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Abstract: The MITF-E318K variant has been implicated in genetic predisposition to cutaneous
melanoma. We addressed the occurrence of MITF-E318K and its association with germline status of
CDKN2A and MC1R genes in a hospital-based series of 248 melanoma patients including cohorts
of multiple, familial, pediatric, sporadic and melanoma associated with other tumors. Seven MITF-
E318K carriers were identified, spanning every group except the pediatric patients. Three carriers
showed mutated CDKN2A, five displayed MC1R variants, while the sporadic carrier revealed no
variants. Germline/tumor whole exome sequencing for this carrier revealed germline variants of
unknown significance in ATM and FANCI genes and, in four BRAF-V600E metastases, somatic loss
of the MITF wild-type allele, amplification of MITF-E318K and deletion of a 9p21.3 chromosomal
region including CDKN2A and MTAP. In silico analysis of tumors from MITF-E318K melanoma
carriers in the TCGA Pan-Cancer-Atlas dataset confirmed the association with BRAF mutation and
9p21.3 deletion revealing a common genetic pattern. MTAP was the gene deleted at homozygous
level in the highest number of patients. These results support the utility of both germline and tumor
genome analysis to define tumor groups providing enhanced information for clinical strategies and
highlight the importance of melanoma prevention programs for MITF-E318K patients.

Keywords: cutaneous melanoma; MITF gene; MITF-E318K variant; germline mutations; somatic
mutations; copy number alterations; MTAP gene; SKCM-TCGA Pan Cancer Atlas
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1. Introduction

The microphthalmia-associated transcription factor (MITF) is a master regulator of
melanocytes. Besides its key role in signaling via Melanocortin-1 Receptor (MC1R) upon
binding by α-Melanocyte Stimulating Hormone to induce melanin production, MITF
governs the maintenance of melanocyte stem cells, cell cycle progression, differentiation,
apoptosis, migration, DNA damage repair, chromosome stability and melanoma patho-
genesis [1,2]. The critical role of MITF and the complexity of its regulatory effects become
evident in melanoma, where high MITF expression is associated with a differentiated
and proliferative phenotype, whereas low MITF expression with dedifferentiation and
invasion, but also with cell senescence [3–5]. MITF gene acts as an oncogene and shows
gene amplification and gain of function mutations in metastatic melanomas [6]. MITF
plays a complex role in the response to targeted therapies given that both increased as
well as decreased MITF expression can mediate resistance to BRAF and MEK inhibitor
therapy [7,8]. Recent evidence also indicates that MITF can impact the anti-melanoma
immune responses [9]. As a reaction to stimuli from the microenvironment, melanoma
cells can dynamically switch between invasive (MITF-low) and proliferative (MITF-high)
phenotypes to promote cell plasticity, tumor heterogeneity and resistance to therapy [3,10].

The rare functional variant E318K (rs149617956) of MITF gene prevents SUMOyla-
tion at the lysine residue K316 and confers an increased risk for cutaneous melanoma
(CM) [11,12]. SUMO is a small ubiquitin-like peptide that is coupled to target proteins to
modify their functions, subcellular localization, or interaction with partner proteins [13].
The reduction of MITF SUMOylation regulates the expression of a large repertoire of genes
involved in differentiation, pigmentation, cell growth, proliferation and movement, and can
impair BRAF-V600E-induced senescence, although the complexity of the post-translational
regulation of MITF remains largely undefined [1,14,15].

The MITF-E318K variant is mainly found in individuals of European descent and
has been included in the list of moderate risk alleles predisposing to CM in both sporadic
and familial melanoma [16]. It has also been shown to have a significant effect on nevus
count and pigmentation [17–20]. Compared to non-carriers, MITF-E318K carriers have a
higher risk of developing CM in association with other tumors, including pancreatic and
renal cancer [11,21], while there is minimal evidence of MITF-E318K contribution to non-
melanoma cancer risk [22]. MITF-E318K carriers are more prone to developing nodular or
fast-growing melanoma [17,20,21,23–26], potentially reflecting the pathogenic effect of the
mutant. Former studies have reported the occurrence of MITF-E318K carriers in the Italian
population of CM patients, with a frequency of about 2%. MITF-E318K was observed not
only in familial and multiple CM cases, in association or not to concurrent pathogenic
variants of the Cyclin Dependent Kinase Inhibitor 2A gene (CDKN2A), but also in sporadic
cases, and in some CM cases showing association to other cancer types [21,24,27–29].

Here we report the occurrence of the MITF-E318K germline variant in 7/248 CM
patients of a hospital-based cohort, which was screened for the germline status of CDKN2A
and MC1R predisposition genes, and included multiple (n = 78), familiar (n = 74), sporadic
(n = 59), patients diagnosed for melanoma and other tumors (n = 15), and pediatric cases
(n = 22). One sporadic melanoma MITF-E318K carrier resulted wild-type for CDKN2A and
MC1R genes and displayed only germline variants of unknown significance in ATM and
Fanconi anemia complementation group I (FANCI) genes. In addition, to unravel common
somatic events in MITF-E318K sporadic melanomas, we performed genomic analysis using
whole exome sequencing data of tumors from this patient and from the carriers included
in the publicly available Skin Cutaneous Melanoma (SKCM) Pan Cancer Atlas collection
dataset from The Cancer Genome Atlas (TCGA).

2. Materials and Methods
2.1. Patients

A consecutive series of 248 CM patients recruited between 1998 and 2015 for diagnos-
tic and research purposes at the Fondazione IRCCS Istituto Nazionale dei Tumori were
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included. Patients underwent genetic testing for MITF, MC1R, CDKN2A germline variants
in our laboratory. The studied case set encompasses CM patients with multiple primary
melanoma (MM), with melanoma and other tumors (MN), with a melanoma family history
(FM), children and adolescents (PM) and sporadic melanoma patients (SM), as detailed in
Table 1. All the studies were approved by the Institutional Review Board and the Indepen-
dent Ethics Committee and written informed consent was obtained from participants.

Table 1. Genetic characteristics of the studied cohorts of CM patients.

Melanoma
Cohorts a MM FM NM SM PM

N cases (tot 248) 78 74 15 59 22
Females–males 39–39 47–27 9–6 20–39 9–13

Age at diagnosis
(range; mean;

median)
19–86; 47; 44 19–84; 45; 42 31–80; 57; 60 23–90; 51; 51 1–18; 9; 9

Carriers of E318K
MITF variant
(tot 7; 4.7%)

2 (2.6%) 3 (4.0%) 1 (6.7%) 1 (1.7%) 0

Carriers of
CDKN2A variants 15 (29%) 28 (37%) 0 1 (1.7%) 1 (4.6%)

G101W 8 19 0 1 0
Other CDKN2A

variants b 7 9 0 0 1

Carriers of MC1R
variants c 56 (72%) 53 (72%) 11 (73%) 41 (70%) 12 (55%)

≥2 28 (36%) 19 (26%) 4 (27%) 12 (20%) 3 (14%)
1 28 (36%) 34 (46%) 8 (53%) 29 (49%) 9 (41%)

0 (wt) 22 (28%) 21 (28%) 4 (27%) 18 (31%) 10 (45%)
R/R 4 (5%) 8 (11%) 1 (7%) 2 (3%) 0
R/r 23 (29%) 8 (11%) 2 (13%) 7 (12%) 1 (5%)
R/0 14 (18%) 15 (20%) 3 (20%) 11 (19%) 3 (14%)
r/r 1 (1%) 3 (4%) 1 (7%) 3 (5%) 2 (9%)
r/0 14 (18%) 19 (26%) 5 (33%) 18 (31%) 6 (27%)

a MM, multiple melanoma; FM, familial melanoma; NM, melanoma and other tumors; SM, sporadic melanoma; PM, pediatric melanoma.
FM, MM, NM and PM patients were also tested for CDK4 variants, and all resulted negative for CDK4 mutations. b Other CDKN2A
variants detected were in MM, R24P; S56I; Q70H; N71I; E88G; V126D; G150V; IVS1 + 37C/G; in FM, R24P; R46R; P48T; R99P; V126D;
H142R; in PM, CDKN2A locus deletion [30]. c MC1R variants D84E; R142H; R151C; Y152H; R160W; D294H were classified as ‘R’; MC1R
variants V60L; V92M; I155T; R163Q were classified as ‘r’ [31,32]. Other rare MC1R variants of unknown significance were defined ‘r’ (A64T;
T95M; G248V; P256S; N279K; D294K). Synonymous variants (T314T; Q233Q; S293S; C151C; L263L) were included in 0 (wt).

2.2. Genotyping of MITF, MC1R and CDKN2A

MITF, MC1R and CDKN2A were analyzed on genomic DNA extracted from periph-
eral blood with the QiAamp DNA Blood Mini Kit (Qiagen, Redwood City, CA, USA). The
screening for the MITF-E318K variant was carried out by polymerase chain reaction restric-
tion fragment length polymorphism (PCR-RLFP) technique, taking advantage of a XmnI
restriction site occurring in exon 9 wild type sequence (Figure S1). The identified carriers
were confirmed by sequence analysis. Genotyping of CDKN2A and MC1R genes was
carried out by sequence analysis according to published protocols [30,33]. PCR products
were purified by ExoSAP-IT (USB Corporation, Cleveland, OH, USA) and sequenced by
Eurofins Sequencing Service (Eurofins Genomics Germany GmbH, Ebersberg bei München,
Germany). Sequences were analyzed by ChromasPro software (Technelysium Pty Ltd.,
South Brisbane, QLD, Australia). MC1R variants were classified as high-risk (R) and
low-risk (r) variants as previously described [31,32].

2.3. Whole Exome Sequencing (WES)

Genomic DNA was extracted from peripheral blood and fresh frozen tumor tissues
with DNeasy Blood and Tissue Kits with QIAcube automated station (Qiagen) following
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manufacturer’s instructions. DNA was quantified using the Qubit dsDNA high-sensitivity
Assay kit (ThermoFisher Scientific, Waltham, MA, USA) and its quality was assessed by
TapeStation 4200 (Agilent Technologies, Santa Clara, CA, USA). The Ion AmpliSeq Exome
RDY kit (Thermo Fisher Scientific) was used for library prep according to manufacturer’s
protocol. Briefly, 100 ng genomic DNA was used as starting material; pooled amplicons
were end-repaired, and Ion Torrent adapters and amplicons were ligated with DNA ligase;
sample barcoding was performed using the Ion DNA Barcoding kit. After purification
using AMPure XP magnetic beads (Beckman Coulter, Brea, CA, USA), the concentration of
the libraries was determined using the Ion Library Quantitation (Thermo Fisher Scientific).
Template preparation and sequencing were performed at CRIBI Biotechnology Center of
the University of Padua (Padua, Italy). Libraries were pooled, amplified by emulsion PCR,
and enriched, with the One Touch and the ES machines (Thermo Fisher Scientific). For the
sequencing, libraries were loaded into an PI Chip kit v3 chips and sequenced on the Ion
Torrent Proton (Thermo Fisher Scientific) according to the manufacturer’s instructions.

2.4. Bioinformatics Processing of WES Data

Both germline and tumor reads were aligned to the reference human genome sequence
hg19 and coverage analysis was conducted using Ion Torrent Software (ITS). The AmpliSeq
Exome files (BAM) were uploaded from Ion ITS to local Ion Reporter. Germline mutations
were identified using AmpliSeq Exome single sample Germline workflow (version 5.6).
A preliminary variant analysis was performed by using QueryOR [34], a platform for
variant prioritization developed at CRIBI Biotechnology Center of the University of Padova
(Padova, Italy). We focused the germline analysis on a list of 113 genes (Table S1) including
well-established melanoma predisposing genes as well as genes reported in landmark
studies of cancer predisposition [35–40]. Classification by COSMIC Cancer Gene Census is
also provided [41]. The following selection criteria were applied: allele frequency in the
ExAC database < 0.015, considered pathogenic by at least two prediction software (among
SIFT, CADD, Fathmm, LRT, LR, Mutation Assessor, Mutation Taster, Radial SVM and
Polyphen2), not referred to as benign or likely benign in ClinVar [42]. Somatic SNV and
small indels were identified using AmpliSeq Exome tumor-normal workflow (version 5.6)
with these modified parameters: “hotspot_min_allele_freq”: 0.03, “indel_min_allele_freq”:
0.02, “mnp_min_allele_freq”: 0.02 and “snp_min_allele_freq”: 0.02. To reduce possible false
positive alterations, mutations were further filtered by removing variants matching at least
one of the following filters: Phred score for quality mapping < 30, strand bias p-value < 0.01,
normal coverage < 10, normal coverage ≥ 5 AND variant allelic frequency in normal > 0.1,
tumor coverage < 200 AND variant allelic frequency in tumor < 0.1, number of reads
supporting variant in tumor < 7. Only variants assumed to have a disruptive impact in
the protein, probably causing protein truncation, loss of function or triggering nonsense-
mediated decay by SIFT and Mutation Assessor, two algorithms that predict the effect
of amino acid substitution on protein function were further considered. Called variants
were summarized, analyzed, annotated, and visualized using the maftools Bioconductor
package [43]. Somatic Copy Number Alterations (CNAs) from WES data were identified
using EXCAVATOR2 [44]. To determine the frequency of somatic alterations in SKCM
samples, the TCGA Pan Cancer Atlas dataset at the cBioPortal for Cancer Genomics
repository (https://www.cbioportal.org/, accessed on 1 June 2021) [45,46], consisting of
488 samples of which 440 profiled for mutations and 367 for CNAs, was employed.

3. Results
3.1. Genetic Testing for MITF-E318K, CDKN2A and MC1R in Melanoma Cohorts

We genotyped for germline MITF-E318K mutation a series of 248 CM patients char-
acterized for CDKN2A and MC1R variants. The series included patients with multiple
melanoma (MM, n = 78), from melanoma-prone families (FM, n = 74), with melanoma and
other tumors (MN, n = 15), pediatric patients (PM, n = 22) and sporadic melanoma cases
(SM, n = 59). Table 1 reports the genotype results of the studied patients. Genotyping of

https://www.cbioportal.org/
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MC1R gene revealed that most patients carried MC1R variants, and a similar frequency
of carriers was observed in MM (72%), FM (72%), MN (73%) and SM (70%), while they
were fewer in the PM cohort (55%); in addition, the MM patients showed a high fraction of
carriers of two variants compared to the other groups. When the combination of variants
was analyzed, assigning each variant to the high risk ‘R’ or the low risk ‘r’ groups according
to the established classification, carriers of one ‘r’ variant were the most common in the
FM, NM and SM groups, while the MM patients showed a prevalence of ‘R/r’ genotype
(Table 1).

The screening for the MITF-E318K variant identified seven carriers, two in the MM
patients’ group, three FM patients, and one in the NM and the SM cohorts (Table 2); three
out of seven carried CDKN2A G101W, and 5/7 carried MC1R ‘R’ variants. Of the two
MM carriers without positive family history for CM, one carried the CDKN2A G101W
pathogenic variant and the ‘R/r’ MC1R genotype (R151C; I155T; T314T), while the second
patient was wild type for CDKN2A and carried a synonymous MC1R variant (Q233Q). The
three MITF-E318K carriers of the FM group were from two different families, two were the
probands and one was an affected family member. Their pedigree is reported in Figure S2:
the G101W CDKN2A mutation was detected in one family, while all patients were carriers
of high risk MC1R alleles. Notably, these patients developed CM at a young age (mean
31 years, Table 2), as previously reported in several other families with MITF-E318K
mutation [21,29]. The MN carrier of MITF-E318K was a melanoma patient developing
papillary thyroid carcinoma, a tumor type known to be associated with melanoma [47]
but not described before in E318K MITF carriers with melanoma; this patient carried a
‘R’ genotype for MC1R. In contrast, the SM MITF-E318K carrier (EW29/Pt5) showed no
association with CDKN2A or MC1R variants (Table 2).

Table 2. Characteristics of the seven CM carriers of MITF-E318K variant.

Pt ID Sex/Age at
Diagnosis Pts Group No. of

Melanoma
Other

Tumors
CDKN2A

Status
MC1R

Variants
MC1R

Genotype

2844 F/22 FM 4 No G101W D294H R/0

2845 F/30 FM * 1 No G101W
R151C;
V92M;

(T314T)
R/r

2907 M/23 FM 2 No wt R151C; V60L R/r
GM89 F/43 MM 2 No wt (Q233Q) 0 (cons)

GM92 M/34 MM 3 No G101W R151C; I155T;
(T314T) R/r

3008 M/22 MN 2 ca. thyroid wt R160W R/0
EW29/Pt5 M/47 SM - No wt wt 0

FM, family index case; FM *, affected family member; MM, multiple melanoma; MN, melanoma and other tumors (thyroid carcinoma); SM,
sporadic melanoma. The pedigree diagrams of the FM are reported in Figure S2. The mean age at diagnosis is 31 years.

3.2. Germline and Somatic Alterations of the MITF-E318K SM Carrier EW29/Pt5

The patient showed a clinical disease course with lymph node presentation and
unknown primary site, a rapid progression to disseminated stage IVM1c disease and
to death despite treatment with BRAF/MEK inhibitors and subsequent immunotherapy
with ipilimumab and then with nivolumab. Exome sequencing data were available for
blood and matched tumor DNA from four metastatic lesions of this patient, two excised
before (Mel5-pre1 and Mel5-pre2) and two after therapy (Mel5-post1 and Mel5-post2) with
BRAF/MEK inhibitors. To gain further insights into the germline/somatic genetic pattern
linked to MITF-E318K in a SM carrier, we screened a list of known melanoma susceptibility
genes and other putative cancer predisposition genes (Table S1) to investigate whether this
patient carried additional variants associated with melanoma and whether new somatic
variants or somatic second hits (mutations or CNAs) were present in tumors. After the
application of variant filtering rules (described in Section 2), no variants in other high
penetrance melanoma predisposition genes and no high penetrance unambiguous loss
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of function mutations in other major cancer susceptibility genes were detected in this
individual. The analysis identified only variants of unknown significance in ATM and
FANCI genes (Table S2).

Somatic analysis indicated that the number of mutated genes assumed to have a
disruptive impact in the protein, in common to all lesions, was 179 (Table S3). Fifteen of
them were included in Cosmic Cancer Gene Census (Table S3). The BRAF-V600E mutation
of pre-therapy tumors that guided patient clinical treatment with BRAF/MEK inhibitors
was confirmed by WES and was maintained in the two post-therapy lesions. Regarding
CNA, all events, as well as cytobands and affected genes of the four lesions are listed in
Table S4. By considering homozygous deletions and high amplifications as biologically
relevant for individual genes, homozygous deletion was observed only at 9p21.3 in one
pre-therapy lesion (Mel5-pre2) and involved CDKN2A together with additional genes. The
same region was deleted in both post-therapy metastases (Mel5-post1 and Mel5-post2) at
heterozygous level (Table S4). Amplification of the long arm of chromosome 8 was peculiar
of Mel5-pre2 whereas that of 18q23 and of 7q 31.1-31.2-31.31-31.32 was a shared event
among the two post-therapy lesions. These copy gains ranged from 3 to 10fold depending
on the region or the lesion. The most notable finding was copy number gain of 3p13, which
comprised MITF and several long noncoding RNA (lncRNA) including SAMMSON at
levels numbers ranging from 23 (Mel5-pre1) to more than 40 (Mel5-pre2 and Mel5-post2)
and up to 88 (Mel5-post1) (Table S4). Genotyping of MITF gene indicated that the only
MITF allele present in the four metastatic lesions was the mutant one in contrast to the two
alleles (wild-type and mutant) displayed in blood DNA (Figure 1). Overall, in this MITF-
E318K carrier, the two most relevant somatic events involving additional predisposition
genes were at CNA level and included amplification of 3p13 region containing MITF-E318K,
with concomitant loss of the wild-type allele in all lesions, and homozygous deletion of a
9p21.3 region containing CDKN2A and other genes in one of the tumor lesions.
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V600E mutation, whereas DNAH5 was mutated in four and FAT4 in three out of six cases. 
Frequency of occurrence of mutation for these genes in all SKCM samples of TCGA (n = 
438) is 53% for BRAF, 57% for DNAH5 and 39% for FAT4. Although the number of MITF-
E318K carriers is low, the presence of BRAF mutation in sporadic melanomas of all of 
them (100% including the multiple lesions of patient EW29/Pt5) is intriguing and deserves 
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Figure 1. Melanoma tumors showing homozygosity of MITF-E318K variant in patient EW29/Pt5.
Electrophoresis of the PCR-RFLP for the detection of MITF-E318K variant in melanoma lesions of
EW29/Pt5. Lane 1: negative wild type control; lane 2: positive control heterozygous for MITF-E318K;
lane 3: molecular weight marker 110 bp; lanes 4–7: DNA from the four patient’s tumor samples
showing homozygosity for the variant. The homozygous mutated sequence is shown in the lower
panel; lane 8: patient EW29/Pt5 blood DNA showing heterozygous genotype for the variant. In the
sequence the mutated base A is indicated.
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3.3. Studies on MITF-E318K Carriers from the TCGA SKCM Collection

Six MITF-E318K carriers from the TCGA SKCM collection were recently reported with
their CDKN2A status [48]. Similarly to patient EW29/Pt5, all patients had a CDKN2A
germline wild-type allele, avoiding possible confounding effects by this gene (Table 3).
These patients were genotyped for MC1R [49] and shown to carry V92M, R151C, R160W
or D294H variants, with ‘R/r’, ‘R/0′, and ‘r/0′ genotypes (Table 3). Mutations and CNAs
affecting the matched tumors of the six SKCM MITF-E318K sporadic melanoma carriers
were downloaded from TCGA Pan Cancer Atlas dataset at the cBioPortal for Cancer
Genomics repository. In common with EW29/Pt5 metastatic lesions, all shared the BRAF-
V600E mutation, whereas DNAH5 was mutated in four and FAT4 in three out of six
cases. Frequency of occurrence of mutation for these genes in all SKCM samples of TCGA
(n = 438) is 53% for BRAF, 57% for DNAH5 and 39% for FAT4. Although the number of
MITF-E318K carriers is low, the presence of BRAF mutation in sporadic melanomas of all of
them (100% including the multiple lesions of patient EW29/Pt5) is intriguing and deserves
confirmation in larger cohorts.

Table 3. MITF-E318K carriers of SKCM-TCGA Pan Cancer Atlas cohort.

Patients Genes Genotype Melanoma Features

Patient-ID Sex Age a MITF b CDKN2A
b MC1R c MC1R c Sample

Type

Tumor
Disease

Anatomic
Site

BRAF
Status

TCGA-D3-
A1Q5 M 60 E318K wt V92M,

R160W R/r Metastasis
Regional

lymph
node

V600E

TCGA-D3-
A1Q6 M 55 E318K wt D294H R/0 Metastasis Subcutaneous V600E

TCGA-EE-
A2M8 F 54 E318K wt R151C r/0 Metastasis

Regional
lymph
node

V600E

TCGA-FS-
A1ZS M 54 E318K wt V92M r/0 Metastasis

Regional
lymph
node

V600E

TCGA-W3-
AA21 M 26 E318K wt NA NA Metastasis

Regional
lymph
node

V600E

TCGA-GF-
A2C7 M 48 E318K wt wt 0 Primary Head and

neck V600E

a Age at diagnosis, the mean is 49.5 years. b Status of MITF and CDKN2A as previously reported [48]. c MC1R genotype as previously reported [49].

CNAs were available for five out of six samples. Heterozygous deletion of 3p13 region
containing MITF was observed in one TCGA sample. Common CNAs were found on
chromosome 9p and involved deep deletion of the 9p21.3 region, as shown in Table S5. In
particular, 11 genes from this locus (CDKN2A and CDKN2B; MTAP, encoding an enzyme
that plays a major role in polyamine metabolism and is important for the salvage of both
adenine and methionine; four members of the interferon gene cluster IFNA1, IFNA2,
IFNA8, IFNE; the Double-sex and Mab-3 Related Transcription factor DMRTA1; the long
non-coding RNAs LINC01239, MIR31HG and CDKN2B-AS1) displayed homozygous
deletion in two out of five TCGA samples. Heterozygous deletion of these genes was
observed in all other samples (Table S5). In one sample with heterozygous deletion of
the 9p21.3 region, the tumor suppressor MTAP was found deleted at homozygous level
(Table S5). Thus, homozygous deletions of MTAP affected four of nine MITF-E318K patients
(44%), a percentage higher than that observed in non-MITF-E318K SKCM carriers with
only 19% of affected samples.
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4. Discussion

Genotyping for MITF has been proposed in addition to CDKN2A/CDK4 testing for
familial and multiple CM patients, and MITF-E318K carriers are encouraged to follow
melanoma prevention programs and dermatologic surveillance. The screening for MITF-
E318K variant in our clinical cohort identified seven carriers with an overall frequency that
is in line with the rare occurrence of the variant in the Italian population [28,29] as well
as in other European countries close to Italy [17,50,51]. The potential interaction between
inherited genetic variation in the MC1R gene, a primary regulator of skin pigmentation
associated with increased risk of melanoma, and MITF-E318K has been reported but
not confirmed in all studies [16,18,52,53]. The distribution of the MC1R variants indeed
did not differ significantly in a large case set where 22 MITF carriers were compared to
962 non-carries [24]. MC1R ‘R’ and ‘r’ variants, associated with red hair and fair skin
sensitive to ultra-violet radiation and/or to melanoma development, were detected here
at frequencies similar to previous reports [54,55]. According to previous observations
in the Italian population, a considerable fraction of MM (28%) and of FM (41%) showed
CDKN2A pathogenic mutations, while they were very rare or absent in the other tested
cohorts (Table 1) [27,31,56]. The most common mutation was G101W, although other
known variants were also detected. In accordance with these findings, CDKN2A-G101W
missense mutation was found only in the FM and MM groups of MITF-E318K carriers of
our cohort.

No CDKN2A or MC1R variants were observed for the single MITF-E318K SM carrier
(EW29/Pt5). WES analysis indicated that this patient displayed no variants in other high
penetrance melanoma predisposition genes and no high penetrance unambiguous loss
of function mutations in other major cancer susceptibility genes but displayed germline
variants ATM G2023R and FANCI M525V of unknown significance (Table S2). The associa-
tion between variants in ATM and melanoma risk is not well established although ATM is
associated with a low-to-intermediate risk of other cancers [57]. The occurrence of ATM
variants other than G2023R in family probands negative for CDKN2A and CDK4, one being
a MITF-E318K carrier, was previously reported [29]. Furthermore, in melanoma-prone
families with pancreatic cancers, ATM variants were only observed in patients without
germline CDKN2A mutations [58]. FANCI is a Fanconi anemia (FA) protein and mutations
in FA genes predispose to tumor development, as shown not only for hereditary breast
and ovarian cancer, but also for early-onset/familial prostate carcinoma and acute myeloid
leukemia [59]. The FANCI missense variant M525V (rs144908351) is recorded as uncertain
significance and was previously reported in ovarian and breast cancer patients [60,61].

Scant information is available on the effect of germline MITF-E318K mutation in
melanoma progression and on the genomic landscape of tumors which develop in MITF-
E318K carriers. The application of WES to multiple metastatic lesions of the SM carrier
EW29/Pt5 revealed somatic deletion of the wild-type MITF allele and amplification of
the MITF-E318K one. This variant allele displayed the highest level of amplification with
a range varying, in the different lesions, from 23 to 88 copies. Somatic MITF-E318K ho-
mozygosity was previously reported in one CM case developing multiple melanomas [20]
and in two pheochromocytoma patients showing highly aggressive disease [62]. Whether
amplification of the MITF-E318K mutant associates with aggressive disease progression
and with resistance to BRAF/MEK inhibitors remains to be confirmed in other studies.

MITF-E318K sporadic CM carriers within the SKCM TCGA cohort were all CDKNA
wild type at the germline level, as was EW29/Pt5. The analysis of in silico data of all MITF-
E318K tumor samples revealed a common genetic pattern for further characterizations and
potential therapeutic opportunities. In fact, all tumors displayed the BRAF-V600E mutation.
Homozygous loss of MTAP at 9p21.3 locus was observed in four out of nine samples, and,
in three of them, that included one of the lesions of EW29/Pt5, the MTAP gene was co-
deleted with CDKN2A and other nine adjacent genes. Loss of MTAP determines the
intracellular accumulation of its substrate methylthioadenosine, which specifically and
potently inhibits the enzymatic activity of protein arginine methyltransferase 5 (PRMT5).
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In MTAP deleted cancers, PRMT5 and methionine adenosyltransferase II α (MAT2A)
enzymes were identified as synthetic lethal targets [63]. Cells from an MTAP-deleted
colon carcinoma cell line displayed reduced PRMT5 methylation activity and increased
sensitivity to PRMT5 depletion. Furthermore, the cells showed reduced proliferation and
PRMT5 methylation activity upon depletion of MAT2A. A selective MAT2A inhibitor able
to block the growth of MTAP-null cells both in tissue culture and xenograft tumors has
been recently proposed for assessment in phase 1 clinical trial [64].

5. Conclusions

In conclusion, we characterized MITF-E318K in a large clinical cohort of melanomas
and portrayed in detail germline and somatic alterations in predisposition genes in a SM
carrier. Data from this patient and from cases included in TCGA suggests that, in addition
to BRAF mutations, homozygous deletion of the MTAP gene, accompanied or not by
10 other genes at 9p21.3, is the most common CNA among MITF-E318K carriers. Our
results highlight the importance of performing somatic and germline tests in the future
for melanoma as well as for other types of cancer. Analysis of cancer-related genes in
paired germline and tumor DNA samples can lead to increased detection of clinically
significant alterations and improve risk prediction. Additionally, as in the cases described
here, these alterations can unveil cancer dependencies that have the potential to inform
novel therapeutic strategies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/genes12091440/s1, Figure S1: Description of the RLFP method for the detection of the
MITF-E318K variant, Figure S2: Pedigrees of the two CM families carrying the MITF-E318K variant,
Table S1: Cancer predisposition genes selected for germline analysis, Table S2: Germline missense
variants in SM patient EW29/Pt5, Table S3: Somatic variants shared by the different metastatic lesions
of SM patient EW29/Pt5, Table S4: Amplified or deleted chromosomal regions and genes in the
different metastatic lesions of SM patient EW29/Pt5, Table S5: Homozygous deletions for genes at
9p21.3 chromosomal region in MITF-E318K carriers, Table S6: Copy number alterations for genes at
9p21.3 and 3p13 chromosomal regions in all MITF-E318K carriers.
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