma of the lower limbs (most common in
women) (56) and its correlation with other melanoma
risk factors, including high naevus count, atypical naevi
and sun damage (57).

The large body of evidence prompted both the Scien-
tific Committee on Health, Environmental and Emerging
Risks (SCHEER) of the European Commission (58)
and the WHO (59) to state that there is no safe limit for
exposure to UV radiation from sunbeds.

Interestingly, an Italian survey on 4,703 subjects after
the ban on sunbed use before 18 years of age estimated
the overall prevalence of sunbed use to be as high as
20%, with higher proportion of female, young and
highly-educated users (60). Moreover, participants at
high risk of melanoma were those who used sunbeds
more frequently: subjects with freckles and with red hair
had the higher odds of using sunbeds than subjects wit-
hout freckles and with dark hair (OR were, respectively,
1.89; 95% CI 1.27-2.80 and 3.92; 95% CI 1.91-8.006).
Another Italian survey on 3,089 students highlighted the
important role of parents on indoor tanning practices of
children (61). Indeed, students who attended a targeted
educational intervention were more aware that sunbed
use cannot prevent sunburns (p=0.03) than those who
did not attend; however, sunbed use by parents influenced
the desire to use a sunbed more than participation in the
educational intervention (p<0.0001).

OTHER EPIDEMIOLOGICAL RISK FACTORS
RELATED TO ULTRAVIOLET RADIATION

The association of sun exposure with melanoma risk is
influenced by other factors such as phenotype.
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Phenotypic characteristics

Pigmentation characteristics, such as skin colour, hair
and eye colour, and freckles are well-established host
risk factors for melanoma.

A previous meta-analysis found SRR for blue, green
and hazel eye colour compared with dark eye colour of
1.47 (95% CI 1.28-1.69), 1.61 (95% CI 1.06-2.45) and
1.52 (95% CI 1.26-1.83), respectively (62). According
to hair colour, the highest association with melanoma
was found for red-haired individuals, who have a more
than tripled risk of melanoma compared with dark-
haired subjects (SRR; 95% CI 3.64; 2.56-5.37). Blond-
haired and light brown-haired subjects are, as well as
increased melanoma risk, compared with dark-haired
subjects (SRR; 1.96; 95% CI 1.41-2.74 and 1.62; 95%
CI 1.11-2.34, respectively). Looking at skin colour,
light-pigmented subjects had a doubled risk of melanoma
compared with darker pigmented subjects (SRR 2.06;
95% CI 1.68-2.52). This result was in agreement with
the analysis of skin phototype (defined according to the
Fitzpatrick classification as indicator of skin sensitivity
to sun): indeed, all 3 lighter skin phototypes I, II and 111
increased melanoma risk compared with skin phototype
IV, with a trend in the calculated SRR, that were, respec-
tively, 2.09 (95% CI 1.67-2.58), 1.84 (95% CI 1.43-2.36)
and 1.77 (95% CI 1.23-2.56). Finally, high density of
freckles was associated with a significantly doubled risk
of melanoma: SRR 2.10 (95% CI 1.80-2.45).

In a recently published population-based prospective
study including 38,854 subjects, melanoma risk was as-
sessed in association with pigmentation characteristics
and other phenotypes, and additive interactions were
explored. During a mean follow-up of 3.5 years, 642
(1.5%) participants developed melanoma. Inability to tan
was a recognized risk factor (no tan vs. deep tan hazard
ratio (HR) 3.11 (95% CI 1.50-6.43)), while propensity to
sunburn was not associated with melanoma after tanning
inability was adjusted for (63). The highest population
attributable fractions (PAFs), helpful in estimating the
burden of disease occurring within sub-groups of a po-
pulation, were observed for skin phototypes I/II (0.27,
95% CI 0.21-0.31), presence of freckles (0.23, 95% CI
0.19-0.26) and blonde hair (0.23, 95% CI 0.20-0.26).
For eye colour, the PAF for blue/blue-grey eye colour
was higher than for green/grey/hazel eye colour (0.18 vs.
0.13), while the PAF associated with red hair colour was
0.10(95% CI10.09-0.11) compared with 0.23 for blonde
and 0.15 for light brown hair colour.

Common and atypical naevi

High number of common naevi and the presence of
atypical naevi are major risk factors for CM. According
to a previous meta-analysis including 10,499 cases and
14,256 controls (64), the presence of more than 100 com-
mon naevi was associated with almost 7-times higher
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risk of melanoma compared with less than 15 common
naevi: the SRR was 6.89 (95% CI 4.63—-10.25). In the
same meta-analysis, the SRR for the presence of at least
5 atypical naevi vs. no atypical naevi was 6.36 (95% CI
3.80-10.33). It was estimated that 42% of melanomas
are attributable to having >25 common naevi, cor-
responding to 121,800 patients newly diagnosed with
melanoma from an annual worldwide total of 290,000
new cases. Moreover, approximately 25% of melanoma
cases are attributable to the presence of one or more
atypical naevi, corresponding to an estimated number of
70,000 new cases in 2018. High total body naevus counts
(=50 common naevi) account for approximately 27% of
melanoma cases, whereas individuals with few common
naevi (0—10) account for only 4% of melanoma cases.

Naevi yield similar relative risks in the UK and Austra-
lia, suggesting that genetic factors are important despite
different environmental exposure. Multiple naevi might
also be an indicator of excessive sun exposure, and thus
be associated with an increased risk of CM. A study of
Australian children found that increased sun exposure in
childhood was significantly associated with an increased
number of naevi (65). A separate study of more than
11,000 European children found that sunburns and holi-
days in the south were significantly associated with high
naevus counts and the occurrence of atypical naevi (66).
However, it is likely that sun exposure influences smaller
naevi on chronically sun-exposed sites and to a lesser
extent, larger atypical lesions on intermittently exposed
sites, which have more probably a genetic basis (67, 68).

Total naevus count was found to be more strongly
associated with CM on intermittently sun-exposed skin
(i.e. trunk and legs) than CM on chronically exposed skin
(i.e. the head/neck and arms) (37). This may be related to
BRAF somatic mutations, which are also more common
in CM originating on trunk and legs compared with the
head and neck.

A previous prospective cohort study conducted in
Australia (64) found that the characteristic most strongly
associated with invasive melanoma was self-reported
naevus density at age 21 years [many vs. no moles HR
4.91 (95% CI 2.81-8.55)].

Looking at melanoma-related deaths in USA, a re-
cently published prospective study using data from the
Nurses’ Health Study (n=77,288 women) and Health
Professionals Follow-up Study (n=32,455 men) investi-
gated cutaneous naevi and risk of melanoma death (69).
During 26 years of follow-up, 2,452 melanoma cases
were histologically confirmed and 196 patients died from
melanoma. An increased number of naevi was associated
with melanoma death: HR for >3 naevi compared with
no naevi was 2.49 (95% CI 1.50-4.12) for women and
3.97 (95% CI 2.54-6.22) for men. Among melanoma
cases, increased number of naevi was associated with
melanoma death in men, but not in women. Similarly,
the number of naevi was positively associated with
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Breslow thickness in men only (p-value for trend 0.01).
A possible explanation is that male patients with mela-
noma and high naevus counts might tend to have their
melanomas diagnoses at later stages or may be related to
different prevalence of melanoma body sites in men and
women. Indeed, melanoma more frequently occurred in
men at the head and neck or trunk (sites associated with
poorer survival), while it occurred more frequently at
the extremities in women (69). The observed differential
associations by sex might also reflect other aetiological
mechanisms: for instance, the number of naevi had been
identified as a phenotypic marker of plasma sex hormone
levels, with more naevi associated with higher levels of
oestradiol and testosterone (70).

SUNSCREEN USE

Studies have been inconclusive regarding sunscreen
use and the development of naevi among children, with
a single randomized trial showing evidence of benefit
(71), while other studies have shown a positive associa-
tion between sunscreen use and naevus prevalence (66,
72-74). An Italian large observational study on 1,512
children and adolescents found that sunscreen users were
more likely to develop naevi compared with non-users.
Moreover, unlike other paediatric analyses (75), a higher
frequency of daily application of sunscreen was asso-
ciated with a higher naevus count, suggesting that this
association cannot be due only to residual confounding.
On the other hand the use of high sun protection factor
(SPF) (>30) sunscreens exclusively, compared with the
use of sunscreens with SPF<30, adequately protected
skin during sun exposure and significantly reduced nae-
vus burden. These results were confirmed by subsequent
studies (76-78).

The possible explanation of these findings may be
interpreted in the light of 2 considerations. First, children
who apply more sunscreen are probably fair-skinned
subjects with freckles who tend to be burnt by the sun
easily and, consequently, lower skin-phototypes have a
greater tendency to develop sunburn and naevi. Secondly,
the anti-erythematous effect and a false sense of protec-
tion against sunburn conferred by frequent application
of sunscreen may lead children to spend more time in
the sun and to expose themselves in the middle of the
day when ultraviolet rays are stronger (79).

Sunscreen use is recommended for sun protection
in addition to clothing and shade (80). Sunscreen can
decrease the risk of sunburn and SCC (82).

Meta-analyses of observational studies showed no ef-
fect of sunscreens on melanoma risk, but the results of the
studies are difficult to interpret due to lack of adjustment
for potential confounders (82).

The only randomized controlled trial showed a de-
creased melanoma risk of subjects who used sunscreen
daily compared with discretionary sunscreen use (78).
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However, this trial was conducted among subjects who
lived in Australia, a country with very high ambient solar
radiation and high awareness of skin cancer.

Recently, the Norwegian Women and Cancer Study
(83), a prospective population-based study of 143,844
women and 722 cases of melanoma, showed that
sunscreen users reported significantly more sunburns and
sunbathing vacations and were more likely to use indoor
tanning devices. However, SPF >15 sunscreen use was
associated with significantly decreased melanoma risk
compared with SPF <15 use. The estimated decrease in
melanoma (PAF) with general use of SPF > 15 sunscreens
by women age 40—75 years was 18% (95% CI 4-30%).

Primary skin cancer prevention behaviours, focusing
on reducing the amount of UVR reaching the skin,
include covering sun-exposed skin, wearing a hat and
sunglasses, and sunscreen use. There is no high-quality
experimental evidence on the efficacy of sunscreen to
prevent melanoma; however it is important that patients
and consumers do not stop protecting their skin until
better-quality evidence emerges. The important message
is that sunscreen should not be an excuse to prolong
intentional sun exposure.
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There is increasing evidence that the behaviour of
naevi and melanoma is under significant genetic and/
or epigenetic control. Melanoma tumours behaves si-
milarly all over the world. Many genes have now been
implicated in melanoma risk and naevi number. Embr-
yogenesis has also been important in the discovery of
links between several neurological diseases and mela-
noma susceptibility. Telomere biology, which regulates
cell senescence, is increasingly relevant in melanoma.
Melanoma is often found in the context of family can-
cer syndromes and the identification of these families
is important as screening for cancer will save lives. Me-
lanoma is also one of the most immunogenic cancer as
the behaviour of naevi and melanoma differ in patients
with vitiligo or eczema. The search for non-sun-related
melanoma risk factors should continue as it is likely to
lead to important discoveries which will, in turn, have
an impact on therapeutic targets for this tumour.
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n this review, the importance of non-sun-related me-

lanoma risk factors are presented looking at telomere
biology, genetics, gender differences, body mass index,
body sites, naevi biology, immune-related factors and
links to neurological disorders.

TELOMERE AND MELANOMA

Telomeres are strand of non-coding DNA capping the end
of chromosomes protecting them from decay. They are
having important and complex roles in cell replication
and senescence. Protecting against cancer formation is
achieved by silencing telomerase which leads to telomere
erosion with age. The speed of telomere attrition is under
the influence of both genetic and environmental factors.
Chronic illnesses and obesity have been associated with
shorter telomeres. On the other hand, cancer is usually
linked to longer telomeres (1). In 2007, the first report of
a link between melanoma susceptibility and telomere bio-
logy was suspected with a positive association observed
between high number of naevi, the strongest risk factor

This is an open access article under the CC BY-NC license. www.medicaljournals.se/acta

Journal Compilation © 2020 Acta Dermato-Venereologica.

SIGNIFICANCE

Many risk factors for melanoma are non-UV-related and
progress in the last 20 years have been instrumental in dis-
covering melanoma genes which are involved in telomere
biology, naevi number, pigmentation, body composition,
energy expenditure, neural and melanocyte differentia-
tion. Melanoma behaves in a very similar way all over the
world in all Caucasian populations and many host factors
are under tight genetic control. Research in these areas is
important as it sheds new light on genetic and epigenetic
factors which are often set early on in life and less likely to
be influenced by sun exposure in adulthood. It is also unra-
velling pathways which could be exploited for future thera-
pies as public health campaigns have, so far, not been very
effective. Perhaps, the role of sun exposure in melanoma
has been over-estimated in the past as, like all cancers,
melanoma is a very complex tumour so addressing envi-
ronmental exposure cannot be the only focus of our efforts.

for melanoma, and circulating white cell telomere length
(2). In 2009, case-control studies supported this finding
in melanoma case control studies (3). A few years later, a
very large melanoma pedigree with no previously known
germline mutation, was found to have a germline muta-
tion in the promoter of the TERT gene, a telomere gene
(4). Mutations in the promoter of the TERT gene were
then investigated at the somatic level and were found to
be common in melanoma tumours (5). The same year, 11
SNPs in genes predicting white cell telomere length were
published (6). Using the same 11 SNPs, genetic scores
were created to assess their effects in a large melanoma
case control study in the UK. These combined SNPs
scores predicting telomere length were confirmed to be
predictive of melanoma risk (7).

The associations between TERT promoter mutations,
telomerase activity and telomere length are, however,
quite complex. It has been shown recently that different
SNPs within the TERT promoter have different effects
on TERT expression and telomere length despite all
being associated with an increased risk of melanoma (8,
9). This implies that the risk of melanoma is not solely
explained by elongation of telomeres in some of these
families. In rare melanoma families, POT1, another
telomere gene, has been identified over the last few
years (10). Recent genome wide scan analyses (GWAS)
on melanoma and/or naevi number have also identified
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further telomere genes (11, 12). There are more telomere
genes linked to melanoma susceptibility compared to
naevus count highlighting the fact telomere genes do not
always drive melanoma risk via an excess of naevi (11).
Mutations in telomere genes also raise the risk of many
types of cancers so the documentation of all cancers in
first- and second-degree relatives of melanoma patients
is important. Glioma, neuroblastoma, lung cancer and
melanoma are more commonly reported in rare families
with telomere mutations but many cancer types can be
found (13).

The fact that long telomeres are associated with a
susceptibility to melanoma may be behind the observa-
tion that individuals within melanoma families with high
number of naevi, have reduced cutaneous photoageing.
The delayed senescence in melanocytes reflected by the
presence of the atypical mole syndrome phenotype is
likely to be seen in other cell types such as fibroblasts
and keratinocytes (Fig. 1). The background for squamous
cell carcinoma is, on the contrary, a very photoaged
skin. SCC is more likely to be associated with shorter
telomeres contrary to melanoma (14). So, by looking at
skin phenotypes, short or long telomeres may have op-
posite effects on signs of cutaneous ageing and, in turn,
on specific skin cancer risk (15). This is supported by the
negative association between solar keratoses and naevi

Fig. 1. Male with the atypical mole syndrome phenotype with
previous melanoma primaries. Presence of larger atypical naevitowards
the lower back.
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number both risk factors for melanoma despite adjusting
for age (16). This dichotomy has been reported a long
time ago via phenotypic studies and is known as the dual
pathway to melanoma (17).

Melanoma survival is also affected by TERT promoter
mutations with worst survival for those carrying different
types of mutations. This contrasts with a study published
by Ribero et al. (18) showing that large number of naevi
(hence predicted longer telomeres) confers a survival
advantage in melanoma even in patients with positive
sentinel node. However, as mention above, not all telo-
mere gene mutations have the same effect on telomere
length so this may explain opposite effects. Telomere
biology is also important for potential therapeutic targets:
RAS mutated melanomas represent 25% of melanoma
tumours and have not had, as yet, effective gene targeted
treatments. These RAS mutated melanomas appear to
have a dependency on TERT which could be exploited
for slowing melanoma growth (19, 20).

The balance between long telomeres leading to an
increased risk of cancer versus short telomeres leading
to premature ageing with frailty needs to be fine-tuned
as the extreme spectrums of long and short telomere
syndromes show that belonging to either of these ex-
treme group is not advantageous (1). Most melanoma
patients survive their disease and the beneficial impact
of longer telomeres is likely to be apparent in old age
with reduced senescence in many cell types. It could
therefore be speculated that genes associated with me-
lanoma susceptibility may have a survival advantage
and have therefore remained common in Caucasian
populations.

MELANOMA AND FAMILY CANCER SYNDROMES

Melanoma is more common in cancer prone families as
discussed above. However, many other non-telomere
genes can be implicated in cancer susceptibility within
these families. P16 or CDKN2A was one of the first
melanoma gene discovered more than 20 years ago
and mutations in this gene lead to an increased risk of
melanoma, pancreatic cancer, lung cancer and many
other tumours (21). The recruitment of melanoma fa-
milies for genetic studies over the last 20 years mainly
included families with multiple melanomas so family
cancer syndromes were excluded. It is, however, well
known that some melanoma families may present with
many different cancer primaries. These family cancer
syndromes are now being studied as well with col-
laborations from many countries via the GENOMEL
consortium (www.genomel.org) with many new genes
shared with other cancers being discovered. This is
why melanoma germline genetic panel have become
more comprehensive. The risk of melanoma in these
families is higher in Australia compared to the UK so
the penetrance of rare high penetrance genes such as
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p16/CDKN2A is affected, in part, by sun exposure.
Screening bias is also at play in Australia with many
borderline melanomas excised in Australia compared
to Europe in view of the active skin surveillance there.
Many individuals with p16/CDKN2A mutations have
the atypical mole syndrome phenotype usually evident
by late teens. However, this phenotype is not always
found in mutant individuals so using the naevus phe-
notype to select family members at risk is not reliable
(22). Individuals within these families have reduced
senescence in many cell types and not only melanocytes
and therefore patients with high number of naevi have
reduced photoageing, higher bone mineral density and
better cognitive functions with age (23, 24).

Families with BPA1 mutations may present with
clinically and histologically recognisable lesions typi-
cal of this syndrome called BAPOMASs. These families
also have an increased risk of skin and eye melanoma,
kidney cancer, mesothelioma and breast cancer (25).
BRCAT1 and BRCA2 families, apart from the high risk
of breast and ovarian cancer, also have an increased but
smaller risk of both skin and eye melanoma. However,
eye melanoma is a rare tumour and there is no need to
offer screening for this as retinal photography is now
being offered by many opticians. Melanoma can also
occur in rare retinoblastoma families because of the link
between the Rb gene and the CDKN2A/CDK4 pathway.
Neurofibromatosis families are at risk of melanoma be-
cause of the role of NF1 in melanocyte differentiation
and growth. This syndrome is part of a group of diseases
called Rasopathies where melanoma is more commonly
seen such as Noonan syndrome and Leopard syndrome
(26). MITF mutations predispose to melanoma and kid-
ney cancer (27, 28). The MITF gene is a crucial gene in
melanocyte differentiation.

Many cancer genetic clinics now include p16/CD-
KN2A and CDK4 in their panels as well MITF, BAP1
and several telomere genes. However, it is likely that
very soon all melanoma families will undergo much more
comprehensive gene panel for mutation screening as they
are becoming cheaper. These panels should not be limited
to melanoma genes only. This will be beneficial for these
families as the identification genes linked to other cancers
such as colon, kidney, breast and ovary, for example, can
be addressed with specific screening recommendations
for the family and will save lives. Genes associated with
melanoma in the context of family cancer syndromes are
summarised in Table 1.

BODY MASS INDEX AND MELANOMA

Melanoma risk, like all cancers, is related to body mass
index (BMI) (29). Whilst it was thought to be mainly
driven by increased weight, the relationship is mainly
driven by height. Naevus count is also related to height
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Table I. Genes and family cancer syndromes linked to melanoma

Cancers often clustering in the family with
Genes melanoma

CDKN2A/p16 and CDK4  Pancreas, brain and many other tumours

BRAC2 Breast, prostate, pancreas, eye melanoma

POT1 Brain, colon, cardiac angiosarcoma, and other
cancers

MITF Kidney

RB1 Retinoblastoma, osteosarcoma, soft tissue sarcoma

P53 Breast, osteosarcoma, leukaemia and other cancers
(Li Fraumeni syndrome)

BAP1 Kidney, mesothelioma, eye melanoma, brain, breast

PTEN Breast, colon, uterus, hamartomas (Cowden
syndrome)

CHEK2 Breast, colon, prostate

rather than weight and it is speculated that growth factors
are important in melanoma susceptibility. One possible
explanation for this observation is telomere biology.
Telomere length and cancer risk are also positively
associated with height (24, 29). High BMI or obesity
is, on the contrary, inversely, correlated with telomere
length (30). Another observation is that patient with the
atypical mole syndrome phenotype are usually taller than
average but not significantly overweight or underweight
with strong muscular mass. There is therefore some
interesting links between melanoma susceptibility and
body composition and growth. Bone mineral density is
also correlated with number of naevi and this remains
significant despite adjusting for telomere length, so bone
senescence is also delayed in these patients as discussed
above (24).

Another paradox in melanoma is the lack of cachexia
in advanced melanoma. Compared to other cancers,
melanoma patients in stage 4 of the disease present with
weight loss very late in the evolution of their metastatic
disease. There is also some evidence that melanoma
patients treated with immunotherapy have different treat-
ment responses according to fat distribution with better
responses in patients with higher subcutaneous fat and
strong muscle mass but not with high fat mass and low
muscle mass (31).

Insulin metabolism and energy expenditure may also
have a role in melanoma. However, a recent study sho-
wed that levels of IGF1 were not linked to an increased
risk (32). The melanocyte-stimulating hormone (MSH)
pathway is also relevant as, apart from the MCIR gene
controlling pigmentation and other immune-related
factors, other genes in the MSH pathway such as MC4R
gene are also important in energy expenditure. In animal
models, weight is related to colour coat pigmentation
(33). The FTO gene, also linked to obesity, is reported
in melanoma GWAS (33). However, there is some evi-
dence that the 70 gene may not act via its effects on
obesity as SNPs involved in melanoma differ from those
reported in high BMI (34, 35). The effects may, in fact,
be mediated by pathways shared between the F'70 gene
and telomere genes (36).
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VITAMIN D AND MELANOMA

Vitamin D has been found to have a significant role in
melanoma survival as low levels of serum vitamin D are
anegative prognostic indicator in melanoma (37, 38). On
the contrary, patients with high vitamin D levels have
thinner melanoma tumours but also have higher num-
ber of naevi. The relationship between high number of
naevi and higher vitamin D levels is complex but despite
adjusting for age and skin type, the association between
high number of naevi and high vitamin D remains (39).
Further adjustment for telomere length (as telomere
length affects vitamin D levels as well), decreases the
magnitude of the association but it remains significant.
This shows that whilst telomere biology is important in
the relationship between melanoma and vitamin D me-
tabolism, other factors are at play. This has implications
for public health as patients are advised to avoid sun
exposure after a melanoma diagnosis and this may affect
their survival. This is supported by a study showing that
sun exposure after diagnosis of melanoma was protective
in terms of relapse in Italy (40).

MELANOMA AND GENDER

Melanoma behaves differently in women and men both
in terms of body sites and survival. It is well established
that melanoma in females are more common on the legs
compared to males and the reverse is true for males where
melanoma is commonest on the trunk. This difference in
body sites is observed all over the world and sun expo-
sure levels do not affect it. Furthermore, the distribution
of naevi in girls versus boys is already different earlier
on in life and mirrors the distribution of melanoma in
adults: boys have more naevi on the torso and girls have
more naevi on the limbs, especially the legs. There is
therefore some sex specific melanocyte migration which
does not appear to be related to sun exposure. A recent
study showed that genes/loci already known to predict
naevi numbers such as IRF4, DOCKS, MTAP, 9q31.2,
KITLG and PLA2G6 have different effects on naevi
numbers on the torso versus limbs versus head (41). It
is likely that epigenetic effects with X inactivation in
females explain, in part, some of these sex differences
for naevi and melanoma. Females with Turner syndrome
with a XO genotype have large number of naevi on the
limbs and are also more prone to melanoma and brain
tumours (42).

TYPES OF NAEVI AND BODY SITES

It is evident for dermatologists that some type of naevi
have a predilection for specific body sites. Intradermal
naevi are more common on the face and rarely seen on
distal limbs. Atypical naevi are more common on the
central body and rarer on distal limbs and extremely rare
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on the face. This again most probably relates to specific
genetic signals for melanocyte migration and growth
at different body sites. Unfortunately, not many studies
counting naevi have, so far, differentiated between dif-
ferent types of naevi (intradermal versus compound
versus junctional). One twin study in Australia, has col-
lected clinical subtypes of naevi. They have shown that
SNPs in the /RF'4 gene, which was the strongest signal
for their Australian naevi GWAS based on more than
1,800 adolescent twins, was having opposite effects on
flat versus raised naevi. Gene may also have divergent
effects according to age when comparing adolescent
twins to adult twins (mean age 40—50 years) (11). The
different gene effect size according to age groups shows
that having very large sample size for GWAS with wide
age ranges can identify differential gene expression with
age. IRF4 is also a gene linked to freckling, fair skin
and tanning ability which shows that skin pigmentation
is tightly linked to types and number of naevi (43, 44).
It is well known that the atypical mole syndrome with
many junctional and intradermal naevi is rare in dark
skin phototypes so pigmentation genes not only govern
naevi colour, but they also have an effect on size, num-
bers and clinical subtypes of naevi. Visconti et al. (41)
have confirmed in a recent study that body site specific
genetic effects exist in females for quite a few known
naevi genes/loci such as IRF4, DOCKS, MTAP, 9q31.2,
KITLG and PLA2G®6. In this large collaborative study,
based on many cohorts, the analyses of 3,000 UK twins
showed that the heritability of naevus number in females
(assessed by comparing MZ to DZ female twin pairs) was
the highest on the legs (69%) compared to torso (26%).
Leg is also the body site where females have more naevi
and a predilection for melanoma, so it is interesting to
find that this site is under the strongest genetic control
for naevi number.

In high risk melanoma families with the atypical mole
syndrome phenotype, it is not uncommon to see large
atypical naevi in the parietal area of the scalp and rarely
at any other sites on the scalp (Fig. 2). In embryogenesis,
the head development goes through successive phases
which may explain the specific behaviour of naevi on
specific part of the head and neck. These scalp naevi
often are the first ones to appear in children in high-
risk families. It is also observed that in patients with
the atypical mole syndrome phenotype, atypical naevi
increase in size from the upper back to the lower back
especially in males which, again, is likely to be governed
by genes differentially expressed at different body sites.
However, what is puzzling is that many genes involved
in melanocyte migration and differentiation in embryo-
genesis are not found in melanoma/naevi GWAS. It is
likely that these early melanocyte genes interact with
other gene pathways. One example for this, is the MITF
gene, a very important gene early on in embryogenesis
for melanoblast/melanocyte migration. Many melanoma
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Fig. 2. Large atypical naevi in the parietal scalp. These are usually
very stable as scalp melanoma is very rare. They are often found in
patients with the atypical mole syndrome and just need monitoring and
not prophylactic excision.

genes have MITF binding sites so the discovery of new
melanoma genes will need to look at all these gene-gene
interactions (44).

NAEVI AND IMMUNOLOGICAL FACTORS

Naevi distribution have an inverse distribution to vitiligo.
Vitiligo develops often in folds such as axillae, groins
but also on the face around the eyes and mouth as well
as on the hands and feet (45). Melanoma and naevi are
very rarely found in vitiligo predilection sites. Vitiligo
patients also have a reduced risk of melanoma. Melanoma
is one of the most immunogenic cancer. It is therefore
possible that immunological signals which are inhibitory
for melanocyte growth explain this inverse body distribu-
tion between vitiligo and naevi/melanoma. Quite of few
of the vitiligo genes are shared with melanoma and most
of these are related to skin pigmentation. The same SNPs
have been reported but have opposite effects in vitiligo
versus melanoma which is interesting as it supports the
protective effect of vitiligo on melanoma risk. However,
how do the same SNPs do offer protection from mela-
noma in vitiligo patients is unclear (46). Immune-related
genes amongst others are likely to affect these divergent
associations as CTLA4, a target for the most successful
melanoma therapy, is also a vitiligo gene.

Another observation is the lower number of naevi
and lower incidence of melanoma in eczema cohorts
and this, again, supports the fact that immunological
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signals in atopic patients may have an inhibitory effect
on melanocytes in the skin (47).

Naevi disappear with age, especially junctional and
compound naevi and the mechanisms for this process is
not fully understood but senescence via genes such as
pl16, p21 and p53 as well as telomere genes and immune
surveillance are likely to all play a role (2, 48). Patients
with the atypical mole syndrome phenotype, especially
within high risk families, are more likely to present with
halo naevi phenomenon than controls. They also show a
delayed senescence of naevi with age with large number
of naevi persisting well after the age of 50 years. The
presence of multiple junctional and atypical naevi after
the age of 50 is a reliable sign for dermatologists that an
individual is at an increased risk of melanoma.

MELANOMA AND NEUROLOGICAL DISEASES

Naevi originates from the neural crest and it has long
been observed that melanoma and Parkinson disease
can cluster in some families. Many melanoma genes
were later found to be Parkinson genes such as PLA2G6,
BAP1, DCC, ERBB4, KIT MAPK2, MITF, PTEN, and
TP53 (49). Pigmentation may also be important in the
link between Parkinson and melanoma as fair skin is
more prevalent in Parkinson cohorts and, so far, the
MCIR gene has been implicated (50).

Charcot Marie Tooth and amyotrophic lateral sclerosis
(ALS) are also neurological diseases linked to melanoma
(51). The association between these neural diseases and
cancer risk is puzzling as Parkinson disease and ALS
have, in fact, an overall reduced risk of cancer so the
link to melanoma may be because of the neural connec-
tion (51).

The NF1 gene is an important prognostic factor for
melanoma at the somatic level and patients with neuro-
fibromatosis have an increased risk of melanoma (52).
NF1 positive tumours are more likely to be found in
the elderly and often have a desmoplastic histology
(52). Neurofibromatosis, is part of a group of diseases
called Rasopathies such as Noonan syndrome, Leopard
syndrome and Leguis syndromes. All these disorders
are characterised by the activation of the MAP kinase
pathway which is highly relevant in melanoma (26).

SUMMARY

In summary, many risk factors for melanoma are non-
UV-related and progress in the last 20 years have been
instrumental in discovering melanoma genes which are
involved in telomere biology, naevi number, pigmenta-
tion, body composition, energy expenditure, neural and
melanocyte differentiation. Melanoma behaves in a very
similar way all over the world in all Caucasian popula-
tions and many host factors are under tight genetic con-
trol. Research in these areas is important as it sheds new
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light on genetic and epigenetic factors which are often
set early on in life and less likely to be influenced by sun
exposure in adulthood. It is also unravelling pathways
which could be exploited for future therapies. Although
excessive sun exposure is associated with melanoma risk,
research on non-sun-related risk factors is important to
redress the balance. The collection of good phenotypic
and familial data as well as tumour and blood DNA is
crucial for future genetic-epidemiological studies.
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The incidence of cutaneous melanoma continues to
increase in pale skinned peoples in Europe and el-
sewhere. Epidemiological studies identified genetically
determined phenotypes such as pale skin, freckles and
red hair, and sunburn as risk factors for this cancer.
The development of many melanocytic naevi is also
genetically determined and a strong melanoma risk
phenotype. Not surprisingly then, genome wide asso-
ciation studies have identified pigmentation genes as
common risk genes, and to a lesser extent, genes as-
sociated with melanocytic naevi. More unexpectedly,
genes associated with telomere length have also been
identified as risk genes. Higher risk susceptibility ge-
nes have been identified, particularly CDKN2A as the
most common cause, and very rarely genes such as
CDK4, POT1, TERT and other genes in coding for prote-
ins in the shelterin complex are found to be mutated.
Familial melanoma genes are associated with an in-
creased number of melanocytic naevi but not invari-
ably and the atypical naevus phenotype is therefore
an imperfect marker of gene carrier status. At a soma-
tic level, the most common driver mutation is BRAF,
second most common NRAS, third NF1 and increasing
numbers of additional rarer mutations are being iden-
tified such as in TP53. It is of note that the BRAF and
NRAS mutations are not C>T accepted as characteris-
tic of ultraviolet light induced mutations.
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Melanoma continues to increase in incidence in Eu-
rope; figures from the period 1995-2012 recently
published showed increases in both in situ and invasive
melanoma (1). IARC figures generated from data recorded
up until 2012 were used to construct Fig. 1. It can be seen
that the greater proportional rise in incidence in older men
in the UK is mirrored in Australia albeit at a considerably
higher incidence rate. Australia, however, appears to have
achieved a decrease over time in incidence rates in the
very young, probably related to the very active and long-
standing public health activities in that country.

The common melanoma subtypes, superficial spreading
melanomas (SSM), nodular melanomas (NM) and lentigo

doi: 10.2340/00015555-3493
Acta Derm Venereol 2020; 100: adv00138

SIGNIFICANCE

Melanoma continues to increase in incidence and there-
fore recognizing individuals at increased risk is especially
important. This review discusses the associations between
inherited genes which increase risk, and how the presence
of those genes is manifest in family history or skin type.
Environmental exposures, namely sun exposure leading to
sunburn is aetiological in the genetically predisposed.

maligna melanomas (LMM) are essentially diseases of
pale skinned individuals, and this observation along with
the identification of reported sunburns as a significant
risk factor led to the recognition that melanoma is cau-
sed by sun exposure. The comparison between rates in
England and in Australia is useful as the sub-population
of Australians who develop melanoma commonly claim
UK ethnicity and previous genome-wide association
studies confirmed inherited similarities (2): that is that
this comparison in incidence therefore reflects the strong
effect of sun exposure (in genetically similar people) on
melanoma development.

Fig. 2 shows a principal component analysis (PCA)
from a genome-wide association study reported by the
GenoMEL consortium (2). PCA analyses of inherited
genetic variation effectively examines genome-wide
genetic variation across the populations determining the
underlying patterns. The first two components explain
much of the overall pattern of variation; in this figure, each
participant’s genome is represented by a “dot” reflecting
on a 2 dimension plot the value of that person’s first two
principal components — each of the principal components
consists of many thousands of genetic variants across the
genome. The dots in brown, orange, sky blue and dark
green represent the genotype of blood samples from the
UK, the Netherlands, Sydney and Brisbane respectively.
The PCA did not consider the location of residence of the
person or the laboratory that recruited them but when the
two dimension graph is overlaid on the map of Europe, it
is apparent that people recruited from the same location
are together on the map and that the pattern of the geo-
graphical locations is also retained with the exception of
the Australian populations which are superimposed on the
map of Western Europe reflecting their ancestry. The map
confirms that gene frequencies vary slowly and systemati-
cally across Europe reflecting the fact that local migration
is the biggest determinant of change. For instance, one of
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Fig. 1. Incidence rates for melanoma in men in two genetically similar populations in England and in Australia. The figures were generated
on line using the Globocan tool (gco.iarc.fr).
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Fig. 2. Principal components analysis (PCA) from a
genome-wide association study reported by the GenoMEL
consortium (2). The coloured dots represent a measure of the
geneticinheritance of participantsin a genetic study of melanoma.
The superimposed blue, green and terracotta dots over the UK
suggests that the participants from two sites in Australia (Sydney
and Brisbane) were very similar genetically to those living in the
UK. This was expected as many Australian melanoma patients
report ethnicity as the UK. Comparing incidence in melanoma
then between the UK and Australia is to some degree comparing
incidence in two populations similar genetically but with very
different sun exposure histories. Figure kindly prepared by Dr
Mark Iles of the University of Leeds.
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Table I. Incidence rates reported by the North American SEER registry by ethnicity. Modified from Wang et al. (3)

Non-Hispanic white

Hispanic white

Asian

Black

Total

Superficial spreading melanoma
Nodular melanoma

Lentigo maligna melanoma
Acral lentiginous melanoma

9.05 (8.96-9.13)
1.80 (1.76-1.84)
1.87 (1.83-1.90)
0.21 (0.20-0.22)

1.12 (1.05-1.19)
0.49 (0.44-0.54)
0.23 (0.19-0.27)
0.24 (0.21-0.28)

0.31 (0.27-0.35)
0.14 (0.12-0.17)
0.06 (0.05-0.08)
0.17 (0.14-0.20)

0.15 (0.12-0.18)
0.06 (0.04-0.08)
0.02 (0.01-0.04)
0.19 (0.16-0.23)

6.18 (6.13-6.24)
1.30 (1.28-1.33)
1.37 (1.35-1.40)
0.20 (0.19-0.22)

Age-adjusted incidence rates per 100,000 person-years.

the genes contributing to this pattern is the variation in the
lactase gene reflecting the pattern of lactose intolerance
across Europe. Thus the melanoma incidence curves in Fig.
1 reflect UK and Australian melanoma patients and this
PCA suggests that these are more similar than populations
sampled elsewhere in Europe.

INHERITED (GERMLINE) GENOMIC VARIATION
AND MELANOMA RISK

Skin colour genes

Although the markedly different incidence rates for gene-
tically similar populations in the UK and Australia reflects
the effects of very different patterns of sun exposure,
cutaneous melanoma is a strongly genetically determined
disease. Melanoma incidence is very strongly related to
skin colour being predominantly a cancer of pale skinned
individuals. Table I indicates that the most common me-
lanoma subtypes, SSM, NM and the less common LMM
and desmoplastic melanoma, are very much more com-
mon in fair skin, whereas the acral lentiginous melanoma
(ALM) variety has approximately the same incidence in
most ethnic groups. Table I reports incidence for different
melanoma subtypes, SSM, NM, LMM and ALM. The
ethnicity terms used are those used in North America: Non-
Hispanic white (NHW), Hispanic white (HW), Asian and
Black. The data show that the incidence of SSM, NM and
LMM is highest in those with ethnicity associated with the
palest skins, indeed there is some evidence for a gradation
in incidence from typically palest to darkest skins. The data
also show that the incidence of ALM does not differ with
ethnicity and therefore inherited pigment genes.

Melanocytic naevi genes

The second risk phenotype is the presence of greater
numbers of melanocytic naevi (4), both of the “common”
or banal type and the presence of larger naevi described
clinically as atypical naevi and histologically as dysplastic
naevi. Twin studies have reported evidence for high here-
ditability for this phenotype in the order of around 65% (5,
6). Thus the two phenotypes most predictive of melanoma
risk (pale skin and the presence of many naevi) are shown
to be predominantly genetically determined.

New low-medium penetrance loci

Genome wide association studies have increased steadily
in power to identify larger numbers of inherited genetic
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variation associated with increased risk of the common
subtypes of melanoma (7, 8) and indeed with the risk
phenotypes as a result of collaboration between multiple
research groups. The role of inherited pigmentation genes
in melanoma susceptibility is clear but there are also a
number of genetic loci associated with increased numbers
of melanocytic naevi and with telomere length. Telomeres
are nucleotide repeat sequences which protect the ends of
chromosomes, from excessive shortening and becoming
tangled during cell division. Genes such as that coding
for telomerase and additional genes coding for proteins
in the so-called shelterin complex play an important role
in maintaining telomeres. A number of inherited genetic
variants are reported to determine telomere length and a
genetic score predicting longer telomeres has been shown
to strongly predict melanoma risk (9). In short, common
genes associated with paler skin and in particular skin
which tends to burn in the sun (predominantly the gene
coding for the melanocortin receptor 1, MCI1R); others
which are associated with having more naevi; and genes
associated with longer telomeres are melanoma risk genes,
and to a large degree explain variation in melanoma inci-
dence in different populations worldwide. Further genes
associated with risk will certainly be found and other
pathways may therefore be identified: a recent genome
wide association study of naevi reported some evidence
of pathways not previously supposed to be associated with
naevus pathogenesis (8).

The low to medium penetrance (risk) genes identified
in genome wide association studies each increase risk a
little and melanoma occurs essentially in individuals who
have inherited several risk alleles and who like the sun,
in particular intermittent sun exposure. The likelihood is
that risk of melanoma increases progressively with higher
numbers of the risk alleles.

RARE INHERITED MUTATIONS

Rarer inherited mutations are associated with a high risk
of melanoma (high penetrance) so that clustering of cases
occurs in families. The definition usually used to define
a melanoma family is at least 3 cases in close relatives.
The commonest high penetrance susceptibility gene is
CDKN2A which notably codes for two quite distinct pro-
teins: pl6™K% and p14ARF, P16™K4 ig a cyclin-dependent
kinase inhibitor in the RB1 cell cycle control pathway, and
p142RF binds the p53-stabilizing protein MDM2 in the p53
signalling pathway. The CDKN2A4 gene is therefore invol-
ved in the regulation of two critical cell cycle regulatory

)
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pathways. A very small number of melanoma families have
causal mutations in the gene which codes for CDK4 to
which p16 binds and these families appear to have a very
similar phenotype to those with CDKN2A4 mutations (10).

Mutation carriers are more likely to have multiple
primaries than those without such mutations (11), a little
earlier age of onset and pancreatic cancer occurs in some
CDKN2A families reported from mainland Europe and
the USA. Studies in specific founder CDKN2A4 mutation
families from Sweden (12) and the Netherlands have re-
ported increased rates of cancers associated with smoking
(13) but the risks of cancers other than melanoma and
pancreatic cancer are not yet sufficiently well established
to infer screening requirements, see https://www.ncbi.
nlm.nih.gov/books/NBK7030/. That risks remain unclear
to some extent reflects bias of ascertainment: in order to
identify new high risk inherited cancer genes, researchers
typically tested families who had multiple cases of the
same cancer. Work is ongoing currently within GenoMEL
(www.genomel.org) to address this deficiency.

Familial melanoma has been recognised for many years
and between 1994 (14) and 2013, only CDKN2A4 and
CDK4 mutations were recognised as familial melanoma
genes. These mutations were identified not least because
the majority of affected families are at increased risk of
only melanoma, sometimes also with some pancreatic
cancer and families were ascertained for investigation on
the basis essentially of multiple melanoma cases. There
was, in essence, a deliberate bias, in that families with
multiple cases of melanoma were selected for invitation
to participate in research. This was the usual method for
the identification of highly penetrant genes using genetic
linkage studies where co-segregation of genetic variants
with the cancer was required. Now that whole exomic
or genomic sequencing and “panels” of cancer genes
are used to identify high risk genes in families, genes
are being identified with association with melanoma and
an increased number of various other cancer types. As a
result, rarer mutations in additional melanoma suscepti-
bility genes have been identified. These have been seen
in less than 2% of UK families with 3 or more melanoma
cases. They are predominantly genes which are involved
in telomere function/maintenance, first the gene named
Protection of Telomeres I (POT1) which was described
simultaneously in two groups in melanoma families (15,
16). Additional mutations were described in other genes in
the shelterin telomere protection complex of which POT1
is a subunit (17), and in TERT (18, 19). Telomere function
is therefore clearly important in melanoma pathogenesis.
Finally inherited mutations in the BAP/ gene, which
were originally reported as an inherited cause of uveal
melanoma but were quickly then associated additionally
with a risk of lung cancer and meningiona (20) are now re-
cognised also to increase the risk of cutaneous melanoma
(21). Subsequently the mutations were recognised as also
associated with renal cancer and mesotheliomas. Unusual
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but generally benign “spitzoid” melanocytic lesions of the
skin were reported to be part of the syndrome in 2011 (21).

The role of gene testing and screening is therefore in
the process of change. As the penetrance of these genes
which increase the risk of melanoma and other cancers,
becomes clearer then appropriate screening should be
possible and gene testing/counselling likely to be increa-
singly performed.

Families with inherited melanoma susceptibility to
melanoma often also have more melanocytic naevi than is
usual in that population. This phenotype, called the atypi-
cal mole syndrome or the dysplastic naevus syndrome was
originally thought to be a key component of the Familial
Melanoma “Syndrome” (22). Indeed, there is certainly
an association: mutations are more likely to have larger
numbers of naevi (23). However, it is recognised now that
some families with the same mutation may or may not
have many naevi, so that family members with normal
naevi may yet be found to carry the susceptibility gene.
It has been postulated that the rather variable association
between inherited high risk melanoma genes and naevi
may be complicated by the variable co-inheritance of
common lower risk melanoma susceptibility genes (23).
In the dermatology or melanoma clinic, then the factors
which should alert the medical team to the possibility
of inherited high-risk melanoma susceptibility are, the
atypical naevus syndrome, multiple primaries, relatively
early onset and the co-occurrence of pancreatic cancer
in some populations at least. The single most important
factor, however, is family history of cancer. So, only 2%
of apparently sporadic melanomas even with 2 primaries
have inherited CDKN2A4 mutations (24), but in our own
studies >50% of families with 4 or more melanoma cases
have such mutations. In the dermatology or melanoma
clinic then, the presence of many naevi or more than
one primary should alert the team to the possibility of a
higher risk but family history is the strongest evidence
for highly penetrant melanoma susceptibility genes. A
review published by Sancy Leachman and GenoMEL
(25) made recommendations for genetic counselling, but
the identification of genes such as POT[ and TERT which
increase the risk of cancers other than melanoma means
that these recommendations will be revised as more data
become available.

Melanoma is an uncommon second malignancy in
inherited retinoblastoma (26) and there are reports of a
possible small increase of risk in carriers of BRCA2 mu-
tations (27) and possibly Lynch syndrome susceptibility
genes although the evidence for the latter is not at this
time convincing.

SOMATIC MELANOCYTIC NAEVUS GENOMICS

Melanocytic naevi are both markers of melanoma risk and
precursors of melanoma. They are benign proliferations
which arise progressively starting in the first year of life,
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but which stop appearing at the age of 40 years or so. The
proliferation of melanocytes sufficient to produce detect-
able naevi results from the development of mutations
in genes predominantly in the RAS/RAF/MEK/ERK
pathway. The most common mutation is BRAFY*"E but
NRAS, and less commonly KRAS mutations occur. The
prevalence of such mutations differs between naevi of dif-
ferent types, recently reviewed by Roh et al. (28). Roh et
al. estimated that BRAF mutations drive 78% of common
acquired naevi, 60% of dysplastic naevi, 7% of blue and
6% of Spitz naevi. Similarly, they estimated that NRAS
mutations drive 95% of giant pigmented congenital naevi,
70% of small/medium naevi and 2% blue and Spitz naevi.
GNAQ mutations occur in 84% of blue naevi.

Neither BRAF nor NRAS mutations have the classical
genetic signature of mutagenesis as a result of ultraviolet
(UV) light exposure: C>T mutations (29), but as descri-
bed above, there is clear epidemiological evidence of a
relationship between naevus number and sun exposure.
The precise pathogenesis of such mutations remains as
yet unclear but these observations suggest a complex
relationship between intermittent sun exposure and nae-
vogenesis. It has been queried whether BRAF mutations
might actually result from DNA damage consequent upon
exposure to UVA (30).

Whatever the route, the activation of the RAS/RAF/
MEK/ERK pathway appears to drive the proliferation of
naevi but the mutations eg in BRAF also induce senescence
and therefore in the majority of naevus proliferation even-
tually ceases, resulting in growth cessation and ultimately
clinical involution. Where this senescence is overcome
as a result of additional mutations, then dysplastic naevi
may develop and evolve into superficial spreading me-
lanomas. As reported by Shain et al. (31), as melanoma
evolves from benign naevi through to invasive tumours,
then the proportion of lesions with loss of the CDKN24
gene, increased expression of 7ERT, increased numbers
of'additional mutations and copy number changes steadily
increases resulting in more aggressive tumours. An on-line
data source https://www.mycancergenome.org/content/
disease/melanoma/ estimates the frequency of the driver
mutations in melanoma as BRAF in 37-50%, CTNNB1
(2—4%), GNAI11 (1%), GNAQ (1%), KIT (2-8%), MEK 1
(6-7%), NF1 (12%) and NRAS (13—25%). The proportion
of each in different melanoma subtypes differs, so the
same data source reported that in melanomas arising on
for example the trunk 50% have BRAF, 20% RAS com-
pared with melanomas arising in skin with sun damage,
whereas BRAF is reported to be much lower at 10%, with
10% NRAS and 2% KIT. Acral melanomas, 15% BRAF,
15% NRAS and 15% KIT. Individual studies have reported
additional mutations. As technologies designed to detect
mutations and copy number changes become more and
more accessible even in formalin fixed tissues, then the
knowledge of less common genomic somatic changes in
melanoma increases. Hodis et al. (32) for example repor-
ted the discovery of 6 novel melanoma genes (PPP6C,
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RACI, SNX31, TACCI1, STK19 and ARID?2), 3 of which:
RACI, PPP6C and STK 19 were recurrent. Hayward et al.
(33) reported in addition significant mutation of 7P 53 in
cutaneous melanoma and that the significant mutations
were BRAF, NRAS and NFI in acral melanoma and SF
3B1 in mucosal melanoma.

Large mutation burden in melanomas

Although, the classic driver mutations of naevi do not have
C>T mutations, melanomas were shown by the Sanger
Institute to have the greatest number of mutations of
any cancer and that these mutations were predominantly
C>T (29). Mutations are not surprisingly more frequent
in tumours which arose on chronically sun exposed skin
(31) and the probability is that these mutations are pre-
dominantly passenger mutations: that is that they don’t
play a key role in tumour progression. However, overall
mutation rates were reported to be highest in lung cancer
and melanoma (29), both of which have good responses
to checkpoint blockade and the supposition is that this
is at least in part attributable to mutation derived neoan-
tigens capable of stimulation immune responses to the
melanoma cells.

Copy number changes

Copy number changes have been elucidated to some
extent. Hodis et al. (32) described a low prevalence of
amplifications in melanoma overall: 11% CCNDI, 6%
KIT,3% CDK4,13% TERT, and 4% MITF. The deletions
were dominated by those in CDKN24 (38%) and PTEN
(25%). Overall the data support the view that copy number
changes are more common in acral lentiginous melanomas
than in those in sun-exposed sites. In Table II we have
summarised some of the recent reports of copy number
variation in acral lentiginous melanomas, and by compa-
rison with the proportions reported by Hodis et al. (32) it
can be seen that with this albeit limited data, copy number
changes are more frequent in acral lentiginous melanoma
than in melanomas arising in sun-exposed sites.

In conlusion, cutaneous melanoma is a good example
of gene environment interaction, in that it is largely (but

TableII. Therecently reported datalooking at copy number changes
in acral lentiginous melanoma

Copy number alteration Reference n (%)
Amplification AURKA Yan et al. 2018 (34) 472 (25)
Amplification GAB2/PAK1 Chernoff et al. 2009 (35) 122 (22)
Yeh et al. 2019 (36)
Amplification CCND1 Sauter et al. 2002 (37) 122 (21)
Yeh et al. 2019 (36)
Amplification CDK4 Curtin et al. 2005 (38) 122 (22)
Yeh et al. 2019 (36)
Deletion NF1 Liang et al. 2017 (39) 34 (12)
Yeh et al. 2019 (36) 122 (15)
Inactivation NF1 cooperating factor  Yeh et al. 2019 (36) 122 (7)
SPRED1
Deletion CDKN2A Liang et al. 2017 (39) 34 (35)
Amplification or point mutation Liang et al. 2017 (39) 34 (35)
TERT promoter
Sl s )
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not exclusively) a cancer of genetically determined pale
skinned peoples, when they experience sun burn or sun
damage. The identification of genes associated with
risk from low to high risk has led to the identification
of biological processes involved in tumourigenesis. The
genetic changes occuring in the tumours adds more to
what is known about tumourigenesis but also has lead to
the evolution of treatment options for advanced disease.
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Cutaneous melanoma arises from melanocytes fol-
lowing genetic, epigenetic and allogenetic (i.e. other
than epi/genetic) modifications. An estimated 10% of
cutaneous melanoma cases are due to inherited vari-
ants or de novo mutations in approximately 20 genes,
found using linkage, next-generation sequencing and
association studies. Based on these studies, 3 classes
of predisposing melanoma genes have been defined
based on the frequency of the variants in the gene-
ral population and lifetime risk of developing a mela-
noma: (i) ultra-rare variants with a high risk, (ii) rare
with a moderate risk, and (iii) frequent variants with
a low risk. Most of the proteins encoded by these ge-
nes have been shown to be involved in melanoma ini-
tiation, including proliferation and senescence bypass.
This paper reviews the role(s) of these genes in the
transformation of melanocytes into melanoma. It also
describes their function in the establishment and re-
newal of melanocytes and the biology of pigment cells,
if known.
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utaneous melanoma results from transformation of

melanocytes (Mcs). Melanoma accounts for only
10% of skin cancers, but is responsible for approxima-
tely 80% of skin cancer-related deaths; the remaining
skin cancers are basal cell carcinoma (BCC), squamous
cell carcinoma (SCC) and Merkel cell carcinomas. The
incidence of melanoma has increased steadily over the
last 5 decades. According to Berk-Krauss et al. (1), the
overall mortality from 2013-2016 in the US among cau-
casians was 6%. Melanoma accounts for approximately
2% of all cancers diagnosed annually worldwide (2, 3).
Phototype (Table I) and geographical location are two
key risk factors in the epidemiology of cutaneous mela-
noma: melanoma incidence is highest in Australia/New
Zealand, followed by the USA and Northern Europe, and
mostly affects Caucasian populations of phototypes I and
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SIGNIFICANCE

Inherited variants or de novo mutations in approximately
20 genes have been shown to contribute to approximately
10% of cases of cutaneous melanoma. This paper evalua-
tes the function(s) of these proteins in the establishment of
the lineage during embryogenesis, melanogenesis, renewal
and, of course, during melanomagenesis.

IT (4). It has been shown that for individuals living in
similar environments in the USA, Caucasians have a 25
times higher risk of developing melanoma than African
Americans (phototypes I'V to VI). The risk of melanoma
in red-haired individuals is approximately 3 times that
observed in other Caucasians (5). Caucasians were found
to have a 4-5 times higher risk of developing and dying
from melanoma in Australia than in Europe, showing the
effect of the environment. The incidence of melanoma is
56 per 100,000 in Australia and 14 in 100,000 in France,
with a similar mortality (approximately 1/100,000).
The frequency of melanoma is lower in dark-skinned
individuals than in light-skinned individuals. This may
be explained in part by the melanoma inducers present
in the environment (ultraviolet radiation). Epidemiolo-
gical studies have revealed other melanoma inducers,
including heavy metals, some pesticides, and alcohol
consumption, but none of these were associated with
phototypes (6-9). These fundamental data reveal the
importance of genetics (mainly senescence, pigmentation
and DNA repair genes) and the environment (mainly sun/
ultraviolet (UV) exposure) in melanomagenesis.
Melanomagenesis is a multistep process that can be
divided into 2 main stages: initiation and progression.

Table I. Phototypes: Fitzpatrick classification

Photo- Skin Eye Sun-

type colour Hair colour colour burn Tanning  Freckles
I Very light Red/blonde Light ++++ - +++

II Very light Blonde/brown Light +++ + +4*

III Light Blonde/brown - + ++ +/-

v Tan Brown/dark/black - + +++ -

\ Dark Black Dark  +/- +++ -

VI Dark Black Dark - +++ -

The 6 phototypes classification is based on skin, hair, and eye colours, on the
ability to tan and sunburn.
*Freckles appear after sun exposure.

This is an open access article under the CC BY-NC license. www.medicaljournals.se/acta
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Melanoma initiation requires proliferation of Mcs and
bypassing of senescence. After a certain number of di-
visions, cells enter senescence and, in order to bypass
senescence and allow the further growth of the cells,
the cell cycle and the length of the telomeres have to
be boosted.

Mcs are melanin-producing cells that arise from neural
crest cells (NCC) (sometimes called the 4" embryonic
layer), a transient population of cells arising from the
dorsal part of the neural tube (10). Information concerning
the establishment of the Mcs was largely obtained from
mouse and chicken studies. The NCC delaminates and
migrates away from the neural tube. NCC derivatives ex-
ist as single cells throughout development and spread via
2 major migration pathways. Melanoblasts are NCC de-
rivatives migrating in the space between the somites and
the non-neural ectoderm (dorsolateral pathway). These
cells are the precursors of Mcs and are characterized by an
ability to produce the pigment melanin. They are specified
in a cell-free area between the dorsal part of the neural
tube, the ectoderm and the dorsal part of the somites. This
area is known as the migration staging area (MSA), the
site at which founder melanoblasts receive proliferation,
survival and migratory signals (11, 12). Melanoblasts
arising from the dorsolateral pathway travel through the
developing dermis. From mid-gestation onwards, the
dermal melanoblasts start to cross the basal layer and
colonize the epidermis (13). The epidermal melanoblasts
then concentrate around the placodes of hair follicles (HF)
before entering the forming hair follicles (13, 14). They
colonize the future bulge, to generate the melanocyte
stem cells (McSC), and the hair bulb, to generate the
differentiated Mcs of the first hair cycle (“embryonic”
hair), before resting. In addition to colonizing the hair
follicle in humans and pigs, melanoblasts also remain in
the epidermis in the interfollicular regions. Mcs located in
the interfollicular regions are responsible for the tanning
response and the protection against UV. Furry animals
do not require such protection, since the hair efficiently
protects the skin against this type of radiation.

Hair renewal and pigmentation are concomitant pro-
cesses. Mcs disappear during catagen. In early anagen,
McSCs re-enter the cell cycle and divide, for self-renewal
and the generation of transit amplifying cells (TAC).
These cells migrate and differentiate into Mcs, which
participate in the pigmentation of the first “adult” hair.
Cutaneous melanoma may arise from the McSCs, TACs
and/or from the Mcs (15).

Approximately 20 genes have been found to be con-
stitutively mutated in the germline and associated with
a risk of melanoma. Three classes of genes have been
defined on the basis of the frequency of the variation
and the risk of developing melanoma: ultra-rare variants
with a high risk, rare variants with a moderate risk, and
frequent variants with a low risk (Fig. 1). It has been
estimated that ultra-rare variants conferring high risk
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(~10 genes) account altogether for 2% of the total risk
of melanoma. These genes include p16™* and p14%F
(located at the same locus, CDKN2A), CDK4, BAPI,
RADS5I1B, POLE, TERT, POT1, ACD, and TERF2IP. Rare
variants of MCIR and MITF confer a moderate risk of
melanoma and finally, frequent variants of melanocortin
1 receptor (MCIR), OCA2, ASIP, TYR, TYRPI1, MATP,
SCLC45A42, KIT, and PARPI are estimated to account
for 12% of the risk of melanoma. It should be noted that
the melanoma risk model is very complex, as genetic
risk factors interacts together (rare and frequent variants
modulate the risk conferred by ultra-rare variants (16)),
but also with host phenotypes and environmental factors
(17). Functional studies performed in vitro and/or in
vivo has unravelled the role of some of these genes in
melanoma. However, no systematic study has yet been
performed on all 20 genes in order to evaluate their im-
portance during the natural course of Mcs development
and melanomagenesis.

This review focusses first on susceptibility genes for
cutaneous melanoma and the melanoma inducers found
in the environment. It then discusses the role of these
genes, if known, during the various steps of Mcs and
melanoma development, including in: (i) melanoma
initiation and progression, (i7) the establishment of the
Mcs lineage during embryonic development, (iii) the
terminal differentiation of Mcs associated with the pro-
duction and transport of melanin, and (iv) the transfer
of melanosomes in the keratinocytes of the skin or the
hair, (v) the renewal of Mcs from McSC, and (vi) the
maintenance of Mcs function over time.

CUTANEOUS MELANOMA SUSCEPTIBILITY
FACTORS

The focus here is primarily on germline/constitutive
mutations increasing the risk of melanoma formation
and the environmental factors modulating these risks by
inducing somatic mutations, epigenetic and allogenetic
modifications and/or modifying the micro-environment.

Melanoma susceptibility genes

Variants in melanoma susceptibility genes have been
classified according to their frequency and the degree of
risk. These variants are generally transmitted from germ
cells, but the role of neo-mutations, micro-chimerism and
somatic mutations should not be underestimated.

Ultra-rare variants — high risk of developing melanoma.
The first genetic studies of familial melanoma mapped
markers associated with melanoma risk to chromosome
9, and the 9p21 region in particular (18); subsequently,
causal variants at the CDKN2A locus were identified (19,
20). The CDKN2A (cyclin-dependent kinase inhibitor
2A) gene encodes 2 proteins, p16 and p14, which inhibit
cyclin-dependent kinase (CDK), thereby regulating cell
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Fig. 1. Interaction network of genes involved in melanocyte biology, and the associated melanoma risk. The list of genes involved either in
the establishment and renewal of melanocytes, in the biology of pigment cells, and/or associated with increased melanoma risk, was submitted to the
STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) database for analysis of the gene interaction network (122). Each circle represents
1 gene, and 1 linking line represents a direct (physical) or indirect (functional) association between the proteins encoded by the 2 genes. Green: genes
with ultra-rare variants associated with a high risk of melanoma; blue: genes with rare variants associated with a moderate risk of melanoma; red: genes
with frequent variants associated with a low risk of melanoma; white: genes involved in melanocyte biology with no mutation currently associated with
melanoma. Note, the left cluster gathers mainly genes of melanogenesis, and the right cluster gathers genes of the cell cycle, telomere length control,

and DNA repair.

cycle checkpoints. CDKN2A variants have been found in
10—40% of familial melanoma cases, depending on geo-
graphical location, but their prevalence is very low in the
general population, either never described or with a minor
allele frequency (MAF) <0.001% (21, 22). CDKN24
variants confer a high risk of melanoma development
with age- and geographical area-dependent variations:
in melanoma-prone families ascertained through cancer
clinics, the penetrance (a mean age-specific cumulative
risk) at age 80 years was 58% in Europe, 76% in the USA
and 91% in Australia (23, 24). However, at the same age
penetrance was lower (28%) in population-based studies
(25). Differences in melanoma risk between CDKN2A
mutation carriers can be explained partly by the under-
lying pigment genes these individuals also carry and
possibly also sun-exposure variants, host phenotype and
sun exposure (17, 26, 27).

Mutations of CDK4 (cyclin-dependent kinase 4), enco-
ding another cell cycle regulator, have also been linked to
melanoma formation in families with phenotypes similar
to those of families with CDKN2A4 mutations (28, 29).
CDK4 is a kinase that regulates G1 cell cycle progres-
sion by phosphorylating Rb proteins. CDK4 variants are
rare and are found in less than 1% of familial cases of
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melanoma, with a penetrance of 74% at the age of 50
years (29).

More recently, high throughput sequencing studies
have added to the list of genes increasing the risk of
melanoma, through the identification of rare variants
in families. These genes can be divided into 2 groups:
TERT, POTI, ACD and TERF2IP, which encode proteins
involved in telomere length control, and BAPI, RAD51B
and POLE, which encode DNA repair proteins. A variant
in the TERT (telomerase reverse transcriptase) promoter
was identified in 2 melanoma-prone families; this
¢.-57T>G variant is oncogenic through the creation of a
new ETS transcription factor binding site leading to in-
creased TERT expression (30, 31). Interestingly, somatic
mutations of the TERT promoter (1 being identical) have
also been detected in 33% of primary melanoma cases
and 85% of metastatic cases (30). Mutations of POT]
(protection of telomeres 1), ACD and TERF2IP were de-
tected in exome sequencing studies of melanoma-prone
families (32, 33). These 3 genes encode proteins of the
shelterin complex and explain 9% of melanoma families
lacking CDKN2A4 and CDK4 mutations. Mutations of the
TERT promoter and the shelterin complex result in longer
telomeres, favouring senescence bypass.
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BAPI (BRCAT-associated protein-1) loss of function
germline mutations have been found associated to a
tumour predisposition syndrome (BAP1-TPDS, OMIM
614327) including both cutaneous (0.52% of families)
and uveal melanomas (CM and UM) (28.5% of families)
(34-37). In addition to melanomas, the most frequent
cancers of this syndrome are renal cell carcinoma, me-
sothelioma and multiple BCCs but the whole tumour
spectrum and lifetime risk are currently unknown (38).
BAPI is a tumour suppressor gene located at 3p21,
encoding a deubiquitylase that participates in multi-
protein complexes playing roles in numerous cellular
processes, including DNA damage response, cell cycle
regulation, cell growth, metabolism, and the regulation of
inflammatory responses (38). The BAP! loss-of-function
mutations are associated with approximately 15% risk of
cutaneous melanoma. A germline POLE missense mu-
tation located in the exonuclease domain of the protein
(p.(Trp347Cys)) was found in a unique melanoma-prone
family of 7 confirmed cases of CM and a case with UM,
leading to a mutator phenotype in functional assays (39).
It should be noted that POLE germline mutations are more
frequent in endometrial (7-10%) and colorectal (2%)
cancers (22) than in melanoma. Finally, a novel germline
RADS51B nonsense mutation was identified in a 3-case
CM family; a melanoma tissue from a carrier displayed
loss of RAD51B staining in most tumoural cells, by im-
munohistochemistry (40). RAD51B plays an important
role in DNA repair through homologous recombination,
but up-to-date known germline mutations have been as-
sociated with increased risk of ovarian cancer (41).

Approximately 22% of melanoma-prone families are
associated with mutations in the 9 high-risk melanoma
susceptibility genes (19% for CDKN2A and 3% for
the other 8 genes). However, the remaining 78% can
be partly accounted for by the rare variants conferring
a moderate risk and frequent variants conferring a low
risk of melanoma (24).

Rare variants — moderate risk of developing melanoma.
A unique missense variant in the microphthalmia-
associated transcription factor (MITF), the MITF®18K
variant, was linked to melanoma risk in 2 different
studies. One of the studies started as a candidate gene
hypothesis for melanoma and renal cancer predisposi-
tion (42), whereas the other involved whole-genome
sequencing of a melanoma-prone family (43). The as-
sumption in the first study was that MITF might be a
good candidate for the following reasons: (i) it has been
proposed to act as a melanoma oncogene (44); (i) it also
stimulates the transcription of hypoxia inducible factor
(HIF1A), the pathway of which is targeted by kidney
cancer susceptibility genes (45); and (ii/) two members
of the MITF-family of proteins, TFE3 and TFEB, have
been implicated in renal cell carcinoma through somatic
translocations (46). Both studies identified the same rare
MITF?35K variant (actual Minor Allele Frequency — MAF

)
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—in European population 0of 0.25%, GnomAD database)
associated with a 5-fold increased risk of melanoma in
genetically-enriched cases and an increased risk of 2.2
in case-controls studies (Yokoyama, 2011 #3370; Ber-
tolotto, 2011 #2771).

The involvement of MCI1R variants in melanoma is
complex, since it is involved in pigmentation/phototype,
naevi, UV/sun exposure (Demenais, 2010 #3357) and
more recently, sex-dependence (47-49). The MCIR
gene (16q24) is a key regulator of the synthesis of
melanins (eu- and pheo-melanin) in Mcs, upon UV
stimulation. Melanins are transferred to up to 40 sur-
rounding keratinocytes to act as a natural sunscreen to
absorb UV irradiation. Eumelanins are prevalent in pho-
totypes IV to VI, while pheomelanins are responsible
for red hair and freckles found in phototypes I and II
(50). Beyond affecting phototypes, this 7-transmem-
brane receptor plays a role in DNA repair pathways
and antioxidant defences for a complex photoprotec-
tive response (51). MCIR is highly polymorphic (>80
variants) in Caucasian populations. Loss-of-function
variants, which result in less pigmented phenotypes,
are the result of human evolution associated with the
classical mutation-selection events. Indeed Homo sapi-
ens and Homo neanderthalensis migrated, and adapted
from Africa to more northern and less sunny regions
and subsequently lost pigmentation to allow increased
vitamin D production (51). Six loss-of-function MCIR
variants (p.ins86-87A, p.D84E, p.R142H, p.R151C,
p-R160W, and p.D294H) are defined as R-type vari-
ants, as they increase the relative risk of melanoma 2-3
times; whereas another 4 variants (p.V60L, p.V92M,
[155T, and p.R163Q) are classified as r-type variants
as they confer melanoma risk below 2 (48). The effect
is additive, as the presence of 2 or more MCIR “R”
variants is associated with 6-fold increased risk com-
pared to wild-type alleles. Thus, the MCIR gene is a
moderate-penetrance melanoma susceptibility gene,
but it is also a gene that modifies the risk of melanoma
in patients with a CDKN2A4 mutation. Recent studies
have shown that the risk conferred by MCIR variants
seems to be independent of sun/UV exposure (52, 53)
and independent of phenotype (54-56). Furthermore,
MCIR polymorphisms seem to influence size and der-
moscopic features of naevi (57). And recently, several
sex-differences emerged, with MCIR variants associa-
ted with phototype I and II and higher melanoma risk,
but better survival in females than in males (47—49).

Frequent variants — low risk of developing melanoma.
Finally, frequent variants of genes associated with pig-
mentation (OCA2, ASIP, TYR [OCAl], TYRPI [OCA3],
MATP, SCLC45A42 [OCA4], KIT, and PARP1I) are associa-
ted with a slight increase in risk of melanoma formation,
as shown through genome wide case-control association
studies (GWAS) (24, 58-60). These frequent variants
have only a small individual effect on melanoma risk,
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but combinations of these low-risk variants may account
for up to 78% of non-familial melanomas. They are also
responsible for the host phototype and are therefore im-
portant for determining the interaction between the phe-
notype and the environment. Further functional studies
are required to decipher the associated mechanisms. These
frequent pigmentation variants probably play a role as
modifiers of melanoma risk in other genetic backgrounds,
such as the ultra-rare and rare variants, conferring high
and moderate melanoma risk, respectively.

Environmental factors

Sequencing studies on tumours have highlighted the
genetic complexity of melanoma in terms of the somatic
mutational load in the population and melanoma is the
cancer with the highest mean mutation rate (61). The
spectrum of driver mutations provided unequivocal ge-
nomic evidence for a direct mutagenic role of UV light
in melanomagenesis (62). Somatic mutation frequencies
also differ considerably between melanoma patients,
showing melanoma to be a complex disease with several
subtypes and multifactorial origins (63).

The melanoma risk associated with the gene variants,
described above, depends heavily on the co-occurrence
of other gene variants and environmental (micro- [inside
the body] and macro- [outside of the body]) stresses.
Protein-protein, protein-microenvironment, and gene/
protein-environment interactions undoubtedly account
for the complexity and diversity of melanoma. Epide-
miological studies have implicated several environmental
factors in the induction of cutaneous melanoma, inclu-
ding ultraviolet radiation (UVR), alcohol use, obesity,
heavy metals and some pesticides.

UVR from the solar spectrum is the leading external
cause of melanoma formation. Epidemiological studies
have shown that exposure to UV is correlated with
melanoma formation: intermittent rather than chronic
exposure, high levels of exposure during childhood and
the use of artificial UV lamps are associated with a major
risk of melanoma (64, 65). Both UVA (315-400 nm) and
UVB (280-315 nm) can promote melanoma formation
(66). Most melanomas have many somatic mutations
and most of those have a UV signature (61), i.e. >60%
of mutations are C—T at a dipyrimidine site, with >5%
as CC—TT changes (67).

As already mentioned, several external factors seem
to be associated with melanoma, including alcohol con-
sumption, heavy metals and pesticide exposure (6-9),
but the evidence for the associations obtained for alco-
hol consumption, heavy metals and pesticide exposure
is weaker than that obtained for UV. Epidemiological
studies on farm workers, a population also exposed to
UVR, have highlighted a potential risk of pesticides.
The cumulative effects of UV and the pesticide carbaryl
are genotoxic in human Mcs (68). Obesity is associated
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with melanoma initiation and progression, as it increases
the risk of melanoma formation and favours melanoma
growth, invasion and distant metastasis (69). Indeed,
adipose tissue favours the proliferation and aggressive-
ness of melanoma cells through a direct dialogue, medi-
ated by soluble factors and by exosomes, and through
remodelling of the tumour microenvironment. Little is
currently known about the molecular mechanisms of
melanomagenesis associated with alcohol, heavy metals
and pesticides. Extensive in vitro and in vivo functional
studies should be performed to validate the importance
of these factors in melanomagenesis.

Melanoma susceptibility genes and environmental
factors

One epidemiological study has revealed that CDKN2A4
mutation carriers appear to have the same cumulative
risk of melanoma irrespective of the ambient UV irradia-
tion of the region in which they live (27). These results
were functionally validated after exposing mice lacking
p16™K4 to transient UV irradiations; this did not affect
melanoma formation (70). Of course, this does not mean
that UV irradiation has no role in melanoma initiation,
as there is a strong association between UV irradiation
exposure and melanoma risk for the general popula-
tion. Interestingly, UVB irradiation of mice expressing
CDK4R*€ the oncogenic form of CDK4, promotes
melanoma initiation, with a shorter time lag to tumour
formation and faster growth (71). A germline nonsense
mutation in BAP1 (Y646X) and environmental exposure
to asbestos and UV irradiation were found to contribute
to the high incidence of cutaneous melanoma in a fa-
mily at high risk of cancer (72). The association of UV
and MCIR mutations has long been known to promote
melanoma, and MC1R has been shown to be a potent
regulator of PTEN after UV exposure; interestingly, the
major Red Hair Color (RHC) MCIR variants R151C,
R160W and D294H where shown to bind PTEN less
effectively than the wild-type protein (73).

FUNCTION OF SUSCEPTIBILITY GENES IN THE
NATURAL COURSE OF MELANOMA

Carcinogenesis is a multistep process. The wild-type cell
accumulates genetic, epigenetic and allogenetic (it may
affect transiently, for instance, RNA, proteins and lipids;
which are modulated by the micro- and macro-environ-
ment) modifications, which alter its characteristics and/
or environment, leading to self-sufficiency in growth
signals, a limitless potential for replication, insensitivity
to anti-growth signals, the evasion of apoptosis, sustained
angiogenesis and tissue invasion and metastasis (74).
A model of the multistep process of melanomagenesis
has been described, in which the level of complexity is
reduced to provide a schematic view of the process (75).
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Melanomagenesis is currently seen as a multistep process
with 2 main stages: initiation and progression.

Initiation

Melanoma initiation is characterized by an initial “boost”
of cell proliferation and the bypassing of senescence
(75). It has been suggested that 25% of melanomas arise
from naevi, 1-2-mm wide pigmented spots consisting
of Mcs that have hyperproliferated in sifu, but then stop
proliferating and become senescent/quiescent. In the vast
majority of naevi, the Mcs remain senescent throughout
the life of the individual with a strict control provided by
high expression of P14, P15, P16 and/or PTEN. Howe-
ver, in a few cases, melanomas arise due to a subsequent
bypass of senescence. The remaining 75% of melanomas
do not arise from naevi (76) suggesting that the initial
proliferation of these cells is not affected by senescence.
These 2 paths may appear different, but the molecular
mechanisms are not; molecular mechanisms associated
with the bypass of senescence may occur before those
associated with proliferation. The RAS/MAPK signalling
pathway is activated and involved in the proliferation
step of most melanomas (77). Cell cycle proteins, such
as CDKN2A/B and CDK4/6, and those of the PI3K/AKT
and WNT/B-catenin signalling pathways are involved in
senescence bypass/lack of senescence. PTEN loss and
[-catenin activation can induce bypass of senescence or
lack of senescence (78—81). Melanoma susceptibility
genes are clearly involved in melanoma initiation.

Rare variants associated with a high risk of mela-
noma are involved in melanoma initiation. CDKN2A
is certainly the best known of these genes. It encodes 2
proteins, one of which is pl16™&4A a CDK4/6 inhibitor
that represses G1/S cell cycle transition, and is known to
promote senescence. Its inactivation induces cell cycle
progression and the bypass of senescence. It is therefore
considered to be a tumour suppressor. Senescence is con-
trolled by the cell cycle and by telomere length. TERT,
POT1, ACD and TERD2IP, which regulate telomere
length, may also be tumour suppressors because their
inactivation induces checkpoint bypass and promotes
uncontrolled cell cycle progression.

Rare variants associated with a moderate risk of
melanoma development are also involved in melanoma
initiation. Indeed, a rare variant of MITF (MITFE3!8K)
has been shown to act through senescence bypass,
leading to melanoma formation (42, 82). MITF is the
main transcription factor of the Mcs lineage, where it
regulates various functions, including melanogenesis/
differentiation, proliferation, invasion, and senescence
(83). MCIR variants modulate the incidence of mela-
noma, but it remains unclear whether this is linked to
the protective effect of eumelanin against UVR or to the
intrinsic role of MCIR in melanomagenesis. Studies to
resolve this question are underway. One study revealed
that M C1R mouse mutants in the BRAFY*’E background
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develop more melanomas than control mice, independent
of UV exposure. This highlighted the potential role of
pheomelanin in inducing oxidative damage (52).

Frequent variants associated with a low risk of me-
lanoma development are also involved in melanoma
initiation. Melanoma incidence varies between popula-
tions; the higher the phototype the lower is the chance of
cutaneous melanoma. Melanin, one of the key parameters
for evaluating the level of the phototype, is a natural
protector of the skin against external aggression. Variants
in genes encoding proteins involved in melanogenesis
are responsible for various forms of occulocutaneous
albinism (OCA). These genes include 7YR (OCAl),
OCA2 (P), TYRPI (OCA3), and SLC4542 (OCA4).
Recently, OCAS5, OCA6 and OCA7 were identified and
shown to correspond to SLC24A45 (OCA6), Cl0orfll
(OCA7), and a locus on chromosome 4q24 for OCAS5.
None of these have yet been associated with melanoma.
However, further studies are required to fully evaluate
the importance of these OCA genes in melanomagenesis.
OCA1 variants have a general prevalence of 1/40,000,
whereas OCA2 variants are more common in dark-
skinned populations (Africa) (1/4,000 — 10,000) than in
light-skinned populations (Caucasian) (1/36,000). OCA 1
and OCA2 variants account for 80% of OCA cases and
are the most strongly associated with skin cancer deve-
lopment. Melanomas and BCCs are more frequent in
individuals with OCA -2 mutations than in the general
population. However, SCC is the most frequent type of
cancer in patients with OCA mutations (84). Melanoma
diagnosis is particularly challenging in this population
because lesions are often amelanotic. Three other genes
(ASIP, KIT, and PARPI) have frequent variants associated
with a low risk of developing melanoma. Mutations of the
KIT gene affect the tyrosine kinase receptor of the cor-
responding protein and cause piebaldism, as do mutations
of the gene encoding its ligand, Steel (KITLG). KIT gene
mutations are present in 39% of mucosal melanomas,
36% of acral lentiginous melanomas, and 28% of skin
displaying chronic solar damage. Most of the reported
mutations are found in exons 9, 11, 13, and 17, and they
account for between 5% and 10% of the mutations of
diagnosed melanomas (85, 86).

Progression

Tumour progression is characterized by the dissemination
of the transformed cells, followed by the formation of
metastases. Dissemination involves several fundamental
cellular events, including a second boost of proliferation,
pseudo-epithelial-to-mesenchymal transition, migra-
tion, intravasation of the blood and lymphatic streams,
resistance to anoikis, and extravasation to invade new
tissues. Cells may form metastases in a suitable niche,
in which the cells induce angiogenesis and proliferate.
The function of MITF in melanoma progression is
complex and can be explained with a rheostat model
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where the level and/or activity determine whether the
Mcs or melanoma cells undergo senescence, invasion,
proliferation or differentiation (83, 87, 87). MITF amp-
lification is observed in 21% of metastatic melanomas
and favours melanoma cell proliferation (44). However,
MITF also represses proliferation through the regulation
of p21 and p16 (88, 90). The functions of the proteins
encoded by the other susceptibility genes in melanoma
progression remain unknown.

MELANOCYTE BIOLOGY AND FUNCTIONS OF
SUSCEPTIBILITY GENES

We will now focus on the role of melanoma susceptibility
genes in the establishment and maintenance of the Mcs
lineage and pigmentation. The main function of Mcs,
pigmentation, involves the intrinsic synthesis of melanin
in specialized organelles called melanosomes, which
are transported in Mcs and transferred to differentiating
keratinocytes. Normal pigmentation is dependent on
the genes involved in melanogenesis, and the transport
and transfer of melanosomes and is finely regulated by
extrinsic signals and cell-cell interactions.

Melanogenesis

Melanogenesis is a chain of reactions occurring in
melanosomes, with tyrosine as an initial substrate, and
pheomelanin (yellow, orange) and eumelanin (black,
brown) as final products. The first enzyme in this chain,
tyrosinase (TYR), hydroxylates tyrosine to generate
DOPA, and then DOPAquinone. The second enzyme,
dopachrome tautomerase (DCT or TRP2), and the third
enzyme, tyrosinase-related protein 1 (TYRP1), catalyse
eumelanin production from DOPAquinone. Pheomelanin
production from DOPAquinone is dependent on cysteine.

Melanogenesis is regulated through modulation of
the level, activity and localization of these enzymes by
external signals, including communication between Mcs,
keratinocytes and dermal fibroblasts via secreted factors
and cell-cell contact. Mcs homeostasis is controlled by
a complex network of keratinocyte-derived factors that
regulate Mcs proliferation and differentiation. These
include melanocyte-stimulating hormone (a-MSH), en-
dothelins (Edn), basic fibroblast growth factor (B-FGF),
nerve growth factors (NGF), granulocyte-macrophage
colony-stimulating factor (GM-CSF), steel factor (SCF),
leukemia inhibitory factor (LIF), hepatocyte growth
factor (HGF), transforming growth factor beta (TGFp),
and Jagged1/2 (91, 92). These signals can be regulated
by external factors, such as ultraviolet (UV) radiation,
chemical compounds, drugs and stress.

The differences in pigmentation depend on the amount
and quality of melanin (eumelanin vs. pheomelanin),
which are partly controlled by the activity of MCIR. The
MCIR receptor, which is activated by a-MSH after UV
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exposure, for example, induces eumelanin synthesis (93).
MCIR variants are frequent in the Caucasian population,
and lead to the expression of a receptor with normal,
weak or no activity, associated with a brown, blond or
red hair phenotype, respectively (94).

Melanosome transport

Melanosomes are lysosome-related organelles derived
from non-pigmented endosomal vesicles (known as pre-
melanosome stages I and II). They mature and undergo
progressive pigmentation following melanogenesis and
go through stages known as stages I1I and IV (95).

The mature melanosomes are transported from the
perinuclear area toward the periphery of the Mcs and
the tips of its dendrites. Two types of movement have
been observed: rapid microtubule-directed migration
over long distances, and short-distance migration along
actin fibres at the periphery (96). During their migra-
tion from the nucleus toward the periphery of the cell
(known as centrifugal movement), melanosomes are
transported by a kinesin complex on microtubules. For
the reverse migration toward the nucleus (known as
centripetal movement), the melanosomes are transported
by a dynein complex on microtubules. The motor for
peripheral migration is myosin Va (dilute) in a complex
with melanophilin (leaden) and RAB27A (ashen), and
this migration takes place along actin filaments (97).

Mutations in genes encoding these transporters are as-
sociated with abnormal pigmentation, and, in some cases,
more severe syndromes, such as Griscelli syndrome type
2 (98). However, they have not, as yet, been linked to
an increase in melanoma risk. Conversely, the known
melanoma susceptibility genes have not been shown to
participate in melanosome transport.

Melanosome transfer

Melanosomes are transferred from Mcs to keratinocytes
in order to deliver pigment to all epidermal keratinocy-
tes. Several mechanisms of melanin transfer have been
observed and debated: exocytosis-mediated, cytopha-
gocytosis-mediated, tunneling nanotube-mediated and
membrane vesicle-mediated transfer (99). The molecular
mechanisms associated with the transfer of melanosomes
to keratinocytes remain unclear. However, it has been
suggested that classical pathways of exo-/endocytosis,
membrane blebbing and vesicle biogenesis, filopodium
formation and phagocytosis are involved. These proces-
ses involve proteins, such as Rab11b, small Rho GTPa-
ses, Cdc42 and Par-2 (100-103).

The cell body of the Mcs is located on the basement
membrane, but the dendrites of the cell are in contact
with 30—40 keratinocytes in the 3 dimensions of the
epidermis, and these cells together form an epidermal
melanin unit (104). In the basal layer, adjacent Mcs are
generally separated by approximately 6 keratinocytes
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(105). Melanosomes containing melanin are located
in the superior part of the keratinocytes protecting the
nucleus against UVR.

Albino individuals, who have Mcs but lack melanin,
rarely develop melanomas. However, they develop more
carcinomas (BCC and SCC) than individuals with normal
pigmentation, confirming the protective effect of melanin
in keratinocytes. Several issues should be raised at this
point. Albinism is associated with a number of vision
defects, including photophobia. These individuals there-
fore tend to prefer to stay out of the sun, thus leading to
few melanomas. This suggests that melanin is protective
for keratinocytes, but not necessarily for Mcs. Does this
mean that Mcs lacking melanin are intrinsically more
resistant to transformation than keratinocytes lacking
melanin? If so, what are the molecular differences bet-
ween these 2 cell types? Melanin, and its intermediates,
such dopaquinone, and pheomelanin in particular, may
damage Mcs, through oxidative stress, for example.

Melanoma susceptibility genes have not been shown
to be involved in melanosome transfer. Melanosomes
transfer may play no role in melanomagenesis, but this
remains an open question, as the molecular mechanisms
of transfer have yet to be fully elucidated.

ESTABLISHMENT AND MAINTENANCE OF THE
MELANOCYTE LINEAGE

Embryonic development

In mammals, the establishment of the Mcs lineage during
embryonic development involves the production of dif-
ferentiated Mcs, responsible for the pigmentation of skin,
hair and fur at birth, and McSC populations, responsible
for maintaining pigmentation in the adult.

Normal development. In mice, normal Mcs development
starts at approximately embryonic day 8.5 (E8.5), in mid-
gestation, when the neural crest cells delaminate from
the dorsal part of the closing neural tube and migrate into
the MSA. These neural crest cells include the precursors
of Mcs, melanoblasts, which proliferate and migrate
between the somites (before they become the derma-
myotomes, which subsequently evolve into muscle and
dermis) and the ectoderm. At approximately stage E10.5,
melanoblasts start to express Dct, which serves as a Mcs
marker and can be easily detected by X-gal staining in
Dct: LacZ mice (106). Between E11.5 and E15.5, the
melanoblasts continue to proliferate and migrate through
the forming dermis to cover the whole embryo. Some
of these melanoblasts cross the basement membrane to
colonize the epidermis, before colonizing the future hair
follicles. In mice, the melanoblasts give rise to two Mcs
populations at birth: the first differentiated Mcs located
in the future bulb of the hair, and McSC pool located in
the bulge of the hair. During the last steps of Mcs de-
velopment in the embryo (from E15.5 until E19.5), the
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melanoblasts begin to express genes encoding enzymes
required for melanin production, including Tyr and
Tyrp1, which are produced in Mcs and McSC, for a few
days after the birth of the McSC (107).

A second wave of melanoblast development has
been described in the skin (108). NCCs give rise to
several lineages, including Mcs, neurons, chromaffin
cells and Schwann cells. One population of engaged
precursor cells, the Schwann cell precursors (SCPs),
can differentiate into either Schwann cells or Mcs. After
early delamination, the SCPs migrate along the ventral
pathway, between neural tube and somites, following
the nerve fibres. SCPs retain a Schwann cell fate, while
they remain in contact with the nerves. In the absence
of signals provided by the nerve, some SCPs acquire a
melanocytic fate. This second melanoblast population
mostly colonizes the dorsal and lateral body walls, and
seems to give rise to most of the limb Mcs.

The patterns of congenital pigmentary disorders in hu-
mans, including the congenital giant naevi that frequently
display NRAS mutations, in particular, helped to identify
a third wave of Mcs arising from the ectoderm at the time
of gastrulation (109). Temporally, this is actually the
first wave, because it occurs before the formation of the
neural tube and the NCC formation during embryoge-
nesis. These Mcs are responsible for the non-segmental
pattern, through circular, bilateral migration centred on
the midline. However, it remains unknown whether these
cells contribute to mature Mcs in non-disease states.

Pathological development. Mcs pathology leads to
pigmentation disorders of skin and/or hair, and may be
associated with deafness and cognitive disorders (110,
111). Waardenburg syndrome (WS) is characterized by
pigmentation and hearing disorders, sometimes associa-
ted with abnormal development of the face and limbs,
and is due to the defective migration and proliferation of
embryonic melanoblasts or the abnormal development
of other neural crest cells. It is associated with mutations
of the MITF and SNAI2 genes (WSII) responsible for the
pigmentary and hearing phenotypes; with mutations of
the PAX3 gene (WS I and III) affecting neural crest cell
development and leading to morphological defects; and
with mutations of the EDN3, EDNRB, and SOX10 genes
(WS 1V) affecting intestinal neural cells. Piebaldism is
characterized by hypopigmented patches of skin and hair
and is due to the absence of Mcs in certain areas due to
defective embryonic/Mcs development. Mutations of the
genes coding the KIT receptor and its ligand, SCF, may
cause piebaldism syndrome. Apart from MITF, no other
melanoma susceptibility genes have been implicated in
the embryonic development of Mcs.

Renewal

Normal renewal. McSCs constitute a reservoir for the
replacement of Mcs lost during adulthood. McSC niches
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have been identified in the bulge area of hair follicles
(92, 112). McSCs are characterized by a specific cell
shape and localization in hair follicles. No specific mo-
lecular marker of McSCs has been identified, so a com-
bination of markers is used to follow these cells: McSCs
are considered to be Dct-positive, Ki-67-negative, BrdU-
retaining cells with low or no expression of KIT and
MITF. In the pigment disorder vitiligo, repigmentation
often begins at the hair follicles, subsequently spreading
out to generate continuous colouring of the skin. This
observation is consistent with the notion that McSCs
from the bulge can migrate from the hair follicles to
the basal layer and differentiate into mature epidermal
Mcs. Moreover, repigmentation of depigmented regions
lacking hair follicles, such as the palms of the hands,
is occasionally observed in patients with vitiligo, indi-
cating that McSC niches are also present in other skin
structures, such as sweat or sebaceous glands, and the
dermis (113, 114).

The maintenance of hair pigmentation has been well
studied in mice and humans. Renewal of the hair in the
hair cycle is synchronized with a cycling renewal of the
differentiated Mcs, resulting in pigmentation of the new
hair. After a resting phase and destruction of the previous
hair follicle, the McSCs exit quiescence, proliferate and
migrate along the hair follicle as transient amplifying
cells, eventually reaching the bulb, where they differen-
tiate into pigment-producing Mcs. Bulge cell quiescence
is tightly controlled by several different signals. TGFf3
represses differentiation and cell cycle progression; SHH,
WNT and B-catenin end the quiescence phase, activating
anagen; and NOTCH controls the appropriate differentia-
tion of Mcs (115-121).

Failure of renewal. The absence of Mcs renewal by
McSCs can lead to unpigmented skin and hair. The McSC
population is limited, despite its potential for renewal,
and the number of these cells declines during ageing,
resulting in physiological greying of the hair in both
humans and mice.

Local depigmentation occurs in adult patients with
vitiligo. Vitiligo develops as depigmentation of the skin
in specific areas, characterized by a disruption of the
epidermal melanin unit with the presence of very few, if
any, Mcs. Interestingly, the normally pigmented skin of
patients with vitiligo also displays an altered Mcs dist-
ribution in the basal layer. The number of keratinocytes
between 2 adjacent basal Mcs is larger in the pigmented
epidermis of individuals with vitiligo than in that of in-
dividuals without vitiligo, and the number of suprabasal
Mcs in pigmented epidermis from patients with vitiligo
is greater than that in a control population. Alterations
to E-cadherin levels at the membrane can affect Mcs
adhesion to the basal membrane (105). No melanoma
susceptibility gene has yet been linked to renewal of the
Mcs lineage or its pathology.
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CONCLUSION

All 20 melanoma susceptibility genes identified to date
have a clear function during melanoma initiation, mainly
the bypass of senescence. However, except for MITF
they do not have a role in the different aspects of the life
of Mcs. Susceptibility genes involved in melanogenesis
(OCA genes, ASIP, and MCIR), in control of the cell
cycle (CDKN2A and CDK4), in telomere length control
(TERT, POT1, ACD, and TERF2IP), and in DNA repair
(BAP1, RADS5 1B and POLE) may not be expressed nor
have major function during the establishment of the Mcs
lineage. As such, we understand that there is no develop-
mental defect associated with the corresponding defec-
tive proteins, but we might expect that they may have a
role during Mcs maintenance and renewal. Mutations in
MITF and KIT dramatically affect the establishment of
the Mcs lineage and both proteins play key roles in Mcs
development and function. The importance of these genes
during renewal remains unclear. Better understanding
of the function of all these genes during normal Mcs
renewal is crucial for advancing our understanding of
their function during melanoma progression, especially
during melanoma phenotype switching (86), which may
use some proteins involved in McSC biology.
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Basal cell carcinomas are the most frequent skin can-
cers in the fair-skinned adult population over 50 years
of age. Their incidence is increasing throughout the
world. Ultraviolet (UV) exposure is the major carcino-
genic factor. Some genodermatosis can predispose to
formation of basal cell carcinomas at an earlier age.
Basal cell carcinomas are heterogeneous, from super-
ficial or nodular lesions of good prognosis to very ex-
tensive difficult-to-treat lesions that must be discus-
sed in multidisciplinary committees. Recent guidelines
have updated the management of basal cell carcino-
ma. The prognosis is linked to the risk of recurrence
of basal cell carcinoma or its local destructive capa-
city. Characteristic molecular events in these tumours
are: (i) activation of the hedgehog pathway, which
has allowed the development of hedgehog inhibitors
for difficult-to-treat lesions that are not accessible to
surgery or radiotherapy; (ii) high mutational burden,
which suggests that hedgehog inhibitor refractory tu-
mours could be offered immunotherapy; some trials
are ongoing. The standard treatment for most basal
cell carcinomas is surgery, as it allows excision margin
control and shows a low risk of recurrence. Superficial
lesions can be treated by non-surgical methods with
significant efficacy.
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Basal cell carcinoma (BCC) is a slow-growing skin
tumour, which is commonly seen in dermatology.
BCCs rarely metastasize, but are frequently multiple
and recurrent on sun-exposed skin, with some morbi-
dity. BCCs are a heterogeneous group of tumours, with
histopathological and clinical characteristics ranging
from superficial lesions to very extensive and destructive
tumours. The standard treatment for BCC is surgery, but
non-surgical options (medical, systemic or physical)
have been developed in recent years for each end of the
spectrum of these tumours: superficial lesions (sBCC)
and advanced BCC (aBCC). Guidelines have been up-
dated to help physicians with these different therapeutic
strategies (1).

doi: 10.2340/00015555-3495
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SIGNIFICANCE

Basal cell carcinoma is the most frequent cancer in fair-
skinned adults. The molecular background to these tu-
mours includes activation of a cellular pathway called the
“sonic hedgehog pathway”. Basal cell carcinomas are indu-
ced by ultraviolet light and occur more frequently on areas
of skin that are exposed to the sun. Basal cell carcinomas
rarely spread to other sites in the body, although there
is a risk that they will recur. There are different subtypes
of these tumours with different potential to relapse. This
paper gives an update of what is known about basal cell
carcinomas and their treatment. The standard treatment is
surgery. The prognosis for advanced basal cell carcinomas
that cannot be operated on has improved with the develop-
ment of systemic drugs targeting the hedgehog pathway.

EPIDEMIOLOGY OF BASAL CELL CARCINOMA

BCC is the most frequent skin cancer in fair-skinned
adult patients (2). The estimated lifetime risk in this
population is approximately 30% (3). The worldwide
incidence of BCC is increasing continuously, but it
cannot be estimated precisely as this tumour is not
consistently registered. Marked geographical variations
have been reported. The highest incidence is reported in
Australia (up to 1,000/100,000 inhabitants per year, fol-
lowed by the USA (212—407/100,000 female and male
inhabitants respectively/year) and Europe (mean range
from 76.21 /100,000 person-years in the UK to 157 per
100,000 person-years in 2009 in the Netherlands). This
is within the range found in other European countries,
such as Germany, France, Italy and Spain (4, 5). The
lowest incidence is observed in Africa (<1/100,000
persons years).

BCC is most frequently seen after 50 years of age,
with a female/male ratio of 2:1 (6). However, some
patients develop BCC at an earlier age (<40 years).
Patients with genetic predisposition syndromes, such
as xeroderma pigmentosum (XP) or basal cell naevus
syndrome (BCNS) can develop BCC earlier, even before
20 years of age (see the section on genetics, below). In
the USA the ratio of cases of BCC to that of squamous
cell carcinoma (SCC) was estimated at 4:1 and changed
to 1:1 in 2012, but this is probably due to earlier SCC
lesions being removed, which may have previously been
treated non-surgically (7, 8).
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The most significant risk factor for development of
BCC is sun exposure, both in childhood and recreatio-
nally or occupationally in adult life (9). UVA, and mostly
UVB, is implicated. This explains why most tumours
are located on sun-exposed skin and are more frequent
in fair-skinned people. BCC is the most highly mutated
human tumour (65 mutations/megabase) (10). Another
risk factor is immunosuppression, with a greater than
10-fold increase in BCC, especially in kidney transplant
recipients (11).

HISTOLOGICAL SUBTYPES

BCC develops from follicular and interfollicular ke-
ratinocyte stem cells (12, 13). Different clinical and
histological types have been described with increasing
invasiveness from superficial, nodular, morphoeic
and basosquamous tumours (Fig. 1). Nodular lesions
represent 60% of all BCCs and appear as nodules or
papules with telangiectasia. Superficial lesions are flat,
erythematous, and scaly with well-demarcated edges;
more frequently found on the trunk of younger adults;
and represent 20% of all BCC. Morphoeic lesions are
scar-like whitish plaques with indistinct borders. These
tumours can also be ulcerated and pigmented.

In a review of 1,039 consecutive cases, Sexton et
al. have found that most BCC are mixed (14). In these
cases the most aggressive form defines the prognosis of
the tumour. Basosquamous tumours are often found in
advanced or difficult-to-treat lesions, which have been
left without treatment for many years and are seen at an
advanced stage. These lesions are classified as difficult-
to-treat, in contrast to the former, which fall into the
category of common BCC or easy-to-treat tumours
unless they have specific management difficulty (1). In
fact, these forms of difficult-to-treat BCC are hetero-
geneous and a classification system has been proposed
by the European Association of Dermato-Oncology
(EADO) and is under revision. These difficult-to-treat
lesions often require imaging, with magnetic resonance
imaging (MRI) or tomodensitometry, to determine the
tumour extension.

Dermoscopy is useful to help with the diagnosis of
BCC, revealing ovoid nests and globules, leaf-like areas,
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arborizing and superficial telangiectasias, erosions, pig-
mentation, but absence of pigment network. A recent
study has shown that, in a comparison of naked eye
examination and dermoscopy, the diagnosis sensitivity
and specificity improved from 66.9% to 85% and 97.2%
to 98.2%, respectively, with dermoscopy (15). Dermo-
scopy may also help to recognize the histopathological
subtype of BCC (16).

DIAGNOSIS OF BASAL CELL CARCINOMA

The diagnosis of BCC requires a biopsy, unless the le-
sion is small or clinically and dermoscopically typical,
especially in non-high risk locations (trunk). A biopsy
is recommended before proceeding to complex surgery
or systemic treatment (1). The biopsy can confirm the
diagnosis of BCC, but may not be adequate to appreciate
the histological subtype in view of the heterogeneous
histology.

GENETICS OF BASAL CELL CARCINOMA

Twenty years ago, the candidate gene (germline muta-
tion) for patients with BCNS syndrome (a genodermatose
predisposing to multiple BCCs and developmental de-
fects) was reported to be the PTCH1 gene, leading to ac-
tivation of the hedgehog pathway (Hh) (Fig. 2), which is
a crucial event in the pathogenesis of BCC (17). PTCH1
(located on human chromosome 9q22) encodes a trans-
membrane protein negatively regulating smoothened
(SMO), another transmembrane protein of the pathway.
When PTCH] binds to an extracellular ligand, such as
sonic hedgehog, its negative control on SMO is relieved,
allowing SMO to migrate in the cilium and activate Gli
transcription factors (18, 19). Since then other germline
mutations have been described in Gorlin’s syndrome,
targeting PATCH?2 and SUFU genes (20).

Activation of the Hh pathway has also been demonstra-
ted in sporadic BCC, with 90% of the tumours bearing
inactivating mutations of PATCH and 10% activation of
SMO (21). These mutations are most often UV-induced:
C>T transitions at dipyrimidines sites or even more spe-
cific CC>TT tandem mutations.

Fig. 1. Various basal cell carcinoma
(BCC) clinical subtypes. (A)
Nodular BCC. (B) Superficial BCC. (C)
Morpheiform BCC.
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GLI target genes
Fig. 2. Schematic view of the hedgehog (HH) pathway. When HH
ligand binds to the transmembrane receptor PTCH1 it releases its inhibitory
activity toward smoothened (SMO), which inhibits another negative regulator
of the pathway SUFU leading to activation of GLI and GLI target genes.

Hedgehog inhibitors are anti-SMO molecules. GLI is a transcription factor
activated by SMO.

Cytoplasm

nucleus

Inactivating the Hh pathway has been a major thera-
peutic goal for difficult-to-treat lesions and 2 oral-targe-
ted therapies (hedgehog inhibitors or Hhl) are currently
available: vismodegib and sonidegib (1).

If the occurrence of mutations in the Hh pathway is
considered to be the driver event toward formation of
BCC, secondary drivers have been found in cancer genes,
such as MYCN, PPPC, SK19, LATS1, ERBB2, PIK23C,
N-RAS, K-RAS, H-RAS, PTPN14, RB1, and FBX7 (22).
Other pathways that increase the transcription factor
of GLI include a recently described loss-of-function
mutation in SUFU in sporadic BCC and a variety of
non-canonical hedgehog signalling pathways (the mam-
malian target of rapamycin (mTOR), insulin-like growth
factor (IGF)-PI3K-AKT, epidermal growth factor re-
ceptor (EGFR)-MEK—-ERK, and Hippo pathways) that
are independent of ligand—PTCH1 binding and SMO
activation (23).

The impact of these other mutations on the histopatho-
logical characteristics and evolution of BCC or their
response to systemic treatment is unknown.

Other genetic diseases can predispose patients to
the formation of BC: XP due to germline mutations in
DNA repair genes (24), which predispose to multiple
skin tumours, including BCC, but also melanoma and
squamous cell carcinoma (SCC), at an early age, as well
as the Bazex-Dupre-Christol syndrome, and dominant
X-linked cancer-prone genodermatosis, in which recent
studies have reported mutations in the ACTRT1 gene and
its enhancer, leading to activation of the Hh pathway in
certain families (25).
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PROGNOSIS OF BASAL CELL CARCINOMA

BCC very rarely metastasizes; it estimated incidence
of metastasis is 0.0028-0.55% (1). A recent review of
published cases showed that median survival in case of
distant metastases was 24 months, and 36.2% of those
had systemic chemotherapies. Regional metastasis were
shown to have a median survival of 87 months (26).

The major issues with BCC are local destruction
and recurrence. Mortality is low. Risk of recurrence is
influenced by the location of the tumour (H zone of the
face), the histological subtype, perineural invasion, im-
munosuppression and prior recurrences. Severe forms
of BCC are heterogeneous and rare. A retrospective
study from the USA reported that the severe form of
BCC accounted for approximately 0.8% of all cases of
BCC (27), while another reported 10/100,000 persons
(28). No TNM classification is available and a grading
method to classify these difficult-to-treat BCC is cur-
rently being developed by the EADO group. These
advanced tumours are often not measurable by Response
Evaluation Criteria of Solid Tumors (RECIST criteria)
and can destroy large anatomical surfaces without af-
fecting survival (1).

TREATMENT OF BASAL CELL CARCINOMA
Surgery

Surgery is the standard treatment for the majority of
BCC (Fig. 3). Standard excision (SE) or micrographic
surgery (Mohs) can be used according to the characteris-
tics of the tumour (size, location, previous recurrences,
histology) and the skills of the surgeon. Mohs is reser-
ved for high-risk tumours, in recurrent BCC or BCC in
critical anatomical sites. A prospective randomized trial
comparing SE and Mohs showed a 10-year cumulative
probability of recurrence for primary BCC of 12.2% for
SE and 4.4% for Mohs and for recurrent BCCs of 13.5
for SE and 3.9% for Mohs (29).

The margins used for SE depend of the BCC recur-
rence risk profile. Current guidelines suggest a range of
peripheral margins between 2 mm and 5 mm in low-risk
tumours and between 5 mm and 15 mm in high-risk
lesions (1). It has been reported that the size of the BCC
also correlates with the risk of subclinical extension with
a4 mm lateral margin sufficient to excise a <2 cm BCC,
while a tumour of >2 cm and additional risk characte-
ristics may need a minimal lateral margin of 13 mm for
complete removal. Deep margins recommend excision
to level of the fat or, in the face, to the level of fascia,
perichondrium or periosteum (30).

Clinical and histological margins do not correlate, as
tissue shrinkage is observed after fixation. There is no
specific recommendation nor evidence-based data to
re-excision in case of complete excision with narrow
margins (1).
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Fig. 3. Schematic landscape of treatment options for basal cell carcinoma (BCC).

What to do in cases of incomplete excision?

Incomplete excision can be reported in 4.7-24% of SE
(31), and can lead to recurrence in 26—41% after 2—-5
years of follow-up. If incompletely excised lesions recur,
it is recommended to re-excise with wider margins, as the
risk of multiple recurrence can be as high as 50% once
a positive-margin BCC has recurred after surgery (32).

Radiotherapy

Radiotherapy is a good alternative to treat BCC, espe-
cially in elderly patients. It is recommended for patients
who are not candidates for surgery (due to morbidity,
patient’s choice, advanced disease, etc.). Radiotherapy
can use external beam radiotherapy, or brachytherapy or
contact therapy, and this will depend on the size, location
of the tumour, the team expertise and resources. It can
also be considered, but has never been evaluated, as ad-
juvant therapy when re-excision of incompletely excised
lesions is not possible or when there is perineural evasion.
Recent meta-analysis has reported an estimated re-
currence rate of 3.5% with radiotherapy similar to that
reported for surgery (1). Radiotherapy is contra-indicated
in patients with BCC nevus syndrome (BCCNS), as it
may cause further tumours in the field of irradiation

Medical treatments alternative to surgery in superficial
lesions

Imiquimod. Imiquimod is an immune-response modifier,
which is indicated for the treatment of superficial BCC
and small nodular BCC in immunocompetent adults.
It must be applied 5 times per week for 6 weeks. The
major biological effects of imiquimod are mediated
through agonistic activity towards toll-like receptors

alone or combined with surgery
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(TLR) 7 and 8 and consecutively,
activation of nuclear factor kappa B
(NFkB). The result of this activity is
the induction of pro-inflammatory
cytokines, chemokines and other
mediators, leading to activation of
antigen-presenting cells and other
components of innate immunity and,
finally, the mounting of a profound T-
helper (Th1)-weighted anti-tumoural
cellular immune response (33). Ran-
domized comparative trials compa-
ring 5% S5-fluorouracil (5-FU) with
imiquimod 5% cream and MAL-
PDT in patients with sBCC showed
a treatment success of 72.8% for
MAL-PDT, 83.4% for imiquimod,
and 80.1% for 5% 5-FU at 1 year and
62.7%, 80.5% and 70%, respectively,
at 5 years (31, 32).

The efficacy of imiquimod was
also compared with surgery (S) for low-risk BCC and
showed a successful response at 5 years, of 82.5% for
imiquimod vs. 97.7% for surgery (34), confirming that
imiquimod represents a good alternative to surgery for
the treatment of sBCC.

Some local and general reactions can be observed with
imiquimod, and patients should be informed of these.
5-Fluorouracil. 5-FU 5% is indicated for the treatment of
sBCC (2 applications/day for 2—4 weeks), but very few
studies have looked at long-term results. In the trial com-
paring 5-FU with imiquimod and PDT for the treatment
of sBCC, 5-FU was shown to be inferior to imiquimod,
but equivalent to MAL-PDT after 3 and 5 years (35).

Physically destructive treatments

Destructive treatments must be reserved for sBCC or
small nodular BCC, as they evaluate the complete era-
dication of the tumour.

Photodynamic therapy. PDT with 5-aminolaevulinic
acid (ALA) or its methyl ester (MAL) is indicated for
sBCC and small nodular BCC (nBCC) less than 2 mm
thickness. MAL-PDT gave clearance rates for sBCC of
92-97% and a recurrence rate at 1 year of 9%, which
increased to 22% at 3 years and remained at the same rate
at 5 years (36). MAL-PDT was also used and compared
with surgery in nBCC and showed 91% clearance at 3
months and a sustained clearance rate of 76% at 5 years,
inferior to surgery, but with cosmetic superiority. PDT
with ALA nanoemulsion gel was shown to be as efficient
as MAL-PDT in low-risk BCC (37).

PDT is a good option for patients with multiple super-
ficial lesions, especially for lesions located on the back,
on which application of imiquimod can be difficult.
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Cryotherapy. Cryotherapy is indicated for low-risk BCC
and has been shown to be as efficient as PDT in clinical
trial (35). Its main advantage is the fact that it is an im-
mediate procedure performed during the consultation.
Its disadvantages are pain and the cosmetic results, as
the treatment often leaves hypopigmented spots, which
can last for years. Medical and physical treatments can
be combined (i.e. PDT + imiquimod, rituximab and Hhl,
for example) (1).

Systemic treatments of difficult-to-treat or aBCC

Treatment of aBCC must be discussed in multidiscipli-
nary committee.

Chemotherapy. No clinical trial has evaluated chemo-
therapy for BCC. Most chemotherapies are platinum-ba-
sed. The response rate is approximately 20—30%, but the
duration of response does not exceed 2—3 months (26).

In addition, in elderly patients, chemotherapy can have
life-threatening adverse effects. It is usually proposed
as a second- or third-line treatment after failure of Hhl.

Hedgehog inhibitors. Major progress has been achieved
for the treatment of difficult-to-treat BCC with Hhls
(35). Two molecules, with different pharmacokinetics,
but targeting the same molecule, SMO, are available:
vismodegib and sonidegib. No hed-to-head comparative
studies are available. Vismodegib is indicated for laBCC
(i.e. not a candidate for surgery or radiotherapy) and
symptomatic metastatic BCC (mBCC) at a dose of 150
mg/day, while sonidegib is indicated for laBCC only, at
a dose of 200 mg/day.

Vismodegib. Vismodegib was the first approved Hh
inhibitor. The ERIVANCE study, an open-labelled non-
randomized study, including 104 patients, showed, in the
primary analysis, (using independent reviewer assess-
ment) a 43% overall response rate (ORR) for a laBCC
cohort, with 20.6% complete response (CR) and 22.2%
partial response (PR). The response rate was 30.3% for
the metastatic cohort (mBCC) (38). The median dura-
tion of response (DOR) was 9.5 (1aBCC) and 7.6 months
(mBCC). The 30-month update of ERIVANCE showed
(using investigator assessment), an ORR of 60.3% for
the 1aBCC (including 33 CR) and 48.5% for mBCC (only
PR) and a DOR of 26.2 and 14.8 months, respectively
(39). The median survival was 33.4 months for mBCC
and was not reached for laBCC.

The STEVIE (SafeTy Events in VIsmodEgib) study,
which enrolled the largest amount of patients (1,215,
with 1,119 1aBCC and 96 mBCC) had a main objective
on safety. The secondary objective was efficacy and
confirmed results obtained with the ERIVANCE study,
with 68.5% of investigator-assessed objective response
including 33.4 with CR for laBCC, and a median DOR of
23 months. For mBCC the ORR was observed in 36.9%,
mostly PR, and a duration of response of 13.9 months
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(40). A subgroup analysis showed that BCCNS patients
responded better to vismodegib. This was also observed
in a clinical trial (41), which objective was to study the
efficacy of vismodegib to shrink existing tumours and
prevent formation of new BCC, both confirmed. Howe-
ver, long-term follow-up shows that all patients relapse
after drug interruption (41).

In a recent report looking at long-term maintenance
of CR after drug interruption, it was shown that 60% of
patients have relapsed after 3 years of follow-up, with
40% (when BCCNS cases are excluded) having not rel-
apsed at the time. Among relapsing patients, 48% had
become eligible for surgery and 50% were vismodegib
re-challenged and showed an ORR of 85% (42).

Sonidegib. The second Hhl is sonidegib. The pivotal
clinical trial Basal Cell Carcinoma Outcomes with
LDE225 Treatment (BOLT) was a prospective randomi-
zed double-blinded trial comparing a once-daily dose of
200 mg with 800 mg. The 200 mg dose was approved
based on the risk/benefit ratio. Evaluation used very
stringent modified RECIST criteria showed a response
rate of 36% (43). In the 12-month update analysis of
the BOLT trial, the response rate for the 200 mg group
improved to 57.6% for laBCC and 7.7% for mBCC (44).
The Bolt follow-up of 30 months (45) reported a response
rate of 56.1% (central review) and 71.2% (investigator
review) for [aBCC and 7.7% and 23.1% for mBCC. The
median duration of responses was 26.1 months (1aBCC)
and 24.0 months (mBCC). The median survival has not
been reached in the 2 groups.

Both vismodegib and sonidegib, which belong to the
same class of drug, share common adverse events (most
frequent: muscles cramps, dysgeusia, fatigue, hair loss
and weight loss). These adverse events are observed in
the majority of patients and lead to drug discontinua-
tion in 30% of cases. No treatment-related deaths were
reported. Different strategies have been proposed to
prevent or manage the side-effects (46). Adverse events
with sonidegib seem to be slightly less frequent and less
severe, but this has not been evaluated in a comparative
study. Some drug holidays have been proposed to over-
come these side-effects (1)

The MIKIE trial has reported efficacy results of 2

intermittent regimens of vismodegib, and showed that
it did not decrease efficacy (47). The neoadjuvant use
of vismodegib has been reported in a small series, and
showed that, among patients treated with vismodegib
3—6 months before surgery, only one recurred after 22
months (48). Some clinical trials are ongoing into Hhl
in the neo-adjuvant setting: Vismoneo (NCT02667574)
and NICCI (NCT03035188).
Topical treatment. Earlier attempts with treatment at
topical HhI failed, but a study is currently ongoing to
evaluate the interest of a topical application of Hhl on
the face of patients with BCNS (NCT02828111).
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FOLLOW-UP

According to the type of BCC observed, the follow-up
can vary. Most BCCs are discharged after confirmation of
diagnosis and completeness of excision. Some high-risk
patients (multiple tumours, high-risk histological sub-
types, high-risk anatomical sites, immunosuppression)
will need to be followed up at least each year for up to
3-5 years. Difficult-to-treat BCC, which necessitated
treatment other than surgery, are followed more carefully
at a rhythm decided by the multi-disciplinary board (1).

PERSPECTIVES

BCC, being one of the most highly mutated tumours,
could represent a good indication for immunotherapy.

Some isolated reports have shown response to anti-
PD1 in treatment-naive or Hhl-refractory patients. In ad-
dition, a proof-of-concept study showed that pembrolizu-
mab was efficient in patients with aBCC, but showed no
increase efficacy when associated with vismodegib (49).

The efficacy of nivolumab, alone or in combination
with ipilimumab, and of cemiplimab (REGN2810) is
currently being investigated in patients with [aBCC and
mBCC in 2 independent phase 2 clinical trials (https://
clinicaltrials.gov).

CONCLUSION

BCCs are the most frequent skin cancers, and their
management has been thoroughly reviewed in recently
published guidelines. Most BCCs have an excellent
prognosis and do not need long-term follow-up. For
high-risk tumours, the follow-up schedules may need to
be adapted to each clinical presentation.

The standard treatment for BCCs is surgery. The
understanding of molecular events implicated in their
development has allowed the development of new stra-
tegies, such as Hhl and, more recently, immunotherapy,
for difficult-to-treat tumours.
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This decade has brought significantly improved out-
comes for patients with advanced melanoma with
immunotherapies and targeted treatments offe-
ring utility in a variety of settings. In 2020, we can
hope for durable long-term responses, and com-
plete remission in a subset of patients with me-
tastatic disease. In the adjuvant setting, approx-
imately 50% improvements in recurrence-free
survival are seen both with targeted and immuno-
therapies. Early data from neoadjuvant immuno-
therapy clinical trials are very promising. However,
responses to treatment are heterogeneous and not al-
ways durable; further advances are required, and se-
veral emerging strategies are of particular interest. We
review the systemic treatment of melanoma, discus-
sing the treatment of unresectable stage III-IV and
recurrent disease, outlining curative treatment of cu-
taneous melanoma in the adjuvant setting and briefly
discussing neoadjuvant systemic therapies for advan-
ced melanoma.
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ccounting for only 1% of all skin malignancies, me-

lanoma represents the most aggressive and deadly
form of skin cancer (1). Melanoma is predominantly a
disease of Caucasian populations and affects men and
women in equal measure. With a propensity to migrate to
draining lymph nodes and any visceral organ, metastatic
melanoma carries a poor prognosis.

Prior to 2011, outcomes were poor, with treatment for
metastatic disease limited to palliative therapies that of-
fered little or no survival benefit. In 2020, we can hope
for durable long-term responses, and complete remission
in a subset of patients. The use of immunotherapies and
targeted therapies for melanoma in the metastatic, adju-
vant and neoadjuvant settings will be reviewed here; the
initial management of cutaneous melanoma is discussed
separately. This review will cover the systemic treatment
of melanoma, starting with a description of therapeutic
agents. We will discuss the treatment of unresectable
stage I1I-IV and recurrent disease, outline curative tre-
atment of cutanecous melanoma in the adjuvant setting

This is an open access article under the CC BY-NC license. www.medicaljournals.se/acta

Journal Compilation © 2020 Acta Dermato-Venereologica.

SIGNIFICANCE

Melanoma is an aggressive and rare skin cancer that can
threaten the lives of patients it affects. New treatments
have been introduced over the past decade which have
dramatically changed the way in which patients with ad-
vanced melanoma are managed. Here we review the treat-
ments currently available to patients with advanced mela-
noma, focusing firstly on patients with stage IV melanoma.
We also review treatments available to reduce the risk of
a melanoma returning - these treatments can be given
either before (“neoadjuvantly”) or after (“adjuvantly”) a
melanoma is surgically removed, but only the latter is cur-
rently approved.

and briefly discuss neoadjuvant systemic therapies for
advanced melanoma.

CLASSES OF THERAPEUTIC AGENTS

Immunotherapy

Immune checkpoint inhibitors. Immune checkpoint in-
hibitors (CPIs) are a form of immunotherapy designed
to target key regulators of the immune system. Immune
checkpoints provide stimulatory or inhibitory control of
immunity. Tumours can use the inhibitory pathways to
protect themselves from being targeted by the immune
system. CPIs currently in clinical use act to block these
negative pathways enabling T-cells to recognise cancer
cells more efficiently. Agonists for stimulatory pathways
are also in clinical development. CPIs were the first class
of therapy shown to improve the overall survival (OS)
for patients with advanced melanoma and provide hope
of durable, long-term responses in a subset of patients.
The most extensively studied immune checkpoint re-
ceptors are cytotoxic T-lymphocyte-associated protein-4
(CTLA-4) and programmed cell death protein-1 (PD-1).
CTLA-4 and PD-1 induce T-cell suppression through
non-overlapping mechanisms and likely impact different
populations of T-cells during different phases of the
immune response (CTLA-4 during priming and PD-1
during the effector phase), providing a mechanistic ratio-
nale for the combination of CTLA-4 and PD-1 blockade.
CTLA-4. Based on promising antitumour activity in
preclinical cancer models (2), CTLA-4-blocking anti-
bodies have been developed. Ipilimumab is a fully
human monoclonal antibody of the IgG1 isotype that
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inhibits CTLA-4 leading to enhanced T-cell activation.
For T-cell activation to occur, two sequential signals are
required (3-5). Firstly, antigens presented in context
with the major histocompatibility complex (MHC) I or
IT on specialised antigen-presenting cells (APCs) must
bind with T-cell receptors (TCRs). Following this, there
is a translation of TCR stimulation into T-cell activa-
tion which requires a costimulatory signal, occurring
when B7 surface molecules on the APC bind with CD28
T-cell-surface receptors. Subsequently, T-cell surface
expression of CTLA-4 occurs, competitively inhibiting
the binding of B7 to CD28, preventing the costimulatory
signal and dampening down T-cell activation and proli-
feration. Treatment can be associated with mechanism-
based, immune-related adverse events more frequently
than anti-PD-1 treatment.

A second CTLA-4-blocking antibody, tremelimumab,
has been developed. Tremelimumab is a fully human
anti-CTLA-4 monoclonal antibody of the IgG2 isotype.
However, tremelimumab failed to reach its primary
endpoint of improved OS compared to standard-of-care
chemotherapy for patients with previously untreated,
unresectable stage III or IV melanoma (6). Clinical de-
velopment of tremelimumab is ongoing in a number of
non-melanoma cancers.

PD-1. Like CTLA-4, PD-1 inhibits T-cell activity and
is expressed by activated T-cells. However, instead of
competitively inhibiting co-stimulation by interfering
with CD28/B7 ligand interaction, PD-1 negatively re-
gulates TCR-signalling events. While CTLA-4 inhibits
T-cells during the priming phase of immune responses,
PD-1 is thought to inhibit activated T-cells at a later
stage in peripheral tissues, playing a critical role in the
maintenance of peripheral T-cell tolerance.

The first anti-PD-1 blocking antibody developed was
nivolumab, a fully human monoclonal antibody of the
IgG4 isotype that binds to PD-1, preventing it from inte-
racting with its ligands. Pembrolizumab was the second
anti-PD-1 blocking antibody to be used in advanced me-
lanoma; like nivolumab, pembrolizumab is a fully human
monoclonal antibody of the IgG4 isotype that binds to
human PD-1 preventing ligand interaction. Nivolumab
and pembrolizumab are clinically comparable in terms
of efficacy and toxicity as monotherapy for inoperable
melanoma (despite the absence of any head-to-head
comparison), but only nivolumab is licensed for delivery
as a combination with ipilimumab. The subtle preclinical
and molecular differences between these two agents
have been described by Fessas et al. (7). Compared with
ipilimumab, anti-PD-1 blockade with pembrolizumab
has been shown to have a superior clinical efficacy and
improved toxicity profile with fewer SAEs and fewer
patients requiring early treatment withdrawal (8).
Oncolytic virus therapy. Oncolytic viruses are a novel
class of intratumoural immunotherapies that show
promise for treating solid tumours. Talimogene laherpa-
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repvec (T-VEC) is a first-in-class, genetically modified,
herpes simplex virus type 1-based oncolytic immuno-
therapy approved for the local treatment of unresectable
cutaneous, subcutaneous and nodal lesions in patients
with melanoma recurrent after initial surgery. The me-
chanism of action and clinical applications of T-VEC are
described in detail by Raman et al. (9). The key study to
note in the context of advanced melanoma is the OPTiM
study which randomised 436 participants in a 2:1 ratio
to receive intratumoural T-VEC or subcutaneous re-
combinant granulocyte macrophage colony-stimulating
factor (GM-CSF). OPTiM first reported positive findings
in late 2015 (10), and recently published final analyses
confirmed T-VEC’s association with durable complete
responses that were associated with prolonged survival

).

Targeted therapy

The vast majority of cutaneous melanomas harbour mu-
tations in genes of key signalling pathways. Yet, only a
small number of these are considered to be driver muta-
tions due to their active role(s) in cancer development and
progression; the others are seen as coincidental passenger
mutations that are dispensable for cancer cell viability
and develop over the course of tumour evolution (12, 13).
The mitogen-activated protein kinase (MAPK) pathway
is a complex cascade requiring sequential phosphoryla-
tion of the different pathway components. In normal
cells, when MAPK activation occurs, it leads to cell
growth and differentiation. In cells harbouring BRAFV6"E
mutations, the normal process of negative feedback does
not occur and this results in permanent MAPK pathway
activation, leading to uncontrolled proliferation. This
pathway offers various points at which the protein cas-
cade can be blocked. Mutant BRAF is a “driver onco-
gene” as mutant BRAF inactivation can induce cancer
cell toxicity due to an acquired dependency of cancer
cells on oncogenic, mutant forms of BRAF (14). Targeted
inactivation of BRAF by pharmacologic inhibitors is an
archetypal example of targeted therapy in cancer (14, 15).
The recognition of key molecular mutation, BRAFV0%E
mutation, provided new therapeutic opportunities and
facilitated the development of promising small molecule
inhibitory compounds later on. Approximately 40% of
melanomas harbour a BRAF mutation (16, 17), the most
common being BRAFY®E | followed by BRAFV®% and
rarer genotypes (18).

MEK is the next kinase down from BRAF on the
MAPK cascade. BRAF inhibition is the most establis-
hed form of targeted therapy in melanoma and produces
rapid, but often short-lived, tumour regression in the
majority of patients. When MEK inhibition is added to
BRAF inhibition, increased efficacy and reduced toxicity
are seen. Indeed, the combination of BRAF and MEK
inhibition offer greater inhibition of MAPK signalling
and result in longer durations of response, higher rates
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of tumour response, and less cutaneous toxicity often
observed from paradoxical MAPK pathway activation
with BRAF inhibitor monotherapy (19). The develop-
ment of acquired resistance to combination BRAF and
MEK inhibitor therapy, along with tumour heterogeneity,
are formidable obstacles in the treatment of patients with
advanced melanoma.

BRAF inhibitors. The first BRAF inhibiting tyrosine
kinase inhibitor (TKI) approved by the US Food and
Drug Administration (FDA) for melanoma treatment was
vemurafenib in 2011 (20). The success of vemurafenib
in phase I and II settings (21, 22) and then in the BRIM-
3 study (23) encouraged intensive investigation of the
molecular mechanisms of pathogenesis in melanoma
and development of new therapeutic strategies targeting
specific molecules in the MAPK pathway. Dabrafenib
followed vemurafenib and is another small molecule
agent inhibiting BRAFY¢® mutation-positive melanoma
cell growth, demonstrating efficacy as a monotherapy in
the BREAK-3 study (24). Encorafenib is a second gen-
eration BRAF inhibitor, characterised by a substantially
prolonged dissociation half-life (25), and in the phase II1
COLUMBUS trial demonstrated superior efficacy over
vemurafenib monotherapy (26).

MEK inhibitors. Preclinical and early studies de-
monstrated that the addition of a MEK inhibitor to a
BRAF inhibitor decreased tumour growth, delaying
the development of resistance and reducing occur-
rence of skin lesions in metastatic melanoma (27).
As a results, there has been considerable interest in
various combinations of BRAF and MEK inhibition.
Trametinib was the first MEK inhibitor approved for
the treatment of BRAF-mutated metastatic melanoma
naive to BRAF-inhibition. Trametinib is approved for
use in combination with dabrafenib showing efficacy
both as a monotherapy when compared to investigator’s
choice chemotherapy (28), and when combined with
dabrafenib (29, 30). Cobimetinib is another MEK
inhibitor which demonstrated efficacy while used in
combination with vemurafenib in the CoBRIM study
(31), while bimetinib is the most recently-introduced
of the MEK inhibitors and has demonstrated efficacy
in the COLUMBUS study (26).

Chemotherapy

Prior to recent advances, chemotherapy was the backbone
of treatment for metastatic melanoma. Studies reported
responses in 10—15% of patients with 5 year survival in
only 2—-6% of patients (32). Despite the poor survival sta-
tistics, agents such as dacarbazine or the combination of
aplatinum agent and a taxol were the standard of care for
many years, due to a paucity of other useful therapeutic
options. Currently chemotherapy is used infrequently,
and primarily when immunotherapy and targeted therapy
options have either failed or cannot be used.

ﬂ ActaDV //f\\
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TREATMENT OF UNRESECTABLE STAGE IlI-IV
AND RECURRENT MELANOMA

Systemic therapy is indicated for patients with stage
-1V melanoma in whom surgical metastasectomy is
not appropriate. Patients with oligometastatic disease
should be evaluated for possible metastasectomy, as
complete resection of metastatic disease can achieve cure
(33, 34). In such cases, adjuvant therapy would then be
recommended following complete resection to reduce
recurrence risk (discussed later). This section will focus
on systemic therapy for inoperable melanoma.

The primary systemic therapy options for patients with
metastatic melanoma are CPIs, and, where a BRAF mu-
tation is the driver mutation, MAPK targeted therapies.
The presence or absence of a BRAF mutation is currently
the only reliable predictive biomarker that can influence
the treatment of advanced melanoma and must promptly
and accurately be determined. Many different methods
for BRAF testing are currently in use internationally
(35-37), but a discussion of these is beyond the scope
of this review. Targeted MAPK therapy is not indicated
in patients without a characteristic BRAF mutation and
may indeed be harmful to this patient group.

Whether patients with BRAFY® mutant melanoma
should receive CPIs or MAPK targeted therapy as first
line therapy is not always straightforward and prospec-
tive head-to-head comparative trials of MAPK inhibi-
tors and CPIs are lacking. A 2019 update of survival in
metastatic melanoma reported exploratory analysis of
survival data from selected CPI and TKI clinical trials
(38). In first line therapy, mean 3-year OS proportions
were 41.3% for BRAF plus MEK inhibition, 49.9%
for PD-1 inhibition and 58.4% for CTLA-4 plus PD-1
inhibition. Comparison of the mean progression free
survival (PFS) and OS curves of kinase inhibition and
checkpoint blockade revealed a superiority of combined
BRAF plus MEK inhibition within the first 12 months,
later changing to a superiority of PD-1 blockers alone
or in combination with CTLA-4 blockade. In second-
line or higher, BRAF plus MEK inhibition was superior
to anti-PD-1 monotherapy throughout the first 3 years;
mean 3-year OS proportions were 42.4% for BRAF plus
MEK inhibition, and 40.1% for PD-1 inhibition.

Checkpoint inhibitors

Table I outlines key phase I1I CPI studies in melanoma.
Nivolumab (39) and pembrolizumab (40, 41) have been
established as preferred monotherapy options for inope-
rable melanoma given their efficacy over standard of care
chemotherapies and acceptable toxicity profiles. Check-
mate-067 compared nivolumab and ipilimimab as a com-
bination with nivolumab and ipilimumab monotherapies,
recently demonstrating an OS of 52% for the combination
group at 5 years. This exceptional survival was associated
with 59% of patients receiving the combination suffering
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Table I. Landmark checkpoint inhibitor (CPI) trials in metastatic melanoma

Patients
Trial Regimen n Outcome G3/4 AEs:
Checkmate 066 (40) Nivo 3 mg/kg q2w vs. DTIC 1,000 mg/ 418 3 years 0S: 51.2% vs 21.6% mOS: 37.5 vs 11.2 11.7% vs 17.6%
Nivo 1%t line m? g2w months
Checkmate 037 (41) Nivo 3mg/kg q2w 405 ORR: 27% vs 10% 14% vs 34%
Nivo 2" line vs. ICC mOS: 16 vs 14 mo
mPFS: 3.1 vs 3.7 mo

Checkmate 067 (42) Comparision of 3x 3-weekly regimens: 945 PFS at 60 months: 59% (Ipi+Nivo) vs
Ipi + Nivo 1%t line Nivo 1mg/kg + Ipi 3 mg/kg g3w vs. Nivo 3 36%* (Ipi +Nivo) vs 29%* (Nivo) vs 8% (Ipi) 23% (Nivo) vs 28%

mg/kg q2w OS at 60 months: 52% (Ipi +Nivo) vs 44% (Nivo) (Ipi)

vs. Ipi 3 mg/kg x 4 doses vs 26% (Ipi)
Keynote-006 (8) Pembro 10 mg/kg 834 mOS at 60 months: 32.7% vs. 15.9% 17% vs 50%

Pembro 15t line
Keynote-002 (39)
Pembro 2" line (Ipi refractory) q3w vs. ICC

g2w vs. 3w vs. Ipi 3 mg/kg q3w x 4 doses

Pembro 2 mg/kg q3w vs. Pembro 10 mg/kg 180

mPFS at 60 months: 8.4 months vs 3.4 months
PFS at 28 months:

36% (pembro 2 mg) vs 38% (pembro 10 mg) vs
30% (ICC)

mOS at 28 months:13.4 (pembro 2 mg) vs 14.7
(pembro 10 mg) vs 11.0 months

13.5% (pembro 2 mg)
vs 16.8% (pembro 10
mg) vs 26.3% (ICC)

mOS: median overall survival; HR: hazard ratio; mPFS: median progression-free survival; PD: progressive disease; G: grade; AE: adverse event; TRAE: treatment-related
adverse event; Ipi: Ipilimumab; Nivo: Nivolumab; Pembro: Pembrolizumab; DTIC: Dacarbazine; ICC: investigator’s choice chemotherapy.

grade 3 or 4 adverse events (42). As such, combination
PD-1 and CTLA-4 blockade is usually considered only
for those patients with a very good performance status,
with some institutions and oncologists preferring CPI
monotherapy for metastatic disease. Untreated brain
metastases represent one particular clinical scenario in
which combination CPI offers particular advantage and
may be preferred in this instance (43).

MAPK pathway inhibition

Overall response rates to vemurafenib, dabrafenib and
encorafenib monotherapies are 45%, 51% and 60%,
respecively (29, 44, 45). A number of studies have pre-
sented clear evidence that the combination of these agents
with a MEK inhibitor provide increased efficacy with
a reduction in toxicity (Table II). In the COLUMBUS
study, encorafenib plus bimetinib showed favourable
efficacy compared with encorafenib or vemurafenib
monotherapy, with the combination associated with an

improved tolerability profile compared with either mo-
notherapies (26). The CoBRIM study showed improved
survival of vemurafenib and cobimetinib compared
with vemurafenib alone, with no significant difference
in toxicity (31). Robert et al. recently analysed pooled
extended survival data from COMBI-d and COMBI-v
trials (n=563) which compared dabrafenib and trame-
tinib with dabrafenib and vemurafenib monotherapies,
respectively, reporting complete responses in 19% of
patients and improved long-term outcomes, with OS
rates of 71% and less toxicity seen with the combination
of BRAF and MEK inhibition (29).

Checkpoint and MAPK inhibition combinations

Increasing evidence suggests that BRAF and MEK
inhibition has an immune-modulating effect, enhancing
anti-tumour immunity (47-49). Early evidence from
treatment of advanced melanoma with BRAF inhibi-
tion demonstrated increased expression of PD-1 and its

Table II. Landmark mitogen-activated protein kinase (MAPK) targeted therapy trials in metastatic melanoma

Patients
Trial Regimen n Outcome Toxicity
BRIM-3 (23) Vemurafenib 960 mg BD 675 mOS: 13.6 vs 9.7 months Modification/Interruption: 38% vs 16%
vs. DTIC 1,000 mg/m2 q3w mPFS: 6.9 vs 1.6 months
BREAK-3 (24) Dabrafenib vs. DTIC 250 mPFS: 5.1 months vs 2.7 months G3/4 AEs:
12.8% vs 17.4%
METRIC (28) Trametinib 2 mg/day vs. ICC 322 mPFS: 4.9 vs 1.5 months G3/4 AEs: 29% vs 12%

5 year OS: 32% vs 17%

CoBRIM (31) Vemurafenib + Cobimetinib 60 mg OD vs. 495

Vemurafenib 960 mg BD + placebo

mOS: 22.5 months vs 17.4 months
mPFS at 5 years: 12.6 vs 7.2 months

G3/4 AEs:
60% vs 52%

5 years OS: 30.8% vs 26.3%

COMBI-d (46) Dabrafenib 150 mg BD + Trametinib 2 mg 423

OD vs. Dabrafenib 150 mg + placebo

3 years OS: 44% vs 32%
mPFS: 11.0 vs 8.8 months

G3/4 AEs:
48% vs 50%

5 years pooled resuls with COMBI-d: CR in 19%;
OS rates of 71% (29)

COMBI-v (30) Dabrafenib 150 mg BD + Trametinib 2 mg 704

OD vs. Vemurafenib 960 mg BD

3 years OS: 45% vs 32%
3 years PFS: 25% vs 11%

G3/4 AEs:
58% vs 66%

5 years pooled resuls with COMBI-v: CR in 19%);
OS rates of 71% (29)

COLUMBUS (26)  Encorafenib 450 mg OD + Bimetinib 45 mg 577
BD (Combo) vs. Encorafenib 300 mg OD

vs. Vemurafenib 960 mg BD

mOS: 33.6% (combo) vs. 23.5 months (enco) vs G3/4 events ocurred in 68% (combo),
16.9% (vem)
mPFS: 14.9 months (combo) vs. 9.6 months

68% (enco) and 66% (vem)

(enco) vs. 7.3 months (vem)

AEs: adverse events; OD: once daily; BD: twice daily; mOS: median overall survival; HR: hazard ratio; mPFS: median progression-free survival; PD: progressive
disease; G: grade; AE: adverse event; DTIC: Dacarbazine; ICC: investigator’s choice chemotherapy; enco: encorafenib; vem: vemurafenib; combo: combination; CR:

complete response.
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ligand, PD-L1 (50), suggesting there may be a therapeutic
benefit in combing BRAF inhibition with CPI. A phase
1 study showed vemurafenib and ipilimumab to have
an unacceptable rate of hepatic toxicity, leading to its
discontinuation (51). A preclinical study demonstrated
that treatment with BRAF and MEK inhibition, in the
presence of the oncogenic BRAFY®® mutation, impro-
ved CPI anti-cancer effect without any negative impact
on immune cell function (47), as had previously been
thought may be the case (52). It is believed that MEK
inhibition has a protective effect on CD8" T-cells due to
chronic TCR stimulation (53). Such toxicity in the con-
text of BRAF inhibition may be related to the paradoxical
activation of MAPK in BRAF wild-type cells and can
be ameliorated by the addition of a MEK inhibitor (54).

Preclinical data provide rationale to support testing
of a triple combination of BRAF inhibition, MEK inhi-
bition and PD-1 blockade (47, 53). A number of trials
have reported relatively initial results with some 1- and
2-year data available, indicating that the combination of
CPI and TKI may have a role as standard of care within
the next numbers of years (Table IIT).

ADJUVANT THERAPY FOR RESECTED
MELANOMA

The role of adjuvant therapy in patients with resected
stage III melanoma is a rapidly evolving field. Inter-
feron was the first agent shown to have utility in this
space, however, advances in both targeted therapies
and immunotherapies have led to a number of practice-
changing adjuvant trials in resected stage III and IV
disease. By eliminating the micrometastatic disease that
remains after surgery, adjuvant systemic therapy aims to
reduce disease recurrence and ultimately improve rates
of cure following surgical resection of locoregional or
stage IV disease. Patients with resected stage III or IV
disease have significant differences in predicted survival
at 5 years ranging from approximately 80% for stage I1la
disease to less than 20% for resected stage Il1d disease
(58). Adjuvant treatment with either CPI or MAPK tar-
geted therapy have dramatically changed outcomes for
this patient group, with approximately 50% increased
recurrence-free survival (RFS) for both treatment ap-
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proaches (59—62). CPIs and MAPK targeted therapies
have not been directly compared in phase III studies
and there is currently no clear consensus on choice of
approach for patients with a BRAFY6® mutation in the
adjuvant setting.

For patients with stage I and II primary tumours and a
negative sentinel lymph node biopsy, there is presently
no indication for adjuvant therapy (63). It is worth noting
that patients with high risk (primary tumour >4 mm, or
>2 mm with ulceration) but node negative tumours were
excluded from the phase III clinical trials that evaluated
nivolumab, ipilimumab and the targeted therapy doublet
of dabrafenib and trametinib (62, 64, 65). As such, data
on adjuvant therapy in this cohort of patients is not avail-
able and is currently under investigation.

Adjuvant checkpoint inhibitors

As already discussed, CPI represents an important
advance in the treatment of patients with inoperable
melanoma. These results led to the evaluation of these
agents in the adjuvant setting for patients at high risk of
recurrence following initial surgery. Adjuvant treatment
with ipilimumab at 10 mg/kg dosing was shown to
have a 10% absolute improvement in OS and RFS, but
toxicity and high treatment-related death rates limited
its widespread use and it was never licensed for this
indication in Europe (66). Only 13.4% of patients com-
pleted the full planned course of treatment, and nearly
40% of patients discontinued treatment after the first
4 doses due to treatment-related side effects. Adjuvant
anti-PD-1 therapy has been tested in two large phase
III studies, Checkmate 238 and Keynote 054, which
have established nivolumab and pembrolizumab as the
CPIs of choice for the adjuvant treatment of resected
melanoma (60, 67). Table IV summarises the key trials
in this setting.

Adjuvant targeted therapy

Akey study in this context is COMBI-AD, a study of 870
Stage 11l BRAF mutant melanoma patients in the adju-
vant setting following excision and lymphadenectomy
(61, 64). They were randomised to the combination arm
of dabrafenib and trametinib, or to matching placebos

Table III. Landmark check-point/tyrosine kinase inhibitor (CPI-TKI) targeted therapy trials in metastatic melanoma

Trial Regimen

Patients

n Outcome Toxicity

Keynote 022
NCT02130466 (55)
oD
IMspire150
NCT02908672 (56)
Cobimetinib 60 mg/day
COMBI-i

NCT02967692 (57) 2 mg QDS

Pembrolizumab 2 mg/kg + Dabrafenib 150 mg BD + Tremetibib 2 120
mg OD vs. Placebo + Dabrafenib 150 mg BD + Tremetibib 2 mg

Atezolizumab 840 mg D1 and D15 + Vemurafenib 960 mg BD + 514
Cobimetinib 60 mg/D vs. Placebo + Vemurafenib 960 mg BD +

Spartalizumab 400mg q4W + Dabrafenib 150 mg BD + Tremetinib 36

mPFS: 16.0 vs 10.3

mDOR: 18.7 months vs 12.5
mOS: NR vs 23.4

PFS: 15.1 vs 10.6 months

2 years OS: 60.4% vs 53.1%

G3-5 AEs: 70% vs 45%

G3-5 AEs: 33.5% vs 28.8%

ORR: 75% (33% CR)
12 months PFS: 65.3%
12 months OS: 85.9%

75% had G3/4 AEs

AEs: adverse events, OD: once daily, BD: twice daily, mOS: median overall survival; HR: hazard ratio; mPFS: median progression-free survival; mDOR: median duration of
response; ORR: overall response rate; NR: not reached; PD: progressive disease; G: grade; AE: adverse event; DTIC: Dacarbazine; ICC: investigator’s choice chemotherapy.
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Table IV. Summary of randomised controlled trials of adjuvant therapy for patients with cutaneous melanoma

Trial Agents Patients Primary Endpoint 12 months RFS Toxicity

EORTC 18071 Ipi vs. placebo Complete resection in Stage III Median RFS: 64% vs. 56% G3/4 AEs:

(66) 26-mo vs 17-months 54% vs. 26%
7-year OS: 1% death from Ipi AE
60% vs 51.3%

Checkmate 238 (59, 67) Nivo vs. Ipi Complete resection in Stage IIIB, 3-year RFS: 71% vs. 61% G3/4 AEs:

IIIC, IV

COMBI-AD (61) D&T vs. placebo Complete resection in Stage III

Keynote 054 (60) Pembro vs. placebo  Complete resection in Stage III

BRIMS8 (68) Vem vs. placebo

(cohort 1) and IIIC (cohort 2)

Complete resection: Stage IIC-IIIA/B

58% vs. 45% 14% vs. 46%

0.4% death from ipi SAE

Stage III alone:
72% vs. 62%

RFS 4 years: 88% vs. 56% SAE:

54% vs 38% 36% vs. 10%
3 years OS: 1 death D&T
86% vs. 77%

12-months RFS: 75% vs. 61% G 3/4 AE:

75% vs. 61% 15% vs. 3%

1 death pembro

Median DFS: Cohort 1: G3/4 AE:
Cohort 1: 84% vs 66% 57% vs. 15%
NR vs. 37-months Cohort 2: SAE:

Cohort 2: 79% vs 16% vs. 10%

23-months vs. 15-months  58%

AE: adverse event; DFS: disease-free survival; EORTC: European Organization for Research and Treatment of Cancer; Gr: grade; NR: not reached; OS: overall survival;
Pembro, pembrolizumab; Ipi: Ipilimumab; Nivo: Nivolumab; Vem: Vemurafenib; plac: placebo; D&T: Dabrafenib & Trametinib; RFS: recurrence-free survival; SAE:

serious adverse event.

for one year. The primary endpoint, RFS, was longer
with dabrafenib and trametinib than with placebo (4-
year rate: 54% vs 38%; hazard ratio [HR] 0.49, 95% CI
0.40-0.59), with treatment benefits observed irrespective
of baseline factors, according to subgroup analysis (61).
Vemurafenib was compared to placebo in the adjuvant
BRIMS study demonstrating efficacy but high rates of
grade 3/4 toxicity (68).

NEOADJUVANT THERAPY FOR EARLY
MELANOMA

Given the success of immunotherapies and targeted thera-
pies for the treatment of advanced melanoma, the natural
extension is to identify the role of these therapies in the
neoadjuvant setting, with a wealth of clinical trials cur-
rently underway. Patients with clinically detectable stage
I melanoma represent a high-risk population with poor
outcomes when treated with upfront surgery alone and
are obvious candidates for investigation of neoadjuvant
therapy. However, the clear need to carefully evaluate
short-term clinical endpoints such as RFS, and long-term
endpoints of neoadjuvant therapy against those of adju-
vant therapy remains. Neoadjuvant therapy for melanoma
is not presently standard-of-care but represents an active
area of research with a large number of completed and
recruiting trials with differing designs, endpoints, and
methods of analysis under investigation. Table V il-
lustrates those neoadjuvant (preoperative therapy) trials
which have reported data.

One study of note is OPACIN-NEO study which repor-
ted in 2018 (69). OPACIN-NEO examined neoadjuvant
combination CPI with 3 different regimens of ipilimumab
and nivolumab. A combination of ipilimumab at 1 mg/kg
combined with nivolumab at 3 mg/kg given 3-weekly for
two cycles was chosen to take forward into later phase
studies, as this combination had a response rate of 77%,
with responders experiencing excellent outcomes to
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date. If more mature data confirm these early observa-
tions, this schedule will be tested in randomised phase 3
studies versus adjuvant therapies, which are the current
standard-of-care systemic therapy for patients with stage
III melanoma.

FUTURE DIRECTIONS AND CONCLUSION

The investigation of new immunotherapy and/or targeted
therapy combinations, such as anti-PD-1/anti-CTLA-4
CPIs with other immunotherapies (e.g. indoleamine
2,3 dioxygenase inhibitors, antilymphocyte activation
3, histone deacetylase inhibitors, Toll-like receptor 9
agonists, anti-glucocorticoid-induced tumour necrosis
factor receptor, pegylated interleukin-2), combination
targeted therapies (e.g. MEK and CDK4/6 co-inhibition),
and the combined use of immunotherapy and continued
research on targeted therapy (e.g. the triplet combination
of BRAF/MEK inhibition with anti—-PD-15s) are keys for
the future of systemic therapy for advanced melanoma.
The identification of novel therapeutic targets in the
MAPK pathway provides opportunity to improve outco-
mes by overcoming de novo and acquired resistance to
BRAF/MEK inhibition. Adoptive cell transfer may have
a potential role in patients whose disease has progressed
following CPI. Altogether, these new approaches offer
potential to build upon past advances and improve long-
term survival outcomes for patients with melanoma.

This decade has brought significantly improved out-
comes for patients with advanced melanoma with the
advent of immunotherapies and targeted treatments that
have utility in a variety of settings. However, responses
to treatment are heterogeneous and not always durable.
Further advances are required, and several emerging
strategies are of particular interest.
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Table V. Neoadjuvant trials with available data
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Median

Eligible patients follow-up
Trial n Regimen (months) Results TRAEs
IMMUNOTHERAPY
NCT00972933 (70) Clinical stage IIIB or Two neoadjuvant doses of ipi (10 mg/ 18 RFS: 11 months G3 AEs: 32%
2018 IIIC and oligometastatic kg), surgery, followed by two adjuvant No pPR or pCR reported

stage 1V; doses of ipi

n=35

NCT02437279 (71) Clinical stage III;
2018 10 per group

NCT02519322 (72) Clinical stage III and

2018 oligometastatic stage IV

12 participants in the
nivo-only group and 11

in the ipi plus nivo group

NCT02977052 (69)
OpACIN-neo 2019

Clinical stage III;
30 in group A; 30 in
group B; and 26 in
group C

NCT01608594 (73) Clinically detectable

2018 locally and/or regionally

advanced melanoma
n=28

NCT02339324 (74) Stage 3 and 4 resected
2018 (5 x IIIB, 11 x IIIC and
4 x 1V)
n=20
TARGETED THERAPY

NCT02231775 (75) Clinical stage IIIB or

2018 ITIC and oligometastatic
stage IV with
BRAFV600E/V600K
mutation
n=21

NCT01972347 (76) Clinical stage III with

NeoCombi 2019 BRAFV600E/V600K
mutation;
n=35

Sloot et al. (77) Stage III

2016 Of 15, 6 underwent
surgery

Zippel et al. (78) Stage III

2017 n=12

Eroglu et al. (79) Stage IIIC and IV

2017 n=20

Surgery plus 12-week adjuvant ip 32
(3 mg/kg) and nivo (1 mg/kg); 6

weeks of neoadjuvant and 6 weeks

of adjuvant ipi (3 mg/kg) and nivo (1
mg/kg)

4 doses of nivo (3 mg/kg) neoadjuvant 20
therapy, surgery, and 24 weeks of

nivo adjuvant therapy; 3 courses of

ipi (3 mg/kg) plus nivo (1 mg/kg)
neoadjuvant therapy, surgery, and 24
weeks of adjuvant nivo

Group A: two courses of ipi (3 mg/ 8.3
kg) plus nivo (1 mg/kg) once every 3
weeks; Group B: two courses of ipi (1
mg/kg) plus nivo (3 mg/kg) once every

3 weeks; Group C: two courses of ipi

(3 mg/kg) once every 3 weeks plus

two courses of nivo (3 mg/kg) once

every 2 weeks

Ipilimumab 3 or 10 mg/kg high-dose 32
interferon

Pembrolizumab 200 mg with high-dose 11
interferon

Neoadjuvant dabrafenib (150 mg twice 18.6
a day) plus trametinib (2 mg daily) for

8 weeks followed by surgery and 44

weeks of the same adjuvant treatment
versus surgery

Dabrafenib (150 mg twice a day) plus 27
trametinib (2 mg daily):

12 weeks neoadjuvant therapy and 40
weeks of adjuvant therapy

Vemurafenib 960 mg BID or Dabrafenib 25.4
150 mg QD % Trametinib

Vemurafenib 960 mg BID or Dabrafenib 20
150 mg QD % Trametinib 2 mg QD
Vemurafenib 25
Dabrafenib + Trametinib

Encorafenib + Binimetinib

30% pCR, 40% near pCR,
0% pPR

Group A: pCR 45%

Group B; pCR 25%

RFS: 56% participants in
the nivo-only group vs. 81%
participants in the ipi-nivo
group

43% of non-pCRs relapsed;
no relapses reported in the
other response groups

32% pCR

35% pCR

pPPR 17% and pCR 58%
RFS: 19.7 mo for adjuvant
systemic vs 2.9 mo for
surgery group

23 mo of overall RFS (30 mo

of pCR, 18 mo of non-pCR)

PPR 33% and pCR 33%

PPR 62% and pCR 31%

pCR 35%

G/43 adverse events: 90% of
participants in the surgery group
vs 90% of participant in the
neoadjuvant therapy group

Nivolumab-only:

8% participants had G3 AEs; ipi
plus nivo:

73% participants had G3 AEs; No
G4/5 AEs in any group

G3/4 AEs: 40% in group A
vs 20% in group B vs 50% in
group C

At median follow-up of 32
months, 10/11 patients with
either pCR or minimal residual
disease remained disease free
More grade 3/4 irAEs were seen
with ipilimumab 10 mg/kg versus
3 mg/kg (p=0.042)

90% of patients had to stop early
due to G3/4 toxicities

A: G3: 47% of participants in the
neoadjuvant systemic therapy
group had G3 AEs

57% participant had any grade 3
adverse events;

3% had any g G4 AEs and 26%
had surgical G3 AEs; 26% had
drug-related grade 3 events and
3% drug-related G4 AEs

Dose reduction or discontinuation
because of toxicities occurred in
10/15 patients

N/a

Not reported

pCR: pathological complete response; mo: months, G: grade; TRAE: treatment related adverse events; AE: adverse event; ipi: ipilimumab; nivo: nivolumab; pPR:
pathological partial response; pCR: pathological complete response.
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Introduction of new systemic therapies in the last
10 years has radically improved outcomes for mela-
noma patients. Even so, not all patients benefit, so
getting the right treatment to the right patient is a
priority. These two major drug classes, small mole-
cule targeted kinase inhibitors and immune check-
point inhibitors, both come at significant cost, with
sometimes serious side effects as well as high ex-
pense for health services. Almost half of melanomas
harbour a BRAF'¢°° mutation and virtually all patients
receiving BRAF targeted therapy will experience some
amount of response. However, duration of response
with these agents is uncertain, due to acquired resis-
tance, which means few patients remain in response
long term. Most metastatic melanoma patients are
potentially eligible for immune checkpoint inhibitors,
irrespective of BRAF status. However, only about half
of patients will respond to these agents, and only
half again will benefit long term. Thus, both primary
and acquired resistance limit response. In this era of
personalized anti-cancer therapy, biomarkers offer a
means to predict for both response and relapse to a
particular treatment. To date, the only validated bio-
marker applied to selecting melanoma systemic the-
rapy is the BRAF gene. However, modern technologies
are now opening up a wide range of candidate genes,
polypeptides and proteins which are being evaluated
for their potential clinical application as predictive
biomarkers of the future.
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n the last decade, treatment of metastatic melanoma

has undergone unprecedented transformation, with two
new classes of anticancer drugs entering routine clinical
practice, tripling overall survival of people whose life ex-
pectancy previously was limited to under one year. Both
sets of drugs — BRAF targeted therapies and immune
checkpoint inhibitors — are now being offered earlier
in the disease pathway, to people who have undergone

doi: 10.2340/00015555-3497
Acta Derm Venereol 2020; 100: adv00142

SIGNIFICANCE

Systemic therapy options for melanoma patients are rapid-
ly increasing. They offer life extension for many, but not all
patients benefit. These high cost drugs also have complex,
life-changing and potentially life-threatening side effects.
Modern ‘Precision Medicine’ aims to personalize therapy
for individuals and hence offer the opportunity to selecti-
vely treat only those expected to benefit from a particular
therapy, while avoiding exposure to ineffective treatment
in others. To date, the only validated predictive melanoma
biomarker guiding treatment decisions is the BRAF gene
mutation, although emerging modern technologies are
identifying many more candidates whose clinical applica-
tion have yet to be ascertained.

surgery for locoregional melanoma, based on evidence
that adjuvant therapy halves the rate of recurrence (1-3).
Despite this positive outlook, there are serious limitations
yet to be overcome: little more than half of metastatic
melanoma patients embarking on systemic therapy will
achieve durable response, drug-induced toxicity can
be life-threatening and certainly life-changing, while
the cost of chronic drug prescribing is crippling many
healthcare systems.

This same decade has seen a massive step change in
our understanding of cancer biology. We are now in the
era of ‘Precision medicine’, which aims to personalize
treatment based on specific biological characteristics
of an individual and their cancer. So-called biomarkers
should, in theory, enable preferential selection of ef-
fective treatment, while avoiding exposure to inactive
drugs causing unnecessary side-effects, thus also con-
tributing to more cost-effective healthcare. Primary and
acquired resistance to both molecularly targeted agents
and immunotherapy limit treatment response. Therefore,
biomarkers may be valuable adjuncts to clinical decision-
making both prior to initiation of treatment, as well as
during treatment, to predict the likelihood of treatment
failure and disease relapse (Fig. 1). In practice, despite an
explosion of research in this field, the role of predictive
biomarkers in the clinic currently remains limited. The
case of modern melanoma therapeutics well illustrates
both the successes and challenges of biomarker discovery
and their application.

This is an open access article under the CC BY-NC license. www.medicaljournals.se/acta
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Fig. 1. Integrating biomarkers into routine clinical practice.

BRAF - THE PERFECT BIOMARKER?

In the whole of modern drug development, the mutant
BRAF gene stands out as a massive success story in
biomarker discovery. In 2002, a team at the Wellcome
Sanger Institute reported BRAF mutations in 66% of
melanoma cell lines tested and these findings were
subsequently corroborated in melanoma patients (4). Its
success as a treatment response biomarker is thanks to a
talented biochemist who designed a drug to specifically
block the active kinase domain of the mutant BRAF
protein. This ‘lock and key’ approach generated ground-
breaking responses in BRAF mutant metastatic melanoma
patients treated in the phase 1 trial of the first specific
BRAF kinase inhibitor, vemurafenib (5). In subsequent
large-scale randomised trials, BRAF-targeted kinase
inhibitors have generated objective response rates of up
to 70% with virtually all treated patients experiencing
some degree of response (6). The limitation of BRAF
inhibition, however, is duration of response, due to onset
of secondary resistance in most cases within a year of
starting treatment.

Molecular characterization of tumours biopsied at the
time of disease progression showed that reactivation of
MEK downstream of BRAF was a consistent feature.
Dual blockade with BRAF and MEK inhibitor combina-
tion regimens delay onset of secondary resistance, signi-
ficantly extending duration of response (6). Unequivocal
evidence that mutant BRAF drives malignancy in some
45% of melanomas led rapidly to adoption of BRAF
testing of patient’s tumour tissue into routine clinical
practice worldwide. Progression biopsies identified
emergence of new mutations associated with loss of
treatment response, some of which might be actionable

‘Positive’

On treatment patient assessments:

Imaging - CT, MRI, PET
Samples - tissue, blood, stool

and offer options for subsequent
treatment.

However, accessing tumour
is not always practical and is
fraught with issues, particularly
- around tumour heterogeneity.
t:‘:;:—‘::;[ Measuring circulating tumour

. DNA (ctDNA) in plasma as a
‘liquid’ biopsy offers an attrac-
tive, less-invasive alternative
surrogate for disease burden.
Preliminary studies support
mutant BRAF ctDNA as a bio-
marker predicting for minimal
residual disease and recurrence
after surgical resection of loco-
regional melanoma (7) as well
as lending value to monitor
metastatic melanoma patients
on treatment (6, 8), for early
signs of both response and di-
sease progression. Although a
significant step change in patient management, work is
still needed to optimize and standardize liquid biopsy
methodologies, while larger scale prospective trials are
essential to fully determine the clinical application of
ctDNA before being introduced into routine clinical
practice.

Other less common driver mutations occurring in me-
lanoma include NRAS, PTEN loss and CKIT. Despite at-
tempts to block signalling from these aberrant pathways,
clinical benefits have been modest and no targeted agents
have yet been approved for patients with these molecular
characteristics. Currently, therefore, their significance as
biomarkers is confined to research studies.

‘Negative”

treatment

CLINICAL BIOMARKERS OF RESPONSE

In contrast to molecular targeted agents, and also to
some other cancers for whom they are approved, access
to immune checkpoint inhibitors is not limited by any
biomarker-determined subgroup of melanoma patients.
Since first tested in melanoma patient trials, eligibility
has been primarily determined by concerns for patient
safety, as well as enrichment for better prognostic groups.
Outside of clinical trials, real world experience has wide-
ned access and together with increasing understanding of
how checkpoint inhibitors work, some clinical features
have emerged that may help predict for benefit. This is
particularly pertinent for BRAF mutant melanoma pa-
tients, who must choose which order to access the two
drug classes available to them.

Immune checkpoint inhibitors rely on activating
cytotoxic (CD8") T-cell function, which can take a few
weeks to kick in after initiating therapy. Evidence sug-
gests that patients with slowly progressing, low disease
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burden (reflected in routine clinical and laboratory
parameters including good performance status, normal
serum lactate dehydrogenase, few organs involved, non-
visceral disease) tend to respond to checkpoint inhibitors
better than patients with high burden, rapidly progres-
sing disease. These factors are readily identifiable in
the clinic, but mainly reflect overall disease prognosis.
Similarly, they predict for better outcomes with BRAF-
targeted therapy (9) (Fig. 2). A recent meta-analysis of
advanced melanoma interventional registration trials of
systemic targeted therapies and checkpoint inhibitors
demonstrated that BRAF-targeted therapies offer supe-
rior overall survival in the short term, which may be the
priority for those patients with more aggressive disease
and poorer prognosis, but checkpoint inhibition offers
longer term survival gains for those who respond (10).
However, given complex toxicities, high drug cost and
limited overall survival benefits, there is a pressing need
to utilise modern scientific capability to select the right
treatment for the right patient based on their individual
disease biology.

CHALLENGES OF CHECKPOINT INHIBITORS

Increasing numbers of melanoma patients are receiving
immune checkpoint inhibitors as their first line of treat-
ment both in the adjuvant and advanced setting, striving
for long term survival benefits. The dominant agents in
clinical use are the anti-PD-1 antibodies, nivolumab and
pembrolizumab (6). Both are generally well tolerated in
all age groups, so in this modern age, advancing years
is not a barrier to access and the numbers of melanoma

LDOH Level

05 Probabitity

s *\i.year' 1:”" -year, 22%

patients being treated worldwide is rising exponenti-
ally, despite relatively modest benefits: response rate
in metastatic melanoma is around 40%, while only the
minority of those patients receiving adjuvant anti-PD-1
monotherapy are likely to benefit (1,2). Identifying the
subgroup of patients expected to respond is a major
research priority. Anti-PD-1 agents are licensed to be
administered until disease progression, but chronic drug
administration is driven by Pharma, not by biology. Can
biomarkers also help determine treatment duration for
an individual patient?

As a strategy to enhance activity, nivolumab (nivo)
was combined with the anti-CTLA-4 antibody, ipilimu-
mab (ipi) and the combination (ipi+nivo) regimen was
compared to both monotherapies in the CheckMate 067
international registration trial. Response rates with the
combination regimen were higher, reaching 58% for
ipitnivo compared with 45% for nivo and 19% for ipi,
but the overall survival gain with ipi+nivo compared
with nivo alone was marginal: 4-year overall survival
53% versus 46% (11). On the other hand, ipi+nivo was
associated with a three-fold increase (59% versus 22%)
in severe or life-threatening adverse events, compared to
nivo alone, while 40% and 12% of patients discontinued
treatment due to adverse events in these 2 trial arms.
There is therefore a pressing need to identify those pa-
tients unlikely to benefit from the combination regimen
to avoid unnecessary treatment-related toxicity.

In the last 5 years, a huge amount of resource has been
invested in better understanding tumour immunology
with significant focus on identification of biomarkers
to address the questions posed here. As summarised by
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Fig. 2. Impact of tumour burden (as
defined by lactate dehydrogenase
(LDH) and number of body organ
sites affected) on overall survival
(0S) following treatment with
dabrafenib+trametinib. ULN: upper
limit of normal. (Reprinted with
permission from The New England
Journal of Medicine, Caroline Robert
et al., Five-Year Outcomes with
Dabrafenib plus Trametinib in Metastatic
Melanoma, 381:626-636. Copyright ©
(2019) Massachusetts Medical Society.
Reprinted with permission from
Massachusetts Medical Society).
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B: Inflamed, or ‘hot’ tumor C: Non-inflamed, or ‘cold’ tumor
AF

—PD-L1
Turmnar

Fig. 3. The tumour immune-microenvironment can be classified as being either (A) immune-excluded, (B) inflamed, or (C) non-inflamed.
(Reprinted with permission from Springer Nature: Nature Medicine (Understanding the tumor immune microenvironment (TIME) for effective therapy,

Mikhail Binnewies et al. (63), COPYRIGHT (2018)).

Chen & Mellman (12), cancers can be categorized into 3
groups: 1) ‘hot’ or inflamed tumours, characterized by a
high T-cell infiltrate, 2) ‘cold’ or non-inflamed tumours,
devoid of any T-cell infiltrate, and 3) cancers that have
T cells and other immune cells present, but only at the
periphery or within the stromal tissue and not within
the tumour itself (Fig. 3). ‘Hot” tumours are most likely
to respond to checkpoint blockade, and melanomas fall
in to this category. However, overall, the minority of
melanoma patients respond to checkpoint blockade,
demonstrating that the relationship between the tumour,
host and microenvironment is hugely complex and no
perfect biomarker of response or toxicity is yet available
for clinical application. Highlights of expansive research
in biomarker identification have been reviewed in various
recent publications (for example, see 13—15). While not
meant to be an exhaustive list, the role of the most pro-
mising biomarkers is summarized here (Table I) under
these 3 headings.

TUMOUR FACTORS

Programmed death ligand 1 expression

Programmed death ligand 1 (PD-L1) is a protein expres-
sed on cancer cells, tumour infiltrating lymphocytes
(TILs) and myeloid cells which, through engagement
with its receptor, PD-1, attenuates T-cell responses, the-
reby helping cancer cells evade immune surveillance.
Anti-PD-1 antibodies disrupt PD-1:PD-L1 interactions

Table I. Summary of potential melanoma predictive biomarkers

to reinvigorate T-cell cytotoxicity. PD-L1 expression
was therefore the first tumour-associated protein to be
explored as a putative biomarker of response to anti-PD-1
antibodies. Initial analysis in the CheckMate 067 trial
suggested that patients with high levels of PD-L1 had hig-
her response rates compared with those whose tumours
had low, or no expression (16). However, responses still
occurred among these patients with low/no expression
and the predictive value of PD-L1 expression was not
borne out with longer follow-up (11). Since CheckMate
067 was initiated, the limitations of PD-L1 testing have
received much attention: which antibody, which cells to
count (tumour, immune cells, or both), which cut-off to
use (cell count is linear, not binary) and all lack clarity.
While in some other cancers PD-L1 expression does
appear predictive, currently there is no place for routine
testing in melanoma clinical practice.

Tumour mutational burden

Response to immune checkpoint inhibitors is highest
among tumour types with a high mutation load and mela-
nomas generally have high levels of mutations (17). This
may be attributable, at least in part, to the production of
tumour-specific neoantigens. Mutations within a tumour
may lead to the formation of peptides unique to tumour
cells that have the potential to be antigenic. Therefore,
an increase in the tumour mutational burden (TMB) of
a tumour could increase the likelihood of production of
antigenic tumour-specific peptides, in turn leading to a

Tumour Host Microenvironment

Tumour mutation burden and neoantigen expression CD8 T cells Microbiome

Driver mutations T-cell receptor Immunosuppressive stroma/immune cell
Aberrant signaling pathways (including WNT/bcatenin, JAK1/2, VEGF) Immunoscore environment including TGFb pathway

MHC

B2Microglobulin

PD-L1 expression
Imaging (eg. FDG-PET)

Neutrophil:lymphocyte ratio

Cytokines eg. IL17

Immune-related gene expression profiles
IFN vy signature

PD-L1 expression

Inflammatory markers eg. IL6, CRP
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larger pool of tumour-specific T cells. This larger pool
of tumour-specific T cells would theoretically produce
a greater antitumor response on inhibition of immune
checkpoints that may be mediating tumour immune
tolerance.

The first confirmatory human data came from whole-
exome sequencing of DNA from tumours and matching
blood from 25 metastatic melanoma patients treated with
ipilimumab (18). There was a significant difference in
TMB between patients with a long-term clinical benefit
and those with minimal or no benefit, which was then
reproduced in a subsequent validation set. High TMB
was subsequently shown to correlate with survival fol-
lowing anti-PD1 blockade (19). Even so, as with PD-L1,
measuring TMB is not straightforward. Gene sequencing
methodology — which platform to use, which cut-off
for a non-binary measure — is still evolving. Tumour
heterogeneity will influence any measure of TMB in a
discrete tumour sample, although some early research
suggests this could be overcome by measuring TMB in
ablood sample. Therefore, TMB remains an exploratory
biomarker for the time being.

Aberrant signaling pathways driven by tumour mutations

Genetic mutations within melanoma cells have
downstream effects on signalling pathways, which influ-
ence response to immunotherapy. A key pathway impli-
cated in resistance to both anti-PD-1 and anti-CTLA-4
antibodies is the WNT/B-catenin-signalling pathway
(20) which induces T-cell exclusion. Studies have de-
monstrated that loss of PTEN correlates with decreased
T-cell infiltration at tumour sites, reduced likelihood of
successful T-cell expansion from resected tumours, and
inferior outcomes with anti-PD-1 antibodies (21). Muta-
tions in several components of the Janus kinase (JAK1/
JAK?2) pathway have been implicated in both acquired
(22) and primary (23) immune resistance in melanoma,
by impairing interferon gamma (IFN-y) signalling. Thus,
screening for JAK1/2 mutations has been proposed as
a mechanism to identify patients unlikely to respond to
immune checkpoint inhibitors.

Recent studies have implicated loss of antigen pre-
sentation as a key mechanism of resistance to immune
checkpoint inhibitors. f2microglobulin (B2M) is an es-
sential component of MHC class I antigen presentation in
which point mutations, deletions or loss of heterozygosity
(LOH) have been identified in 30% of melanoma patients
with progressing disease (24). In metastatic melanoma
patients treated with anti-CTLA-4 and anti-PD-1 agents,
f2M LOH was enriched threefold in non-responders
compared to responders and was associated with poorer
overall survival. Loss of both copies of f2M was found
only in non-responders.

A further factor implicated in driving resistance to im-
mune checkpoint inhibitors is transforming growth factor
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beta (TGF-B) (25). TGF-f is a multi-functional cytokine
involved in the regulation of many cellular processes
including cell proliferation, differentiation and survival.
Melanoma produces increasing amounts of TGF-f with
disease progression, inhibiting immune responses and
providing an optimal microenvironment for undisturbed
tumour growth. Its role as a response biomarker needs
further investigation.

HOST IMMUNE-BASED BIOMARKERS

Many immune-based biomarker candidates have been
identified to date in retrospective datasets, or preclinical
models. The majority of these studies have focused on
immune cells, either within the tumour, or circulating
in blood.

Tumour-based immune-related biomarkers

The inflamed tumour microenvironment is character-
ized by the presence of T-cell markers and chemokines
that mediate effector T-cell recruitment, with enhanced
numbers of CD8" T cells, macrophages, as well as some
B cells and plasma cells. Therefore, it is perhaps not
surprising that one of the most reproducible factors pre-
dicting response to immunotherapy in melanoma patients
has been the presence of tumour-infiltrating lymphocytes
(TILs) within tumours: increased numbers of TILs gen-
erally correlates with improved response and survival
(26). Tumour infiltrating immune cells include T cells,
macrophages and various types of immune suppressive
cells, all of which contribute to the balance of a pro-
immunogenic versus immunosuppressive microenviron-
ment. Thus, low intratumoral CD8:CD4 ratios correlate
with lack of response to treatment, while response rates
as high as 80% have been reported to be associated with
high intratumoral CD8:CD4 in metastatic melanoma
patients treated with anti-PD-1 monotherapy (27). Be-
cause the nature of the immune microenvironment of a
tumour at baseline is associated with efficacy of immune
checkpoint inhibition, the assessment of an individual’s
immune signature to predict treatment outcome is an area
of active investigation. This emerging concept, known as
immunoprofiling, relies on the ‘immunoscore’: an assess-
ment of the type, density, and location of immune cells
(28). Absolute numbers is a gross oversimplification of
a highly complex microenvironment influencing T-cell
function. It is likely that multiple markers may need to
be combined to fully encompass the heterogeneity of
immune cell responses in individual patients receiving
specific therapies.

One way of combining multiple factors affecting re-
sponse to immunotherapy is by gene expression profiling
of tumour tissue. A T-cell inflamed tumour microenvi-
ronment rich in pro-inflammatory chemokines with an
IFN-y signature has been shown to correlate with the
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clinical efficacy of immune checkpoint inhibitors in me-
lanoma patients (29-31). Several multi-gene expression
profiles have been proposed as having predictive value,
although results are not always consistent across studies.
However, evidence from a large cohort of > 300 tumours
from multiple cancers including melanoma reported that
integrated analysis of an immune gene signature com-
bined with TMB enriches for anti-PD1 responders (32)
(Fig. 4). This novel approach may provide a precision
medicine framework for stratifying patient therapy in
the future.

Blood-based biomarkers

Multiple blood-based biomarkers have been identified
in retrospective studies and show promise to predict
both response, and, potentially, toxicity, and have been
extensively reviewed elsewhere (33-35). They include
absolute neutrophil count, absolute lymphocyte count,
neutrophil:lymphocyte ratio, absolute eosinophil count,
relative lymphocyte count (RLC), absolute monocyte
count, antibodies against NY-ESO1, T-regulatory cell
count, and myeloid-derived suppressor cell (MDSC)
count. Recent analysis of patients recruited to the Check-
Mate 064, 066 and 067 trials identified serum IL6 and
CRP as predictors of improved response and survival
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after checkpoint blockade (36). Even so, most studies
have been undertaken on small cohorts using a variety of
different evaluation criteria (37) and all require validation
in larger prospective trials.

The most extensive analysis of the effects of immune
checkpoint inhibitors on peripheral blood was performed
in metastatic melanoma patients treated with pembrolizu-
mab (38). The study showed that 1) PD1 inhibition leads
to an on-target immunological effect on CD8 T cells and
this effect can be detected, longitudinally monitored and
mechanistically interrogated in the peripheral blood with
the major cell type affected being the Ki67* CD8 T-cell
population, characteristic of exhausted T cells (T,). 2)
Most patients had a single peak of anti-PD-1-induced
immune reinvigoration, despite on-going treatment
which occurred early during treatment (within 3—6
weeks). 3) Since the T cells were the major target of
PD-1 blockade in most patients, the authors were able
to develop a ‘reinvigoration score’ by relating changes
in circulating T_ cells to tumour burden. 4) Responding
T_ cells in the blood contained T-cell receptor clones
shared with tumour-infiltrating T cells, and 5) The ratio
of T_-cell reinvigoration to tumour burden distinguis-
hed clinical outcomes and predicted for response. The
relationship between T_-cell reinvigoration and tumour

B Moderate: Immune evasion

D strong: Intense cytolytic activity

Non-immunogenic

tumor cell (low TMB/
neoantigenicity)

Immunogenic tumaor

cell (high TMB/
neoantigenicity)

T-cell

% Dendritic cell

Tumor Mutation Burden (TMB)

—=5===Fibroblast

A Reduced: Lack of immunigenicity |[C Moderate: Stromal/endothelial TME|
T-cell-inflamed Gene Expression Profile {(GEP )=

Fig. 4. Biomarker-defined responses to pembrolizumab monotherapy identify targetable resistance biology. (A) Tumours have low TMB
and low neoantigenicity and lack a T cell-inflamed TME. (B) Tumours can evade the immune response despite high TMB and high neoantigenicity. (C)
Although T cells are present, stromal and/or endothelial factors in the TME, low TMB and low neoantigenicity impede their activity. (D) Tumours have
high TMB, high neoantigenicity and a T cell-inflamed TME, typified by activated T cells and other immune cells with cytolytic roles. (From Cristescu R et
al., Pan-tumor genomic biomarkers for PD-1 checkpoint blockade-based immunotherapy. Science. 2018 Oct 12;362(6411). pii: eaar3593. doi: 10.1126/
science.aar3593. Reprinted with permission from The American Association for the Advancement of Science).
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burden suggests a ‘calibration’ of immune responses to
antigen burden and raises the possibility that even robust
reinvigoration by anti-PD-1 therapy may be clinically
ineffective if the tumour burden is high. This study
provides a clinically accessible potential on-treatment
predictor of response to PD-1 blockade which now needs
validating prospectively.

There are now several mature technologies available
for plasma and serum protein identification and quan-
tification, including mass spectrometry proteome pro-
filing and affinity-based methods (37), which offer the
opportunity for larger scale analyses and have identified
several potential protein-based biomarkers. They include
vascular endothelial growth factor (VEGF). Since an
early observation that high serum VEGF were associated
with decreased overall survival in metastatic melanoma
patients treated with ipi (39), angiogenesis is increasingly
appreciated as an immune modulator with therapeutic
potential combined with checkpoint blockade. Markers
of angiogenesis are now receiving increasing attention
for their potential clinical application.

BIOMARKERS PREDICTING FOR IMMUNE
CHECKPOINT INHIBITOR TOXICITY

Changes in IL-17, CD8 T-cell clonal expansion, eosi-
nophil counts, and markers of neutrophil activation have
been associated with specific immune-related adverse
events (irAEs) after treatment induction, but did not
predict toxicity development when tested at baseline
(40—42). Several other potential baseline risk factors for
development of irAEs from ICPIs have been suggested,
including a family history of autoimmune diseases (43,
44), but these require further validation. It is intriguing
to suggest that similar genetic loci that predispose to
autoimmune conditions also contribute towards de-
velopment of irAES but, to date, no germline factors
have been associated with development of irAEs (45).
Similarly, preliminary studies suggest the microbiome
(discussed in more detail below) may influence risk of
irAEs, particularly colitis (46).

A recent study implicated a group of cytokines in
predicting immune checkpoint mediated toxicity (47).
Eleven cytokines (including pro-inflammatory cytokines
such as IL-1a, IL-2 and IFNa2; developed into a score
called the ‘CYTOX score’) measured both pre- and early
during treatment were found to be significantly up-regu-
lated in patients with severe immune-related toxicities in
98 melanoma patients treated with PD-1 inhibitors, alone
or in combination with anti-CTLA-4. The findings were
then validated in an independent validation cohort of 49
patients treated with combination anti-PD-1 and anti-
CTLA-4. If validated in larger prospective studies, the
CYTOX score could identify toxicity-prone patients to
either avoid harmful treatment or consider prophylactic
interventions to mitigate side effects.
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THE MICROENVIRONMENT
The microbiome

The gut microbiome influences host immunity and has
been implicated in multiple diseases including cancer.
The presence of certain gut bacteria, including Akker-
mansia muciniphila and Bifidobacterium, was reported
to improve efficacy of PD-1 blockade in animal models.
In melanoma patients, significant differences have been
reported in the composition and diversity of the gut
microbiome between responders and non-responders
to anti-PD-1 immunotherapy. However, the reported
findings have so far been inconsistent (48—52), which
may say more about the limitations of the sequencing
technology being used. Even so, the significance of the
microbiome is further implicated by preliminary studies
suggesting that antibiotic (53, 54), probiotic and prebiotic
(ie. dietary fibre) intake all can all influence response to
checkpoint inhibition.

IS TOXICITY A BIOMARKER OF RESPONSE?

A key element of drug development is understanding
drug-induced toxicity, whether on-target or off-target
effects, and whether toxicity has any correlation with
predicting efficacy. In the context of BRAF-targeted
agents, there is no evidence that the two are connected.
With checkpoint inhibitors, the data is far more intri-
guing, although not at all clear cut. For ipilimumab,
immune-related adverse events do not correlate with
response, or survival (55, 56). For anti-PD-1 monoth-
erapy, results are conflicting, both in the advanced (57,
58), and most recently in the adjuvant setting (59, 60).
The most compelling data comes from the CheckMate
067 trial, when it was observed that 68% of patients
receiving combination ipi+nivo who stopped treatment
early due to unacceptable toxicity continued to maintain
a response over time (15). Thus, at least for metastatic
melanoma patients receiving ipi+nivo, it is reasonable
to reassure patients experiencing severe, sometimes
life-threatening toxicity, that this may predict for good
outcome, although the converse is not necessarily true.
Understanding the mechanisms that underlie irAEs and
their optimal management are key areas requiring active
research.

WHEN TO STOP ANTI-PD1 ANTIBODY TREAT-
MENT?

Anti-PD-1 antibodies are licensed to be administered to
metastatic melanoma patients for as long as there is evi-
dence of clinical benefit. For those patients who respond,
they may be consigned to treatment for many years,
risking toxicity, impacting quality of life, and requiring
significant healthcare resources. Adjuvant therapy has
been approved for a duration of one year. The biological

R )
YEARS



ActaDV

ActaDV

necessity for long term therapy in either setting is not
determined and in fact, there is accumulating evidence
arguing against the need. Evidence from following-up
advanced melanoma patients stopping treatment due to
toxicity suggest that response can be maintained in the
absence of drug being administered. Long term follow-
up of melanoma patients recruited to the KEYNOTE
006 trial who stopped treatment after 2 years reported
durable complete remissions after discontinuation and
low incidence of relapse (61). The mechanisms under-
lying this observation clearly need to be studied, but
functional imaging may be a useful adjuvant to clinical
decision-making.

Retrospective data from 104 metastatic melanoma
patients treated with anti-PD1 antibodies suggests that
performing '8F-2-fluoro-2-deoxy-D-glucose positron
emission tomography (FDG-PET) at one year accurately
predicts long-term outcome: PFS of complete metabolic
response (CMR) was 96%, compared with 49% without
CMR (HR 0.06, p<0.06) (62). The UK DANTE study
is randomizing melanoma patients who are progression-
free after one year of anti-PD1 antibody therapy to
either stop or continue treatment. A sub-study has been
proposed to evaluate prospectively the value of perfor-
ming PET at one year and will also determine the value
of earlier PET scanning performed at or before the first
routine 12 week CT response assessment. The rationale
for shorter duration of adjuvant therapy also warrants
evaluation in randomised trials.

SUMMARY

Now that systemic therapy is established for treatment
of both metastatic and high-risk resected melanoma, a
key next phase of research is to optimize selection of
treatment by identifying biomarkers which can reliably
predict both response to and relapse on therapy. This
rapidly evolving and expanding personalized approach,
offers the opportunity safer, more cost-effective health-
care in years to come.
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For all primary cutaneous squamous cell carcinomas
(cSCCs), physical examination should include full skin
examination, recording of tumour diameter and regio-
nal lymph-node-basin status. Surgery is the treatment
of choice, with a minimal 5-mm margin. For elderly pa-
tients with well-differentiated tumours, other surgical
modalities can be explored. Surgery for organ-trans-
plant recipients should not be delayed. The issue with
cSCC is identifying high-risk tumours with staging, as
this may alter treatment and follow-up schedules. Ad-
juvant radiation therapy should be considered for in-
complete resection, when re-excision is impossible or
there are poor-prognosis histological findings. Recom-
mendations are at least biannual dermatological sur-
veillance for 2 years, but in elderly patients with small,
well-differentiated tumours long-term follow-up is not
always necessary. In case of positive lymph nodes, ra-
dical dissection is needed, with regional postoperative
adjuvant radiation. Advanced cSCCs are defined as un-
resectable local, regional or distant disease requiring
systemic treatment. Their only approved treatment is
the PD-1 inhibitor, cemiplimab. Trials evaluating ad-
juvant or neo-adjuvant anti-PD-1 are ongoing. Platin-
based chemo or anti-epidermal growth-factor-recep-
tor therapies are possible second-line treatments. For
transplant patients, minimizing immunosuppression
and switching to sirolimus must be considered at first
appearance of cSCC.
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istorically, cutaneous squamous cell carcinoma

(cSCC) was the second most common skin cancer
after basal cell carcinoma (BCC), but several recent re-
ports on the Australian and US populations have shown
a shift in the numbers of cSCCs compared with BCCs.
A study of Medicare patients shows a 1:1 ratio of cSCC
to BCC (1). The incidence of ¢SCC has increased mar-
kedly over recent decades worldwide, probably because
very early cSCC are being resected more often, but also
because of increased exposure to the sun (1). cSCC fre-
quency quadrupled for both sexes in Sweden between

This is an open access article under the CC BY-NC license. www.medicaljournals.se/acta

Journal Compilation © 2020 Acta Dermato-Venereologica.

SIGNIFICANCE

This review updates the management of primary resecta-
ble cutaneous and advanced cutaneous squamous cell car-
cinomas. It is important for physicians treating cutaneous
squamous cell carcinoma to know that currently available
staging systems can help identify high-risk tumours and
should guide work-up and treatment. This article describes
risk factors and staging methods, along with an overview of
current treatments according to disease stage.

1960 and 2004 (2). cSCCs often occur in elderly and male
patients. The main risk factors for developing cSCCs are
chronic cumulative exposure to ultraviolet (UV), inclu-
ding sunbed use and psoralen and ultraviolet A (UVA),
having fair skin or hair, and taking immunosuppressive
medication for >1 month (3—5). Immunocompromised
patients, including organ-transplant recipients and hu-
man immunodeficiency virus (HIV)-positive patients,
are at increased risk of cSCC (6, 7). cSCCs are the most
common cancers following organ transplantation, with
their risk increasing 100-fold for transplantees (6, 8—10).
Oncogenic human papillomavirus, chronic scarring con-
ditions, exposure to arsenic or ionizing radiation, reces-
sive dystrophic epidermolysis bullosa and rare familial
syndromes (e.g. xeroderma pigmentosum, albinism and
Lynch syndrome) have also been associated with in-
creased risk of ¢cSCCs. Ageing of the population, more
organ-transplant recipients, change in attitude toward UV
exposure, and increased ascertainment contribute to the
increase in incidence of ¢cSCC.

Although initial surgical excision cures 95% of pa-
tients, a minority of ¢cSCCs recur locally (3—4%) or
metastasize (2-4%), usually to regional lymph nodes or,
rarely, to distant locations (11, 12). In addition, 1-4% of
c¢SCCs are fatal (13, 14). cSCC-attributed mortality is
increasing in Australia. The mortality rate in the southern
and central USA approached that of melanoma, empha-
sizing that cSCC is a critical public health concern (15).

Awareness of risk factors for ¢cSCC is essential to
improve primary prevention with the objective of con-
taining, and hopefully lowering, the increasing incidence
of ¢cSCC. Thus, because sunscreens can prevent cSCC
(16), its use should be strongly encouraged, and use
of sunbeds should be strongly discouraged. Moreover,
high-risk patients, i.e. immunocompromised patients,
should undergo regular dermatological monitoring and

doi: 10.2340/00015555-3498
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education about skin self-examination and safe behaviour
in the sun.

Application of the currently available staging systems
helps to identify patients at high risk of recurrence. The
American Joint Committee on Cancer staging 8" edition
(AJCC-8) (11) tumour-staging items include tumour dia-
meter, as summarized in Fig. 1a. Lymph-node size, num-
ber of positive lymph nodes and their location(s) (ipsila-
teral, contralateral, bilateral) and extranodal extension.
However, the AJCC-8 is relevant only for head-and-neck
¢SCCs, which might limit its usefulness. The Brigham
and Women’s Hospital (BWH)-staging system (17) is
based on the presence of 4 risk factors, summarized in
Fig. 1b. BWH stage T3 represents only 5% of tumours,
but 70% of nodal metastases and 83% of disease-specific
deaths. A recent monocentre retrospective study on 186
head-and-neck ¢SCCs (18) compared the 2 systems and
found an overlapping of poor-prognosis predictions.

Several other poor-prognosis risk factors are not inclu-
ded in these classifications: high-risk locations (lip, ear),
histological thickness or Clark level >IV, desmoplastic
and adenosquamous histological subtypes or immunos-
uppression. Organ-transplant recipients’ cSCCs are often
aggressive tumours and in view of the presence of mul-
tiple viral warts in these patients, which may be difficult
to differentiate from early SCC, it is recommended that
dedicated dermatology clinics look after these high-risk
patients, if possible.

High-risk ¢cSCCs have a higher recurrence, estima-
ted at 16%. Recurrences occur mainly during the first
2 years post-diagnosis (19). However, a review of the

A Tx Primary tumor cannot be assessed
TO No evidence of primary tumor
Tis Carcinoma in situ
T1 Tumeor diameter <2 cm

T2 Tumor diameter >2 cm but <4 cm

T3 Tumor diameter >4 cm, minor bone invasion, perineural invasion” or deep invasion*

T4 Tumor with gross cortical bone/marrow, skull base and/or its foramen invasion

literature showed that, for patients with high-risk cSCCs
and clearly documented surgical margins, risks of local
recurrence, regional metastasis, distant metastasis and
disease-specific death were 5%, 5%, 1% and 1%, re-
spectively (20).

Advanced cSCCs are defined as either locally unresec-
table, deeply invasive involving muscle, nerve or bone
structures, unresectable regional lymph-node disease or
multiple distant metastases requiring systemic curative
treatment (Fig. 2).

MANAGEMENT OF PRIMARY RESECTABLE
CUTANEOUS SQUAMOUS CELL CARCINOMAS

Physical examination and biological staging

Staging should systematically include primary tumour
diameter, regional lymph-node—basin status, and search
for other skin cancers and chronic inflammatory disor-
ders and previous or current immunosuppression. Rare
genetic syndromes, such as xeroderma pigmentosum,
albinism and Lynch syndrome have to be ruled out in
patients who have early onset and/or multiple cSCC
without obvious risk factors.

Imaging studies for staging

Because few studies have addressed ¢cSCC imaging, its
value for regional and distant staging is uncertain, even
for high-risk ¢cSCCs (21). A meta-analysis of head-and
neck tumours evaluating the contributions of computed
tomography (CT) scans, magnetic resonance imaging
(MRI), ultrasonography (US) and US-guided
fine-needle aspiration showed that the last
accuracy was the best (22). Ultrasound scan-
ning with fine needle aspiration cytology was
found superior to CT in assessing primary
SCC of'the vulva regional disease status (23).
Based on a retrospective series of 98 high-risk
patients with BWH-stage T2b or T3 ¢SCCs,
with imaging staging (CT, positron-emission

invasion or transgression.
*Defined as that going beyond the subcutaneous fat or >6 mm.

#Defined as tumor cells within a nerve sheath lying deeper below the dermis, >0.1 mm in
caliber, with clinical or radiographic involvement of named nerves without skull base

tomography (PET—CT scans or MRI) or wit-
hout, imaging impacted cSCC management
for one-third of them; moreover, patients wit-

B Ti 0 risk factor
T2a 1 risk factor
T2b 2-3 risk factors
T3 >4 risk factors or bone invasion
Risk factors

® Tumor diameter >2 cm

® Tumor invasion beyond subcutaneous fat (excluding bone
invasion, which automatically upgrades tumor to T3)

® Perineural invasion >0.1 mm

® Poorly differentiated

Fig. 1. Cutaneous squamous cell carcinoma - staging criteria. (a) American Joint
Committee on Cancer 8th edition staging of head-and-neck tumours (adapted from
(11). (b) Brigham and Women'’s Hospital tumour-staging items (adapted from (17)).
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hout imaging staging tended to develop nodal
metastases more frequently (p=0.046) (24).
Prospective studies are needed to confirm that
an initial imaging work-up can impact mana-
gement and outcomes, and that imaging should
be considered for regional staging in high-risk
patients. In 2020, the European Dermato-
logy Forum (EDF), European Association of
Dermato-Oncology (EADO) and the European
Organization for Research and Treatment of
Cancer (EORTC) (EDF-EADO-EORTC)
consensus group recommended lymph-node
US for high-risk patients (25).
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Fig. 2. The different types of advanced cutaneous squamous cell carcinomas. Local disease (/eft): local unresectable disease without regional
or distant disease. Regional disease (top right): at least regional unresectable disease without distant disease. Distant disease (bottom right): at least

one unresectable distant metastasis.

Surgery

Biopsy or limited excision of the tumour is usually per-
formed to confirm a clinically suspected cSCC, but if
the tumour is small, a single definitive excision is often
performed outright with various margins. Surgery is the
treatment of choice. Most primary resectable cSCCs are
usually cured by conventional excision. Mohs surgery
may be needed for high-risk tumours and/or difficult ana-
tomical sites. Randomized controlled trials on resection-
margin widths are lacking, therefore excision margins
for SCC are controversial.

Excellent cure rates have been reported in several se-
ries. Experience suggests that small well-differentiated
tumours, which are slow-growing in elderly patients on
sun-exposed sites can be removed by experienced phy-
sicians with curettage (http://www.bad.org.uk/healthca-
re-professionals/clinical-standards/clinical-guidelines).
Recurrences were rare in a study on 1,174 cSCC patients
and did not differ significantly among tumours treated
with electrodessication/curettage destruction, excision
or Mohs surgery, respectively: 24.3% of 361 vs. 38.3%
of 571, or 37.4% of 556 (26).

The EDF-EADO-EORTC consensus group has re-
commended surgical resection with a minimal 5-mm
margin, even for low-risk tumours, which should be
extended to 10 mm for high-risk tumours (Table I) when
additional clinical or histological risk factors are present
(25). When technically feasible, 1-step resection and

Table I. Summary of treatment options

Treatment options

Primary resectable cSCCs
Surgical resection (5-10 mm margin)
Alternative: curative radiation therapy
Alternative for low risk small tumours on sun exposed sites: 2 cycles
curettage and cautery
Adjuvant treatment for primary high-risk cSCCs*
Radiation therapy
Ongoing immunotherapy trials
Neoadjuvant treatment
Ongoing immunotherapy trials
cSCCs with regional lymph node involvement
Radical lymph-nodes dissection
Adjuvant radiation therapy
Advanced cSCCs
First line:
e Cemiplimab (350 mg infused intravenously over 30 min every 3 weeks)
Second line:
Cisplatin-based chemotherapies
e or Carboplatin-based chemotherapies (better tolerated in patients with
comorbidities)
* or epidermal growth-factor receptor (EGFR)-targeted therapies (cetuximab)
e or hyperthermic isolated-limb perfusion
- or ongoing combined immunotherapy trials
Prevention
Topical treatments
5% 5-FU cream
Alternatives: imiquimod, diclofenac and photodynamic therapy
Oral treatments
Acitretin, nicotinamide
Primary cSCCs in transplant recipients
Minimizing immunosuppression and switching to sirolimus

*Incomplete resection, poor-prognosis histological findings.
cSSC: cutaneous squamous cell carcinoma.
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closure is preferred; 2-step resection is recommended
when a graft or flap reconstruction is planned. If the
resection is incomplete, then surgical re-excision should
be performed.

In an earlier prospective, multicentre Australian case
series of 1,263 ¢SCC patients, characterized by an ele-
vated percentage of high-risk tumours treated with Mohs
micrographic surgery, 5-year recurrence rates were low:
2.6% in patients with primary ¢SCCs and 5.9% in pa-
tients with locally recurrent cSCC, suggesting that this
technique achieves a high cure rate for these high-risk
¢SCCs (12). However, randomized studies comparing
Mohs surgery with conventional surgery are lacking.

The pathologist’s report should specify histological
differentiation grade, histological subtype, maximum
tumour thickness and Clark level, invasion of muscle,
cartilage, bone and/or fascia, perineural or lymphatic/
vascular invasion, whether or not the resection was
complete with minimal lateral and deep margins.

For high-risk ¢cSCCs with negative regional staging on
imaging, a sentinel lymph-node biopsy might be consi-
dered an option, but is not standard of care, depending
on its potential comorbidities. Indeed, sentinel lymph-
node biopsies are positive for one-third of the patients
with BWH stage-T2b or -T3 cancers (27). However, the
authors of a recent prospective German study found that
6% of a series of sentinel lymph-node-negative patients
had distant metastases, suggesting the limited prognostic
value of the procedure (28).

Curative radiation therapy

Radiotherapy represents an alternative to primary sur-
gical resection for SCC of the lip and when surgery is
not appropriate for cSCCs. However, the risk of cSCC
recurrence is higher after radiation therapy compared
with surgery. For patients with comorbidities that
predispose them to radiation-induced cancers, such as
basal cell naevus syndrome or xeroderma pigmentosum,
radiotherapy must be avoided. Radiation therapy can
cause reversible dermatitis or mucositis. Late side-effects
include skin atrophy with loss of hair, reduced sweating
and sebaceous secretions, discoloration, telangiectasia,
hypodermic sclerosis and/or skin carcinomas so should
be avoided in younger patients (29).

Adjuvant radiation therapy for primary high-risk
cutaneous squamous cell carcinoma

According to a literature review on cSCCs with perineu-
ral invasion treated with surgery (n=30) or surgery plus
adjuvant radiation therapy (n=44 cases), outcomes were
comparable (20). The role of adjuvant radiation therapy
for high-risk ¢cSCCs, including those with perineural
invasion, remains controversial. However, authors of a
recent retrospective study on adjuvant radiation therapy
for cSCCs with perineural invasion found it to be asso-

Theme issue: Skin malignancies

ciated with prolonged survival (30), suggesting that such
patients might benefit from adding radiation to surgery
and decisions have to be made on a case-by-case basis.

Other adjuvant or neoadjuvant strategies for primary
high-risk cutaneous squamous cell carcinoma

No significant differences were found for retinoic acid
and interferon vs. placebo for the time to recurrence or
occurrence of second primary ¢SCCs in patients with
high-risk ¢cSCCs enrolled in a randomized phase-3 trial
3.

O’Bryan et al. prescribed adjuvant cetuximab for 7
patients with high-risk cSCCs (32); only 3 experienced
disease recurrence. Neoadjuvant gefitinib therapy in a
phase-2 study on 22 patients achieved a 45% response
rate, including 3 histological complete responses (CRs)
(33). However, disease progressed for 32% and the lack
of known biomarkers of response highlights the need for
further larger studies, including randomized trials. Jenni
et al. (34) more recently reported size reduction after 14
days of lapatinib in 2 out of 8 assessable patients, among
10 with resectable cSCCs.

A recent phase-2 study (35), presented at European
Society for Medical Oncology (ESMO) 2019, showed
that cemiplimab neoadjuvant therapy given to 20 patients
induced histological partial responses (PRs) or CRs in
70% of the patients. Moreover, it was well-tolerated.
Ongoing trials are evaluating the potential contribution
of anti-programmed cell-death protein-1 (PD-1) agents
as adjuvant therapy for high-risk ¢cSCCs.

Monitoring

The majority of all recurrences of ¢cSCC occur within
2 years of the initial diagnosis. In high-risk cSCCs the
follow up should be at least 2 years and should include
palpation of the primary excision site and of the re-
gional lymph node area every 3 or 6 months depending
on the initial stage and medical history. Moreover, the
entire skin of all patients should be examined once an-
nually or every 6 months in high-risk ¢SCCs patients
(immunosuppression, multiple primary cSCCs, genetic
predisposition) as recommended by the current European
guidelines (25). However, in elderly patients with small
well-differentiated SCC on sun-exposed sites (excluding
high-risk sites, such as lips, ears, digits and mucosa),
discharge after 3 months is possible.

MANAGEMENT OF CUTANEOUS SQUAMOUS
CELL CARCINOMAS WITH REGIONAL LYMPH-
NODE INVOLVEMENT

Histological examination of fine-needle aspirates or
resections of any enlarged nodes is mandatory. Avail-
able results of studies on lymph-node involvement of
head-and-neck ¢SCCs indicated positive lymph nodes
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as a negative factor for survival (36, 37). Extracapsular
lymph-node spread is a significant risk factor for recur-
rence. The most frequently involved lymph-node region
is around the parotid. Disease stage should be assessed
by imaging studies, including CT or PET—CT scan(s) or
MRI. When lymph nodes are histologically positive, they
should be subjected to radical dissection. Postoperative
adjuvant radiation delivered to the affected lymph-node
region is required for head and neck tumours, as it en-
hances local-regional control and disease-free survival
(DFS) and overall survival (OS) of those patients (30).

MANAGEMENT OF ADVANCED CUTANEOUS
SQUAMOUS-CELL CARCINOMAS

The PD-1 inhibitor, cemiplimab, is the only approved
agent for locally advanced and metastatic cSCCs. Prior
conventional treatment for advanced ¢SCCs, such as
cisplatin-based chemotherapies or epidermal growth-
factor receptor (EGFR)-targeted therapies, can be used
as second-line treatments. Trials evaluating other anti-
PD-1 molecules and combinations of anti-PD-1 with
other drugs are currently ongoing.

A retrospective study in Europe, completed just before
anti-PD-1 became available, described various treatments
for patients with advanced ¢SCCs (38). Among 190
patients (median age 79 years) with locally advanced or
metastatic disease, 32% received systemic anti-tumour
therapies (excluding anti-PD1), mostly anti-EGFR
tyrosine-kinase inhibitors. Half of the patients did not
complete systemic therapy as planned. The objective
response rate (ORR) was 26% and the mean response
duration was 5 months. Among the 152 patients whose
survival status was known, 49% had died. The availabi-
lity of anti-PD-1 agents might allow access to treatment
for more patients with cSCC.

Anti-programmed cell-death protein-1

The immune system is important for cSCC, as suggested
by the increased risk of ¢cSCCs in transplant recipients
(39), the rapid regression of keratoacanthoma, which is
characterized by a more active immune response than
generally seen in ¢cSCCs (40), and activity of immuno-
therapy in advanced SCC as combination of interferon
and retinoic acid (41). The PD-1 receptor is expressed on
T cells, and T cells binding to its ligand (PD-L1) inhibit
T-lymphocyte functions. PD-L1 is expressed in 30-50%
of ¢cSCCs and its expression was found to correlate with
risk of metastases (42). The high mutation rate in ¢cSCCs,
as in other UV-induced tumours, is usually a predictor
of responsiveness to anti-PD-1 (43).

Cemiplimab (3 mg/kg every 2 weeks) induced a
response in approximately half of the 85 patients enrol-
led in a phase-2 study with locally, regional or distant
disease and a phase-1 study with regional or distant
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disease (44). Those patients were treated, respectively,
for up to 48 weeks and up to 96 weeks. Fifty-six to 58%
of the patients had received systemic treatment before
cemiplimab. Median phase-1 and phase-2 follow-ups
were: 11 and 8 months, respectively. Their respective
ORRs were 50% and 47%. Median time to response was
2 months for both. In the phase-2 trial, 7% were CRs;
median progression-free survival (PFS) and OS had not
been reached and median duration of response exceeded
6 months for 16/28 (57%) responders. The most com-
mon adverse reactions were fatigue, rash and diarrhoea.
Serious adverse events were immune-mediated, such
as pneumonitis, hepatitis, colitis, adrenal insufficiency,
dysthyroidism, diabetes mellitus and/or nephritis, and,
unlike other anti-PD-1 inhibitors, infusion reactions. Tre-
atment was stopped for 7% of patients because of adverse
events. Three cemiplimab-related deaths were reported
(44). Cemiplimab was approved by the US Food and
Drug Administration (FDA) in September 2018 and
European Medicines Agency (EMA) in July 2019 for
patients with metastatic or locally advanced cSCCs who
were not candidates for curative surgery or radiation.
The recommended cemiplimab dose and schedule is
now 350 mg, infused intravenously over 30 min every 3
weeks. Factors predictive of response are still unknown.
Treatment duration needs to be better defined.

Several trials have also assessed pembrolizumab in
¢SCCs. Interim results of the Keynote 629 study evalua-
ting pembrolizumab (200 mg/3 weeks IV) in advanced
¢SCC have been presented at the ESMO meeting in 2019
(45). Response rate was 32% in 91 patients receiving
pembrolizumab as a second-line treatment and 50% in
14 naive patients. The median duration of response was
not reached. The safety profile was consistent with that
of other pembrolizumab monotherapy studies. Interim
analysis of the CARSKIN study presented at the ASCO
2019 meeting, showed a response rate of 38.5% in 39
previously untreated patients with advanced ¢cSCC with
sustained responses to pembroluzimab (46).

Platin-based chemotherapies

Few prospective trials are available and no treatment
regimen has been recommended by health authorities.
Because their ORRs are high, platin-based chemothera-
pies were the first-choice treatment before the anti-PD-1
era, but their administration can be limited by cisplatin
toxicity or disease recurrence during treatment. Sadek
et al. (47) treated 14 advanced c¢SCC patients with
1-4 cycles, repeated every 3—4 weeks, of neoadjuvant
combination chemotherapy (bolus cisplatin injection,
S5-fluorouracil (5-FU) and continuous 5-day bleomycin
infusion). The ORR was 78% (4 CRs, 7 PRs). Local
control after adjuvant radiation and/or surgery was ac-
hieved in 7 (50%) patients. CR lasted >10 months. All
patients experienced major toxicities, including grade-3/4
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nausea and vomiting; 4 patients had grade-3/4 haemato-
logical toxicities and one developed pulmonary fibrosis.
In their prospective phase-2 trial, Guthrie et al. treated
advanced BCC or locally advanced cSCC patients with
cisplatin (75 mg/m? and doxorubicin 50 mg/m?, every 3
weeks) (48). Among the 12 advanced-cSCC patients, 7
responded (4 CRs and 3 PRs). Based on 7 patients with
advanced local-regional or metastatic cSCCs, Khansur
et al. reported the activity of cisplatin (100 mg/m? on
day 1) and 5-FU (1 g/m?*day, days 1-4), given every
3 weeks. Six of 7 patients were responders: 3 PRs and
3 CRs (49). The mean duration for CR was one year.
Toxicities included grade-1/2 nausea and vomiting.
Carboplatin-combination therapy is better tolerated and
can be administered as an alternative to patients with
comorbidities. Hyperthermic isolated-limb perfusion
can be a second-line limb-saving therapy for patients
with unresectable disease located on the extremities (50).

Epidermal growth-factor receptor-targeted therapies

EGFR represents a family of proteins, including EGFR
and human epidermal growth factor receptor (HER)-2,
3 and 4. Activation of EGFR tyrosine kinase results in
autophosphorylation and activation of RAS serine/th-
reonine kinase, murine sarcoma viral oncogene (RAF),
mitogen-activated protein (MAP) kinase and phospha-
tidylinositol 3-kinase (PI3K), AKT protein kinase and
mammalian target of rapamycin (mTOR) pathways
leading to tumour growth. EGFR is strongly expressed
in metastatic cSCCs and its overexpression in primary
¢SCCs is associated with poor outcome (18). Anti-EGFR
therapy consists of monoclonal antibodies, such as ce-
tuximab or panitumumab, which competitively inhibit
EGFR, or small molecules, e.g. gefitinib or erlotinib,
targeting the intracellular domain of the receptor. EGFR-
targeted therapies have been developed and obtained
promising ORRs in several clinical trials and retrospec-
tive studies on patients with unresectable cSCCs. So far,
phase-3 trial results have not yet confirmed their efficacy
against cSCCs. Anti-EGFR tyrosine-kinase inhibitors are
not approved to treat advanced cSCCs, but cetuximab is
listed in the National Comprehensive Cancer Network
(NCCN) compendium as a therapy for recurrent and
metastatic CSSCs. No biomarker predictive of a cSCC
response has been identified.

Cetuximab was evaluated prospectively as first-line
monotherapy in a French phase-3 study on 36 patients
with metastatic (n=3), regional (n=16) or locally ad-
vanced (n=17) cSCCs. The ORR was 28%, including 2
CRs and 8 PRs, and the overall disease-control rate was
69% (25/36 patients). Median PFS lasted 4 months. The
median duration of response was 7 months and the mean
OS was 8 months. The more frequent severe adverse
events were infections (22%) and tumour bleeding (11%).
Cetuximab-related adverse events included 2 grade-4
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infusion reactions and 1 grade-3 interstitial pneumopa-
thy (51). Cetuximab can be combined with platin-based
chemotherapies and this combination might prolong PFS
(9.03 vs. 3.55 months), according to a retrospective series
of 14 patients treated with cetuximab monotherapy or
cetuximab combined with carboplatin (52). Low-grade
specific acne-like rash, pruritus and nail changes have
been observed. Severe infusion reactions occurred in
3% of patients.

Panitumumab efficacy (6 mg/kg, repeated every 2
weeks) was of the same order of magnitude for 11 Italian
patients with advanced penile SCC (53) and 16 Austra-
lian patients with advanced ¢SCC enrolled in a phase-2
study (54). Median PFS and OS, respectively, were 8
and 11 months for ¢SCC patients, and 2 and 9 months
for those with penile SCC. Severe skin rash, mucositis
and diarrhoea occurred.

Efficacy of oral small molecules against advanced
¢SCCs was variable, with ORR of 10-32%. Based on
available phase-2 studies, gefitinib or erlotinib alone
obtained only poor ORRs of 15% (6/40 patients) and
7% (3/39 patients), respectively (55, 56). Higher ORRs,
of the same order of magnitude as those achieved with
monoclonal antibodies, were obtained with second-ge-
neration irreversible pan-HER tyrosine-kinase inhibitors,
such as dacomitinib: in 28% of ¢cSCCs and 32% (9/28
patients) of penile SCC (57, 58). The tolerance profile
of small molecules differed, with more diarrhoea and
mucositis than with antibodies.

Concurrent radiotherapy with cetuximab did not sig-
nificantly prolong PFS and OS compared with concur-
rent radiotherapy and cisplatin-based chemotherapy in
aretrospective series of 23 patients with head-and-neck
¢SCCs (59).

Further prospective studies are needed to determine
the characteristics of patients who would benefit from
anti-EGFR and to evaluate combinations of anti-EGFR
and other drugs to improve outcomes.

PREVENTION

Available topical agents to treat actinic keratosis and
¢SCC in situ field of cancerization include mainly
5-FU cream, imiquimod, diclofenac and photodynamic
therapy. Ingenol metubate (Picato) is now withdrawn
because of safety issues. A recent randomized Dutch trial
evaluating efficacy of 5% 5-FU cream, 5% imiquimod
cream, methyl aminolevulinate photodynamic therapy
or 0.015% ingenol mebutate gel in 624 patients with >5
actinic keratosis lesions on the head and neck showed
that 5% 5-FU cream was the most effective in controlling
solar keratoses (60). However, it has not been confirmed
that it does, in turn, reduce the risk of SCC.

Oral acitretin can prevent the occurrence of new
¢SCCs in patients with multiple tumours; for example,
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xeroderma pigmentosum patients or transplant recipients.
However, cutaneous adverse events often led patients
to discontinuation, which, in turn, allowed quick ap-
pearance of new ¢SCCs.

Oral nicotinamide can be prescribed off-label. Indeed,
it was evaluated in a randomized study on 386 patients
with a history of 2 or more non melanoma skin cancers.
Patients received either nicotinamide (500 mg, 2 times
per day) or placebo for one year. The nicotinamide group
had 30% significantly fewer new cSCCs (61). However,
the long-term benefit remains unknown. Liver toxicity
can sometimes occur.

TRANSPLANT RECIPIENTS

All transplant recipients are at high risk of developing
¢SCCs. These cSCCs are more aggressive, with a 5—10-
fold higher risk of metastasis (62, 63). Immunosuppres-
sion duration and drug types and doses are involved.
Surgery must not be delayed in transplant recipients with
resectable tumours.

For transplantees, minimizing immunosuppression
and switching to sirolimus should be considered as soon
as the first cSCC appears. The benefit of switching to
sirolimus is maintained for 5 years, with no negative
effect on the graft and patient survival (64). However,
administration of mTOR inhibitors remains limited
because of poor tolerance. Indeed, 25-40% of patients
discontinue sirolimus because of adverse events, e.g.
hyperlipidaemia, glucose intolerance, interstitial pneu-
monia and/or lymphoedema. For transplantees with
advanced cSCCs, currently available drugs should be
used with caution, as anti-PD-1 agents are associated
with a high rate of irreversible allograft rejection,
while anti-cutaneous T-lymphocyte antigen-4 (CTLA-4)
seems to be better tolerated (65). Moreover, the risk of
infections with conventional chemotherapy is higher in
immunosuppressed patients. Notably, 2 lung-transplant
recipients with metastatic cSCCs died 1-3 weeks after
their first infusions of cetuximab due to diffuse alveolar
damage (66).

CONCLUSION

Due to the increasing incidence of ¢cSCC, it has become
a serious public health concern. All tumours should
systematically be staged with AJCC-8 or BWH systems,
in order to adapt treatment according to the risk of recur-
rence. Surgery is the treatment of choice whenever the
tumour is resectable. Adjuvant radiation therapy must be
considered for high-risk cSCCs. PD-1 inhibition is now
the standard-of-care for advanced ¢SCCs. Platin-based
chemotherapy or anti-EGFR can be prescribed in the
second-line setting. Factors predictive of cSCC response
to anti-PD-1 or anti-EGFR remain to be elucidated. Due
to the high rate of irreversible allograft rejection associa-
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ted with anti-PD-1 in organ-transplant recipients, other,
less toxic, anti-CTLA-4 or other approaches warrant
investigation. Switching from calcineurin inhibitors to
sirolimus, or de-escalating immunosuppression, should
always be considered. Because most advanced tumours
may not respond to various current treatments, the search
for new approaches is warranted. Prevention should
not be forgotten. SCC incidence is increasing rapidly
because of better screening, therefore most cSCC seen
in dermatology or plastic surgery clinics are now detec-
ted earlier with better prognosis. Only 1-4% of ¢cSCC
are fatal; hence patients with ¢cSCC must be accurately
staged, to ensure that they are not over-investigated
and do not undergo unnecessary surgical procedures or
systemic treatments.
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