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Simple Summary: Patients with malignant melanoma have an increased risk of being affected by
kidney cancer and vice versa. Lifestyle risk factors contributing to these cancers differ. Instead, our
study aims to assess whether common genetic predispositions may be at play. Here we reveal the
clinical and germline genetic characteristics of a series of 125 patients diagnosed with both malignant
melanoma and renal cell carcinoma (RCC), the most common type of kidney cancer. Clinical testing
of known predisposing genes only explains a minority of either or both cancer occurrences. Instead, a
wide exploration of all coding genes identified 13 novel susceptibility candidates more prone to rare
deleterious germline mutations than expected in cancer-free controls, and converging to a common
signaling pathway. This research highlights methods to better characterize cancer (co-)heritability. It
also provides a basis to better understand and diagnose melanoma and RCC, which is essential for
adequate clinical management.

Abstract: Background: Malignant melanoma and RCC have different embryonic origins, no common
lifestyle risk factors but intriguingly share biological properties such as immune regulation and
radioresistance. An excess risk of malignant melanoma is observed in RCC patients and vice
versa. This bidirectional association is poorly understood, and hypothetic genetic co-susceptibility
remains largely unexplored. Results: We hereby provide a clinical and genetic description of a series
of 125 cases affected by both malignant melanoma and RCC. Clinical germline mutation testing
identified a pathogenic variant in a melanoma and/or RCC predisposing gene in 17/125 cases
(13.6%). This included mutually exclusive variants in MITF (p.E318K locus, N = 9 cases), BAP1
(N = 3), CDKN2A (N = 2), FLCN (N = 2), and PTEN (N = 1). A subset of 46 early-onset cases,
without underlying germline variation, was whole-exome sequenced. In this series, thirteen genes
were significantly enriched in mostly exclusive rare variants predicted to be deleterious, compared
to 19,751 controls of similar ancestry. The observed variation mainly consisted of novel or low-
frequency variants (<0.01%) within genes displaying strong evolutionary mutational constraints
along the PI3K/mTOR pathway, including PIK3CD, NFRKB, EP300, MTOR, and related epigenetic
modifier SETD2. The screening of independently processed germline exomes from The Cancer
Genome Atlas confirmed an association with melanoma and RCC but not with cancers of established
differing etiology such as lung cancers. Conclusions: Our study highlights that an exome-wide
case-control enrichment approach may better characterize the rare variant-based missing heritability
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of multiple primary cancers. In our series, the co-occurrence of malignant melanoma and RCC was
associated with germline variation in the PI3K/mTOR signaling cascade, with potential relevance for
early diagnostic and clinical management.

Keywords: melanoma; renal cell carcinoma; genetic susceptibility; rare variants enrichment; WES

1. Introduction

Malignant melanoma and renal cell carcinoma (RCC) are the fifth and seventh most
common cancers expected to be diagnosed in 2019 in the United States, accounting respec-
tively for 5% and 4% of all cases [1] and responsible for over 235,000 deaths worldwide
in 2018 [2]. The vast majority of malignant melanomas arise from skin, while less than
10% are of ocular, mucosal, or undetermined primary origin [3]. Co-occurrence of both a
cutaneous malignant melanoma (CMM) and an RCC represents 0.5% of CMM cases and
1% of RCC cases [4]. We previously described a set of 42 French cases with co-occurrence
of both cancers [4]. Despite different embryonic origins, CMM and RCC share biological
properties such as immune regulation, radioresistance, as well as patterns of response to
immunotherapies [5,6]. Several epidemiological studies consistently reported an increased
incidence of melanoma after RCC and vice versa, based on standardized incidence ratios
(SIR) of second cancers calculated in different countries, including Italy, the USA, Ger-
many, and Norway [5]. Based on the US population registry, melanoma patients had a
34% increased incidence of RCC, whereas RCC patients had a 45% increased incidence of
melanoma [5]. The reasons underlying the bidirectional association between CMM and
RCC are not yet elucidated. Non-random causes of multiple occurrences of primary cancer
include common environmental/lifestyle factors and/or shared genetic etiology.

Main environmental and host risk factors for CMM include ultraviolet (UV) light
exposure, history of sunburn in childhood or adolescence, number or type of melanocytic
nevi, and pigmentation [7]. Confirmed risk factors for RCC include tobacco smoking,
excess body weight, history of hypertension, and chronic kidney disease [8]. To date, there
is no established risk factor common to both melanoma and RCC, although the role of
obesity in melanoma warrants further investigations following inconsistent reports in more
recent years [9,10].

Common genetic predisposition only explains a minority of malignant melanoma or
RCC. Risk loci identified by genome-wide association studies (GWAS) account for about
10% of RCC risk and 19% (USA) to 30% (Australia) of melanoma risk, respectively [11,12].
Among the common loci for melanoma susceptibility, the melanocortin 1 receptor MC1R is
an outstanding gene. It encodes a transmembrane receptor regulating melanin through the
control of melanocyte-inducing transcription factor (MITF) expression and activity [13,14].
MC1R is a highly polymorphic gene within Caucasian populations as an evolutionary
consequence of the migration of ancestral populations to an environment with reduced
UV light exposure. These polymorphisms functionally impact various receptor func-
tions, modulating skin photoprotective pigments eumelanin/pheomelanin ratio [14]. Both
epidemiological and biochemistry studies documented a carcinogenic role of pheome-
lanins produced by functionally impaired receptor encoded by some MC1R allelic variants,
considered as disruptive [15]: suspected underlying mechanisms included increased ox-
idative stress, inflammation, and immunomodulation [13], resulting in low to moderate
melanoma risk [16].

A substantial component of the missing genetic susceptibility may come from rarer
variants not addressed by GWAS [17]. In melanoma-prone families, predisposing genes tar-
get the cell cycle (CDKN2A, CDK4) or telomere regulation (ACD, POT1, TERF2IP, TERT) [18]
whereas RCC predisposing genes target mainly metabolism, in particular, the Akt/HIF
pathway (FH, FLCN, MET, PTEN, SDHs, TSC1, TSC2, and VHL), and epigenome regula-
tion (PBRM1 and BAP1). Inherited mutations in two genes, MITF and BAP1, predispose
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to both CMM and RCC. MITF encodes a transcription factor whose M-isoform specifi-
cally expressed in melanocytes, coordinates a wide range of biological processes such as
cell survival, differentiation, proliferation, invasion, senescence, metabolism, and DNA
damage repair [19]. Interestingly, isoform Mitfa (widely-expressed) deficiency does not
visibly alter mice pigmentation in skin and eye, although it results in reduced nephron
number, whereas overexpression of Mitfa leads to a substantial increase of nephron number
and bigger kidneys [20]. We previously reported a hotspot mutation in MITF, p.(E318K),
significantly more frequent in melanoma and/or RCC genetically-enriched cases than in
controls [21]. The second gene, BAP1, has been shown to predispose to various cancers
of different embryonic origins, among which the core tumoral spectrum is composed of
cutaneous and ocular melanoma, RCC, and mesothelioma [22]. BAP1 encodes a deubiquiti-
nase regulating a number of processes, including DNA damage repair, cell cycle control,
chromatin modification, programmed cell death, and immune responses [23].

Physiologically, both the epidermis (where melanocytes are located) and the inner
renal medulla are hypoxic tissues [24,25]. MITFE318K germline hotspot mutation was
shown to impair MITF SUMOylation, to increase the affinity for the hypoxia-induced
HIF1A promoter, and to enhance migration, invasion, and clonogenicity of melanoma and
renal cancer cells [21]. Various environmental stresses, including hypoxia and reactive
oxygen species (ROS), were previously shown to induce global protein SUMOylation [26].
In this context, MITFE318K could impair the adaptation of cells to stress and initiate tumor
formation. Among the genes differentially regulated between MitfWT and MitfE318K in a
mouse model, CDKN2B [27] was previously described as an RCC predisposing gene [28].
Besides, BAP1 deubiquitinase activity is associated with intra-cellular ROS homeostasis
and sensitivity to oxidative stress [29]. Altogether, both etiology and biology suggest that
malignant melanoma and RCC may share molecular pathogenic pathways, possibly related
to oxidative stress cellular responses.

The first aim of the current study is to update the clinical and genetic description of an
extended set of 125 patients affected by both melanoma and RCC. The second is to identify
potential new candidate co-susceptibility genes through an agnostic approach, performing
whole-exome sequencing (WES) on a subset of 46 early-onset patients and testing for
gene-based enrichment in rare deleterious variants against large series of external controls.

2. Materials and Methods
2.1. Recruitment of Patients and Data Collection

A total of 125 cases with a confirmed diagnosis of malignant melanoma and RCC
were recruited over a 40 year period (from 1979 to 2018) through French dermatological or
oncogenetic clinics, as previously described for the first 42 enrolled cases [4].

2.2. Ethic and Consent

The study was approved by the Institutional Review Board (IRB#00001072, CCPPRB
Paris Necker and Ethical Committee of Le Kremlin-Bicêtre University Hospital; N◦2001-09-
05; N◦2010-01-09). All subjects gave written informed consent before participation.

2.3. Clinical Genetic Testing

All 125 individuals in the cohort had their blood drawn after genetic counseling and
diagnostic only or diagnostic and research-informed consent. Germline DNA was extracted
using the QIAamp DNA Blood mini kit (QIAGEN, Hilden, Germany), according to the
manufacturer’s guidelines [30]. Before 2017, upon clinical indications based on personal
and familial cancer history, cases (N = 122) were tested for established melanoma predispos-
ing genes, namely BAP1, CDKN2A, CDK4, MC1R, MITF, and/or RCC predisposing genes,
guided, when applicable, by histological subtypes (BAP1, FH, FLCN, MITF, and VHL) in a
clinical laboratory. Point mutations were screened by Sanger sequencing: for tumor sup-
pressor genes, this included all coding exons ± 25 bp flanking intronic sequences; for the
two oncogenes, Sanger sequencing was restricted to the exon with known mutation hotspot
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(exon 2 for CDK4 and exon 9 for MITF). In addition, genomic rearrangements were searched
through quantitative PCR (q-PCR) and multiplex ligation-dependent probe amplification
(MPLA), as previously described [30]. One case was sequenced based on phenotypic
indications for the familial PTEN loss of function germline mutation and was found carrier.
From 2017 onwards, three cases were analyzed for melanoma and RCC predisposing
genes by multigene panel next-generation sequencing (NGS), including BAP1, CDKN2A,
CDK4, FH, FLCN, MC1R, MET, MITF, SDHB, and VHL genes; one was a carrier of the
MITF p.Glu318Lys, the others were wild-type for all genes analyzed. NGS was performed
using a library designed to capture all exons ± 50 bp (Capture Agilent SureSelect QXT)
then run on a MiSeq Illumina to a minimum depth of 100×. Sequencing data (FastQ files)
were generated by MiSeq Analysis software, and subsequently, alignment (GRCh37) and
variant calling (including structural variants) were performed with an in-house developed
bioinformatics pipeline including BWA alignment [31], haplotype-based GATK variant
calling [32], and snpEff annotation [33]. Variants interpretation was performed following
the standards and guidelines recommended by the American College of Medical Genetics
(ACMG) [34] by board-certified (Agence de la biomédecine, France) clinical molecular
geneticists. MC1R variants were classified as “R”, moderate melanoma risk (D84E, R142H,
R151C, R160W, D294H), and “r”, low melanoma risk (V60L, V92M, I155T, R163Q) [35]. In
addition, three variants too rare for melanoma association studies were found, two were
associated with red hair color (RHC) in the UK Biobank (T95M and I180fs) [36], and the
last one, F196V, was not associated with any functional or genetic data.

2.4. Exome Sequencing, Variant Calling, and Filtering

A subset of 46 cases was further investigated by exome sequencing of blood DNA: they
were cases among the youngest age of onset, for whom clinical testing did not identify any
clinically relevant germline mutation and whose informed consent agreed for anonymous
genomic research. Exome captures were performed using a SureSelect Human All Exon V5
kit (Agilent Technologies, Santa Clara, CA, USA). Sequencing was performed on a HiSeq
2000 (Illumina, San Diego, CA, USA), with 100 bp paired-end reads, to achieve minimum
on-target coverage of 60 to 70×.

Nextflow-based [37] exome processing pipelines are available through GitHub
(https://github.com/IARCbioinfo accessed on 25 January 2021). In brief, sequencing
reads were aligned on GRCh38 with BWA v0.7.15 [31], postalT-processed, and duplicate
reads were marked with Sambamba v0.6.6 [38]. Variant calling was performed with GATK
v4.1.4.1 and strictly followed Best Practices recommendations [32,39] for base quality recal-
ibration, haplotype calling, joint genotyping, variant filtering, and recalibration. Genomic
positions with more than 10% missing data and/or heterozygous sites with an alternative
allelic fraction of less than 25% were discarded. Sex concordance between clinical and
sequencing data was confirmed using PLINK v1.90 [40].

Variants were annotated with ANNOVAR 2020Apr01 version [41]. Variants deviating
from expected Hardy–Weinberg proportions were discarded [42]. A variant was considered
a rare variant if its allele frequency was equal or inferior to 0.25%, that is, the allele frequency
of MITF p.E318K hotspot, in any gnomAD v2.1.1 outbred population [43,44]. Variant
deleteriousness was assessed using both Combined Annotation Dependent Depletion
(CADD v1.4) [45] and ClinVar (version 20200316) [46] databases. Variants with a CADD
phred-like rank score ≥ 20, and/or two or more non-conflicting “Pathogenic” or “Likely
pathogenic” ClinVar annotations, and/or identified as frameshift indels with mapping
quality ≥ 50, were designated as deleterious, that is, likely to impact the function of the
encoded protein.

2.5. Gene-Based Case-Control Analyses

To identify potential genes enriched in rare deleterious variations in our 46 cases, we
implemented the Proxy External Controls Association Test approach (ProxECAT) [47]. The
proxECAT-weighted test is tailored to rare variants case-control association analyses using

https://github.com/IARCbioinfo
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publicly available datasets as control. It uses the synonymous variation information to
adjust for differences in data processing. Our external control set consisted of gnomAD Eu-
ropean samples assigned to a north-western sub-continental ancestry and not ascertained
for having cancer in a cancer study (N = 19,751). In brief, VCF files publicly distributed
along with gnomAD v2.1 release were converted to GRCh38 using LiftoverVcf from Picard
Toolkit v2.19 (http://broadinstitute.github.io/picard accessed on 25 January 2021), and
annotated similarly to our case series. Likelihood-ratio test p-values were adjusted using
the conservative genomic control factor approach to take into account population stratifi-
cation [48]. The corresponding q-values were computed using the Benjamini–Hochberg
procedure to control the false-discovery rate [49].

2.6. Validation of Candidate Genes and Variants

Two complementary series of controls were used to evaluate our candidates fur-
ther. We first check our variants’ loci in an internal control series, consisting of exome
samples (N = 288) of Eastern European ancestries, collected as non-cancer controls as
part of our previous lung cancer susceptibility study [50], and processed similarly to
internal cases. Candidate variants were then searched within a French reference panel
available through the French Exome Project (FrEx) database (N = 574) to check for poten-
tial population-specific recurrent variation that would be unlikely to cause the observed
phenotype (http://lysine.univ-brest.fr/FrExAC, accessed on 25 January 2021) [51].

Variants driving the enrichment of candidate genes identified by the ProxECAT gene-
based enrichment test were manually inspected using IGV genome browser v2.5.3 [52] and
curated using complementary annotations, including updated region-, gene-, and variant-
based annotations from Ensembl release 102 and gnomAD v3.1. Association between
genetic variation and clinical parameters, including the age of cancer onset, personal
history of cancer, familial history of melanoma or RCC, and histological subtypes, was
assessed using the Fisher exact test for categorical variables and the Mann–Whitney U test
for continuous variables.

The biological relevance of our candidate genes was evaluated through a literature-
based search for a link with disease susceptibility and/or cancer development. A functional
pathway enrichment analysis was also performed with g:Profiler (version e102_eg49_p15
_7a9b4d6) [53] using the Kyoto encyclopedia of genes and genomes (KEGG) and WikiPath-
ways as biological pathway sources. Additionally, we screened similar cancer series from
The Cancer Genome Atlas (TCGA), namely skin cutaneous melanoma (SKCM, N = 470),
kidney renal clear cell (KIRC, N = 344), and kidney renal papillary cell (KIRP, N = 289).
To assess potential enrichment in those series compared to other cancer types of estab-
lished differing etiology, we extended the screening to two additional TCGA series of
similar size and a similar proportion of overall deleterious variants carriers [54], i.e., lung
adenocarcinoma (LUAD, N = 540) and lung squamous cell carcinoma (LUSC, N = 514).
In brief, TCGA exomes (TCGA access #2731) were acquired from the Institute for Sys-
tems Biology Cancer Genome Cloud (release 1.1, https://isb-cgc.appspot.com accessed
on 25 January 2021). Germline variant calling was performed in-house using Platypus
(https://github.com/IARCbioinfo/platypus-nf accessed on 25 January 2021) [55]. Rare
deleterious variants affecting our 13 candidate genes in any of those series were reported,
together with loci reported as familial cancer susceptibility variant in the literature, irre-
spective of the type of familial cancer affected.

3. Results
3.1. Overview of Clinical Sequencing Results

The demographic and histological characteristics of the 125 cases with both malignant
melanoma and RCC are detailed in Table 1. Upon clinical indication based on personal and
familial cancer history and, when applicable, RCC histological subtypes, cases were tested
for established melanoma and/or RCC predisposing genes. In addition, all cases were
tested for germline MITF mutations as part of a translational research work and nine cases

http://broadinstitute.github.io/picard
http://lysine.univ-brest.fr/FrExAC
https://isb-cgc.appspot.com
https://github.com/IARCbioinfo/platypus-nf
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carried the germline missense substitution p.E318K: this mutation was predominantly
observed in men (8/9), cases were frequently affected by more than one CMM (4/9), and
the associated RCC subtypes were diverse (Table 2). Three carriers of BAP1 pathogenic
mutations were detected out of ten individuals tested. Sixty-eight individuals were tested
for both CDKN2A and CDK4 mutations, among whom only two were carriers of a CDKN2A
pathogenic mutation. Two carriers of a pathogenic FLCN mutation were detected out of the
ten tested. Both patients showed clinical signs suggestive of Birt–Hogg–Dubé syndrome,
namely fibrofolliculoma and leiomyosarcoma, respectively. One individual was tested for
the familial pathogenic germline PTEN mutation and was found carrier, as well as her
acral melanoma affected daughter. No carriers of pathogenic mutation were found out of
47 tested for VHL, and 57 for FH. In total, 17/125 (13.6%) were carriers of a pathogenic
germline mutation (Table 2). Among these 17 cases, 12 (70%) carried, in addition, at least
one MC1R variant.

Table 1. Characteristics of the 125 patient cases diagnosed with both melanoma and renal cell
carcinoma (RCC).

Demographics
No. of patients 125
No. of male 80 64.0%
No. of female 45 36.0%
Age at 1st melanoma
diagnosis 57.3

Age at 1st RCC diagnosis 58.8

Melanoma features
Melanoma site
Cutaneous 158 97.5%
Ocular 1 0.6%
Mucosal 1 0.6%
Unknown 2 1.2%
Histologic subtype for cutaneous melanoma
Superficial Spreading
Melanoma 87 55.1%

Nodular Melanoma 21 13.3%
Lentigo Malignant Melanoma 4 2.5%
Acral Lentiginous Melanoma 2 1.3%
Unclassified 7 4.4%
Unknown 37 23.4%
Year of melanoma diagnosis from 1984 to 2018

RCC features
RCC type
Clear cell 93 72.7%
Papillary 16 12.5%
Chromophobe 8 6.3%
Other 5 3.9%
Unknown 6 4.7%
Year of RCC diagnosis from 1979 to 2018
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Table 2. Characteristics of the 17 patients with pathogenic variants in known melanoma and/or RCC predisposing genes.

Predisposing
Gene

Reference
Transcript

Nucleotide
Change

Amino Acid
Change

MC1R
Status (Class) Sex Age at First

Melanoma
No.

Melanoma

Melanoma
Histological

Subtype

Age at First
RCC

RCC
Histological

Subtype

Other
Cancers in
Proband

Cancers in Family

MITF NM_000248.3 c.952G>A p.E318K p.R163Q (r) Male 33 2 SSM 27 chRCC Uncle: skin cancer
MITF * NM_000248.3 c.952G>A p.E318K p.V92M (r) Male 37 1 SSM 55 ccRCC

MITF * NM_000248.3 c.952G>A p.E318K p.V60L (r)
p.R160W (R) Male 62 1 NM 51 ccRCC

MITF * NM_000248.3 c.952G>A p.E318K WT Male 52 1 SSM 52 ccRCC

Mother: breast cancer
Maternal uncle:

colo-rectal cancer
Paternal uncle:

leukemia

MITF NM_000248.3 c.952G>A p.E318K p.R160W (R)
p.D294H (R) Female 56 2 SSM 59 ccRCC Basal cell

carcinoma

Mother: RCC + lung
cancer

Sister: basal cell
carcinoma

MITF NM_000248.3 c.952G>A p.E318K p.R163Q (r) Male 60 1 SSM 60 chRCC
Thyroid adeno-

carcinoma
(60)

Father: RCC?

MITF * NM_000248.3 c.952G>A p.E318K p.V60L (r) Male 69 1 NM 69 ccRCC
MITF * NM_000248.3 c.952G>A p.E318K p.R160W (R) Male 75 2 NM 70 ccRCC

MITF NM_000248.3 c.952G>A p.E318K p.V92M (r)
p.R151C (R) Male 74 3 SSM 74 pRCC Basal cell

carcinoma
Mother: 2 CMM?

Sister: CMM

BAP1 NM_004656.3 c.37+1delG p.? p.V60L (r)
p.R160W (R) Female 29 6 SSM 49 ccRCC

Father: mesothelioma
Sister: OMM

Brother: CMM + lung
cancer (no tobacco)

BAP1 NM_004656.3 c.78-79del p.V27fs WT Male 45 1 NM 53
ccRCC with a
sarcomatoid

feature

Sister: OMM (53) + lung
cancer (53)

Nephew: OMM (18)
Mother: liver cancer (43)
Maternal cousin 1: skin
(55) + duodenal cancers

(56)
Maternal cousin 2: lung

cancer (53)
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Table 2. Cont.

Predisposing
Gene

Reference
Transcript

Nucleotide
Change

Amino Acid
Change

MC1R
Status (Class) Sex Age at First

Melanoma
No.

Melanoma

Melanoma
Histological

Subtype

Age at First
RCC

RCC
Histological

Subtype

Other
Cancers in
Proband

Cancers in Family

BAP1 NM_004656.3 c.1938T>A p.Y646 * p.V60L (r) Female 48 1 SSM 59 ccRCC Urothelial
cancer (59)

Mother and sister 1:
CMM

Sister 2: meningioma

CDKN2A NM_000077.4 c.146T>G p.I49S p.V92M (r)
p.R151C (R) Female 31 1 SMM 36 ccRCC Mother and sister:

CMM

CDKN2A NM_000077.4 c.159G>C p.M53I p.V60L (r)
p.R151C (R) Male 46 1 NM 61 ccRCC Mother and brother:

CMM

FLCN NM_144997.6 c.663dupG p.M222fs WT Female 48 1 NM 43
chRCC with
oncocytoma
components

Leiomyosarcoma Father: lung cancer
Paternal uncle: RCC

FLCN NM_144997.6 c.755dupC p.C253fs WT Male 64 1 SSM 62 ccRCC Cutaneous fi-
brofolliculoma

PTEN NM_000314.6 c.959T>G p.L320* WT Female 55 1 SSM 55 ccRCC Daughter: ALM (25)
with PTEN+

* already included in [21]. R: moderate-risk variant in melanoma [35]; r: low-risk variant in melanoma [35]; OMM: oral malignant melanoma; CMM: cutaneous malignant melanoma; ALM: acral
lentiginous melanoma.
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3.2. WES Confirmed Infrequent Pathogenic Variants in Melanoma and/or RCC Risk Genes

A subset of 46 cases, among the youngest age of onset and wild type upon diagnostic
testing indication, was selected for further exploration by exome sequencing. Variant
calling yielded a total of 3 × 105 variants evenly distributed across samples, with a median
number of 89,593 variants per case. This included an average of 130 rare (AF ≤ 0.25%)
variants hereto defined as ‘deleterious’ (CADD ≥ 20, and/or congruent ClinVar annotations
of pathogenicity, and/or high-quality frameshift).

We first looked at an extended list of high-risk genes predisposing to melanoma (ACD,
CDKN2A, CDK4, POT1, TERF2IP, and TERT) [56] or RCC (CDKN2B, FH, FLCN, MET,
PBRM1, PTEN, SDHs, TSCs, and VHL) or both (BAP1 and MITF) [57]. Exome sequencing
confirmed the absence of any rare deleterious variation in genes included in the clinical
genetic testing, with one exception. A stop-gain variant (p.W306*; rs142934950) in the shorter
isoform (isoform 2) of FLCN (NM_144606.6) was observed in two cases (Supplementary
Table S1). Manual inspection revealed that the variant was located in the intronic sequence
of the reference transcript used in clinical practice (RefSeq NM_144997). No conclusion
could be drawn about pathogenicity as the function of FLCN isoform 2 has not yet been
elucidated [58]. Further, a single unpublished and very rare (AF ≤ 0.01%) missense variant
(rs1303562362) was observed in ACD (p.L511R, CADD of 26.1), affecting a highly conserved
residue located in the C-terminal TINF2 binding domain [485–544] [59]. ACD encodes a
protein of the shelterin complex, which protects chromosomal ends and is required to
inhibit the elongation of chromosome ends in somatic cells. ACD loss of function (LOF)
mutations predispose to melanoma and a broader spectrum of cancers [59]. Despite the
fact that no RCCs were reported in ACD carriers to date [59–61], a meta-analysis suggested
that individuals with an inherited predisposition to longer telomere length are at increased
risk of developing renal cell carcinoma [62]. Two other cases respectively harbored a novel
14-base-pair deletion (c.2228_2240del p.(Q743fs)) and a rare missense VUS (rs1588304158) in
TSC1. TSC1 is a tumor suppressor involved in the control of mTOR activation [63]. Germline
heterozygous mutations in TSC1 are known to be responsible for hamartoma syndromes,
including tuberous sclerosis (TS) that confer increased susceptibility to renal cancer [64]. Of
note, the TSC1 variants observed in our series were located in exons 17 and 18, encoding
part of the tuberin-binding region regularly targeted in TS [65].

3.3. Gene-Based Case-Control Analysis Identified 13 Candidate Susceptibility Genes

To elucidate further malignant melanoma and RCC potential shared genetic suscepti-
bility, we applied an agnostic approach that consisted in assessing gene-based enrichment
in rare deleterious exonic variants in our series compared to large series of external non-
cancer controls from similar ancestry (Figure 1). The control set encompassed gnomAD
non-cancer individuals from north-western European ancestry (N = 19,751). We used the
ProxECAT test [47], an allele-frequency-based association test allowing us to make the
most of publicly available control datasets, while controlling for differences in internal
versus external data processing via synonymous variants.

A total of 4446 genes that displayed at least one variant matching our rarity and
deleteriousness criteria were tested. Given the distribution of gene-based q-values
(Supplementary Table S2 and Supplemental Information), further analyses were restricted
to genes displaying a q-value of 0.2 or less. A total of 13 genes displayed a significant
enrichment in rare deleterious variants in cases compared to controls, namely PIK3CD,
MTOR, RAE1, ZBTB21, ESAM, TMEM192, CLTCL1, NFRKB, EP300, MTSS2, SETD2, SMC2,
and EBF4 (Table S3, Supplemental Information). Most candidate genes showed strong evo-
lutionary mutational constraint, arguing against the random accumulation of functionally
impacting mutations (Table 3). Altogether, they comprised 41 distinct rare deleterious vari-
ants (Table 4). Twenty-five of them (61%) were novel or very rare variants (MAF < 0.01%).
Overall, 33 of our 46 cases (72%) showed at least one mutation in at least one candidate gene
(Table S1). Combined with the ACD, TSC1, and FLCN mutations uncovered in the previous
search focusing on known susceptibility genes to CMM or RCC, potential candidate(s)
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were identified in 34 of 46 cases (74%; Table S1). This was not significantly different in cases
with a family history of CMM and/or RCC (four of five cases with at least one affected
first-degree relative, i.e., 80% of the cases with a positive family history) versus sporadic
cases (30/41 = 73%). The majority of the mutations were exclusive: a single hit in a unique
gene was observed in 29 of 34 cases, i.e., 85% of the mutated cases. While the concordance
rate between the two methods of MC1R variants identification (exome sequencing versus
clinical sequencing) was 100%, there were no differences in the MC1R status (presence
of disruptive and/or non-disruptive variants versus absence of variant) according to the
above mutational status. In our series, there was a trend for SETD2 and CLTCL1 mutations
to be associated with cases with a personal history of solid tumors (six of the eight cases
with CLTCL1 or SETD2 variants had at least one other solid tumor vs. 11/38 cases without
a variant in CLTCL1 nor SETD2; p = 0.04; Table S1).
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Table 3. Candidate susceptibility genes enriched in rare variants predicted to be deleterious among 46 French cases with CMM and RCC compared to ancestry-matched cancer-free controls.

HGNC Gene
Symbol Gene Description Gene Length (pb) LOEUF Mutational

Constraint a

Rare b Deleterious Allele Counts
p-Value c q-Value dInternal Cases

(N = 46)
External Controls

(N = 19,751)

PIK3CD Phosphatidylinositol-4,5-Bisphosphate
3-Kinase Catalytic Subunit Delta 6333 0.20 2 68 2 × 10−5 0.04

MTOR Mechanistic Target of Rapamycin Kinase 12,163 0.18 4 252 4 × 10−5 0.05
RAE1 Ribonucleic Acid Export 1 5642 0.19 2 18 8 × 10−5 0.08

ZBTB21 Zinc Finger and BTB Domain Containing 21 8062 0.25 3 120 2 × 10−4 0.12
ESAM Endothelial Cell Adhesion Molecule 2920 0.59 2 37 2 × 10−4 0.12

TMEM192 Transmembrane Protein 192 10,182 1.29 2 30 3 × 10−4 0.13
CLTCL1 Clathrin Heavy Chain Like 1 10,052 0.80 6 438 3 × 10−4 0.13

NFRKB Nuclear Factor Related to KappaB
Binding Protein 6335 0.37 3 233 3 × 10−4 0.13

EP300 E1A Binding Protein P300 11,692 0.10 3 266 4 × 10−4 0.15
MTSS2 MTSS I-BAR Domain Containing 2 4986 0.31 4 206 4 × 10−4 0.15

SETD2 SET Domain Containing 2, Histone Lysine
Methyltransferase 10,245 0.21 5 505 6 × 10−4 0.16

SMC2 Structural Maintenance of Chromosomes 2 6470 0.23 4 131 6 × 10−4 0.17
EBF4 EBF Family Member 4 3541 0.70 3 72 8 × 10−4 0.18

a Continuous gene-level mutational constraint metric (loss-of-function observed/expected upper bound fraction) [44]: low LOEUF scores indicate strong selection against predicted loss-of-function variation in
the given protein-coding gene. Scores below 0.35 are indicated in bold. b Allele frequency ≤ 0.25%, that is MITF p.E318K allele frequency in European population. c ProxECAT enrichment test weighted statistics
[47] using genomic control factor to take into account population stratification [48]. d Benjamini–Hochberg false-discovery rate [49]; cut-off for statistical significance: q < 0.2.
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Further assessment of candidate genes was based on the use of two complementary
series of controls: an internal control set accounting for potential calling bias (288 non-
cancer cases from European ancestries with identical data processing) and an external
control set from the exact same ancestry to flag potential population-specific polymor-
phisms (574 non-disease cases of French origin). No candidate variant could be detected
from the internal control set, which suggested that rare variations observed in cases were
unlikely to result from technical artifacts. Six variants from five candidate genes (ESAM,
SETD2, MTSS2, SMC2, and EBF4) were found in the French external control set, albeit
at very low frequencies consistent with those observed in other populations as per cur-
rent gnomAD annotations. This observation favored the hypothesis of shared (very)
rare variants similarly segregating in various populations rather than recently acquired
population-specific polymorphisms.

3.4. Pathway Level Analyses Highlighted the Central Role of PI3K/Akt and Its Downstream
mTOR/HIF Axis

The most significant enrichment in rare deleterious germline variations was found in
PI3KCD and MTOR (FDR q-value ≤ 0.05), two genes that belong to the PIKK protein kinase
family, acting along the PI3K/Akt/mTOR axis. Two additional genes among the 13 can-
didates had documented functions in the same pathway: NRFKB and EP300 (Figure 2).
This pathway is closely related to epigenetic modifiers in charge of maintaining genome in-
tegrity, such as SETD2 [66]. Overall, a large proportion of mutated cases (14/34 = 41%) had
a novel or rare variant affecting at least one of the four PI3K/Akt genes (N = 12) identified
from our agnostic approach, or the RCC susceptibility gene TSC1 (N = 2) that belongs to the
same axis (Figure 2). Rare deleterious germline variations within the PI3K/Akt pathway
(PIK3CD, MTOR, EP300, NFRKB, and TSC1) were consistently mutually exclusive. Of note,
PI3K/Akt affected cases tend to have a younger onset of both melanoma (median age of
onset at 46 years old for cases with a rare deleterious variant in the PI3K/Akt pathway
versus 53.5 years old without, p = 0.15) and RCC (48.5 vs. 55.5 years old, p = 0.07). No
significant associations with RCC or melanoma subtypes or MC1R status or with a personal
history of cancer were observed.
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Table 4. Set of 41 rare deleterious variants observed in the 13 candidate CMM and/or RCC susceptibility genes identified by gene-based case-control enrichment test.

Chr Start End Ref Alt HGNC Gene
Symbol

Accession
Number

Reference
Transcript

Nucleotide
Change

Amino acid
Change CADD AF_Cases AF_

FrEx AF_nc_nwe AF_Popmax Independent Cancer
Series *

1 9715647 9715647 A G PIK3CD . NM_005026 c.A248G p.E83G 25 0.01 . . .
1 9715709 9715709 C T PIK3CD . NM_005026 c.C310T p.R104C 35 0.01 . 3 × 10−5 9 × 10−6

1 11130641 11130641 G A MTOR rs142403193 NM_004958 c.C5501T p.T1834M 22.8 0.02 . 9 × 10−4 7 × 10−4 SKCM (2)
1 11238522 11238522 G A MTOR rs751242124 NM_004958 c.C1882T p.R628C 28.9 0.01 . . 5 × 10−5

1 11248030 11248030 T A MTOR rs761323069 NM_004958 c.A905T p.D302V 23.1 0.01 . . 3 × 10−4

20 57365381 57365381 C T RAE1 rs755561880 NM_003610 c.C314T p.S105L 31 0.01 . . 6 × 10−5

20 57365432 57365432 A G RAE1 . NM_003610 c.A365G p.Q122R 20.6 0.01 . . .
21 41991340 41991340 G A ZBTB21 rs368359632 NM_001098402 c.C2756T p.T919M 25.3 0.01 . . 7 × 10−4

21 41992058 41992058 G A ZBTB21 rs371004245 NM_001098402 c.C2038T p.R680C 26.5 0.01 . 1 × 10−4 1 × 10−4

21 41992762 41992762 C T ZBTB21 . NM_001098402 c.G1334A p.R445H 30 0.01 . 5 × 10−5 4 × 10−5

11 124753942 124753942 G A ESAM rs760488150 NM_138961 c.C877T p.R293W 34 0.01 . 5 × 10−5 3 × 10−5

11 124754658 124754658 G A ESAM rs200924772 NM_138961 c.C713T p.T238M 33 0.01 9 × 10−4 8 × 10−5 2 × 10−4

4 165103020 165103020 T G TMEM192 . NM_001100389 c.A104C p.Q35P 22.9 0.01 . . .
4 165103021 165103021 G A TMEM192 . NM_001100389 c.C103T p.Q35X 35 0.01 . . .

22 19210459 19210459 C T CLTCL1 rs781878409 NM_007098 c.G3116A p.R1039Q 32 0.01 . . 1 × 10−3

22 19219929 19219929 C T CLTCL1 rs188611399 NM_007098 c.G2875A p.V959I 25.5 0.01 . 2 × 10−4 1 × 10−3 KIRP (2)
22 19224006 19224006 T G CLTCL1 rs782728804 NM_007098 c.A2177C p.D726A 29.5 0.01 . . 9 × 10−6

22 19226346 19226346 T C CLTCL1 rs201280856 NM_007098 c.A1820G p.H607R 25.5 0.01 . 3 × 10−4 4 × 10−4

22 19233264 19233264 C A CLTCL1 rs782774942 NM_007098 c.G1423T p.A475S 23.6 0.01 . . 6 × 10−5

22 19234672 19234672 A G CLTCL1 . NM_007098 c.T1004C p.V335A 25.3 0.01 . . .
11 129872957 129872957 G A NFRKB . NM_006165 c.C2765T p.P922L 31 0.01 . . .
11 129874521 129874521 G A NFRKB rs200192480 NM_006165 c.C2113T p.P705S 23.9 0.01 . . 4 × 10−5 fNTMC (1 family)
11 129884816 129884816 G A NFRKB rs755726394 NM_006165 c.C746T p.A249V 22.9 0.01 . . 6 × 10−5

22 41117808 41117808 C T EP300 . NM_001429 c.C716T p.P239L 21.3 0.01 . . .
22 41137724 41137724 C T EP300 . NM_001429 c.C1694T p.T565I 24.9 0.01 . . .
22 41149147 41149147 C T EP300 rs201480900 NM_001429 c.C2351T p.P784L 23.2 0.01 . 8 × 10−5 2 × 10−4 SKCM (1)
16 70663765 70663765 G A MTSS2 rs749003640 NM_138383 c.C2156T p.P719L 24.5 0.01 . 2 × 10−4 1 × 10−3 KIRP (1)
16 70664615 70664615 T C MTSS2 rs147433916 NM_138383 c.A1454G p.D485G 23.9 0.01 2 × 10−3 2 × 10−4 2 × 10−3 SKCM (1)
16 70665044 70665044 C T MTSS2 rs549028223 NM_138383 c.G1181A p.R394Q 26.1 0.01 . 5 × 10−5 2 × 10−3

16 70679820 70679820 C G MTSS2 rs768341867 NM_138383 c.G348C p.K116N 29.1 0.01 . . 9 ×10−6

3 47046509 47046509 C T SETD2 rs766193321 NM_001349370 c.G6944A p.G2315E 33 0.01 . 3 × 10−5 9 × 10−6

3 47046543 47046543 G T SETD2 . NM_001349370 c.C6910A p.P2304T 25.9 0.01 . . .

3 47084114 47084114 A G SETD2 rs148097513 NM_001349370 c.T5534C p.M1845T 25.3 0.01 9 × 10−4 1 × 10−3 2 × 10−3 KIRC (3)–KIRP
(1)–SKCM (1)

3 47121407 47121407 T C SETD2 rs114719990 NM_001349370 c.A3097G p.T1033A 23.6 0.01 2 × 10−3 2 × 10−3 2 × 10−3 SKCM (3)–KIRP (1)
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Table 4. Cont.

Chr Start End Ref Alt HGNC Gene
Symbol

Accession
Number

Reference
Transcript

Nucleotide
Change

Amino acid
Change CADD AF_Cases AF_

FrEx AF_nc_nwe AF_Popmax Independent Cancer
Series *

3 47123308 47123308 C G SETD2 . NM_001349370 c.G1196C p.R399T 25.8 0.01 . . .
9 104114033 104114033 C T SMC2 . NM_001042550 c.C1484T p.T495I 20.6 0.01 . . .
9 104125007 104125007 G A SMC2 rs147960477 NM_001042550 c.G2353A p.A785T 23 0.02 9 × 10−4 2 × 10−4 9 × 10−4

9 104139220 104139220 A G SMC2 . NM_001042550 c.A3499G p.T1167A 23.9 0.01 . . .
20 2706020 2706020 G A EBF4 rs202097996 NM_001110514 c.G329A p.R110Q 21 0.01 9 × 10−4 6 × 10−5 1 × 10−4

20 2706211 2706211 C A EBF4 . NM_001110514 c.C349A p.L117M 23.3 0.01 . . .
20 2755749 2755749 G A EBF4 rs369331115 NM_001110514 c.G1651A p.A551T 32 0.01 . . .

Variants are ordered by ascending q-values of the candidate gene they belong to, that is, the Benjamini–Hochberg corrected ProxECAT-weighted statistics [47] from the gene-based test of enrichment in rare
(AF ≤ 0.25%) exonic variants predicted to be deleterious in our series of 46 cases with CMM and RCC compared to external controls. Within a given gene, variants are ordered by ascending genome positions in
GRCh38 (ANNOVAR annotations) [41]. * Occurrences in RCC and/or CMM TCGA series (KIRC, kidney renal clear cell carcinoma, N = 344; KIRP, kidney renal papillary cell carcinoma, N = 289; SKCM, skin
cutaneous melanoma, N = 470—https://www.cancer.gov/tcga accessed on 25 January 2021) and/or familial cancer series (fNTMC, familial non-medullary thyroid cancer) [67], with the number of occurrence(s)
between brackets for TCGA series and the number of affected families in which the variant segregates for familial cancer series. CADD: Combined Annotation Dependent Depletion score [45]; AF: allele
frequency; AF_cases: AF in internal cases (N = 46); AF_FrEx: AF in the French reference panel ‘French Exome Project’ (N = 574, http://lysine.univ-brest.fr/FrExAC accessed on 25 January 2021); AF_controls: AF
in the gnomAD non cancer samples [43,44] of north-western European ancestry (used as external controls in ProxECAT enrichment test, N = 19,751); AF_popmax: highest AF across all gnomAD v2.1.1 outbred
populations exome (N = 125,748) and genome data (N = 15,708). An extended version of this table, including pseudonymized patient identifiers, is available as Supplementary Table S4.

https://www.cancer.gov/tcga
http://lysine.univ-brest.fr/FrExAC
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Figure 2. Overview of the PI3K/Akt/mTOR signaling pathway. Newly identified candidate genes are highlighted in
bold. ◦ Established CMM-predisposing genes. * Established RCC-predisposing genes. RTKs: Receptor tyrosine kinases;
H2, H3: histones. This figure was built from the “Pathways in clear cell renal cell carcinoma” pathway [68] hosted
on WikiPathways [69].
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Pathway enrichment analysis of our 13 candidate genes confirmed direct connections
with signaling pathways dysregulated in cancer (Table 5), including signaling cascades
downstream of tyrosine kinase receptors notably involved in pancreatic and renal cancer,
such as HIF-1 and JAK-STAT signaling pathways. Over-representation was driven by
PIK3CD, MTOR, EP300, and SETD2, all known to be involved in RCC development.
Although the related gene set size did not allow to reach significance, the melanoma
canonical pathway included two of them, namely PIK3CD and EP300 [69,70].

Table 5. Biological pathways associated with the 13 candidate susceptibility genes identified in 46 French cases diagnosed
with both CMM and RCC.

Pathway ID Pathway Description q-Value * Number of Genes in
Pathway

Candidate Genes in
Pathway

KEGG:05215 Prostate cancer 2.8 × 10−3 97 PIK3CD, MTOR, EP300
KEGG:04066 HIF-1 signaling pathway 4 × 10−3 109 PIK3CD, MTOR, EP300

KEGG:04935 Growth hormone synthesis, secretion
and action 5.1 × 10−3 118 PIK3CD, MTOR, EP300

KEGG:04919 Thyroid hormone signaling pathway 5.5 × 10−3 121 PIK3CD, MTOR, EP300

WP:WP4018 Pathways in clear cell renal cell
carcinoma 7.7 × 10−3 86 MTOR, EP300, SETD2

KEGG:04630 JAK-STAT signaling pathway 1.3 × 10−2 162 PIK3CD, MTOR, EP300
KEGG:05164 Influenza A 1.5 × 10−2 169 PIK3CD, RAE1, EP300
WP:WP3287 Overview of nanoparticle effects 1.6 × 10−2 19 PIK3CD, NFRKB

KEGG:05167 Kaposi sarcoma-associated
herpesvirus infection 2.2 × 10−2 193 PIK3CD, MTOR, EP300

WP:WP4217 Ebola Virus Pathway on Host 2.6 × 10−2 129 PIK3CD, CLTCL1, EP300
KEGG:04930 Type II diabetes mellitus 3.1 × 10−2 45 PIK3CD, MTOR
WP:WP4874 CAMKK2 Pathway 5 × 10−2 33 MTOR, EP300
WP:WP4241 Type 2 papillary renal cell carcinoma 5.3 × 10−2 34 EP300, SETD2

KEGG:04213 Longevity regulating
pathway—multiple species 5.7 × 10−2 61 PIK3CD, MTOR

KEGG:05221 Acute myeloid leukemia 6.9 × 10−2 67 PIK3CD, MTOR
KEGG:05211 Renal cell carcinoma 7.1 × 10−2 68 PIK3CD, EP300
KEGG:05230 Central carbon metabolism in cancer 7.5 × 10−2 70 PIK3CD, MTOR
KEGG:05016 Huntington disease 8.4 × 10−2 306 MTOR, CLTCL1, EP300
KEGG:05214 Glioma 8.6 × 10−2 75 PIK3CD, MTOR
KEGG:05206 MicroRNAs in cancer 8.8 × 10−2 310 PIK3CD, MTOR, EP300
KEGG:05212 Pancreatic cancer 8.8 × 10−2 76 PIK3CD, MTOR
KEGG:05100 Bacterial invasion of epithelial cells 9.1 × 10−2 77 PIK3CD, CLTCL1

KEGG:01521 EGFR tyrosine kinase
inhibitor resistance 9.5 × 10−2 79 PIK3CD, MTOR

* Top enriched pathways (q < 0.1) from Kyoto Encyclopedia of Genes and Genomes (KEGG) and WikiPathways (WP) using g:Profiler
functional enrichment analyses with g:SCS multiple testing correction as per latest recommendations [53].

3.5. Relevance of Our Candidate Susceptibility Genes in Malignant Melanoma and RCC

The biological relevance of the 13 novel candidate genes in cancer development was
assessed through a dedicated literature search (File S1) combined with a representation
of the structural/functional organization of the affected proteins (File S2). In brief, the
protein functions associated with our candidate genes mainly pointed to downstream
PI3K signaling and genome integrity, with frequent direct implications in CMM and RCC
development. A few candidate genes, such as ZBTB21, MTSS2, and EBF4, still have elusive
functional mechanisms, while belonging to families of genes with suggested roles in cancer
susceptibility. Of note, the NFRKB variant rs200192480 (c.C2113T, p.P705S) was reported as
segregating in one family with five members affected by papillary thyroid cancer [67].

In parallel, we checked the occurrence of the 41 identified variants spanning the
13 novel candidate genes in cancer cases from the TCGA series of CMM (SKCM, N = 470)
and RCC (KIRC and KIRP, N = 633) [71]. The processing pipeline, including the germline
caller, used for the TCGA series was different from that used in our cases: concordant calls
are thus unlikely to be technical artefact. In total, 7 of 41 variants (17%) were identified in
16 cases, including 8 SKCM and 8 RCC cases (Table 4). MTOR variant rs142403193, which
is located in the PI-kinase FAT domain, was reported four times, affecting two cases in
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our discovery set and two SKCM cases. As EP300 variant rs201480900 and SETD2 variant
rs114719990, it was found at higher frequency in TCGA SKCM series compared to any
gnomAD populations. In TCGA series, as in ours, SETD2 variation spanned melanoma
and different kidney cancer subtypes, which is in line with the documented broad role of
SETD2 in cancer [72,73]. Besides, our set of variants was significantly enriched (p = 0.04)
in TCGA relevant series (SKCM, KIRC, and KIRP) compared to TCGA series of known
differing etiology that were lung adenocarcinoma (LUAD, N = 540) and lung squamous
cell (LUSC, N = 514), while there were no differences in accumulating rare deleterious
variants overall. Supplementary Table S3 lists all rare deleterious variants affecting one of
the 13 genes in at least one individual from TCGA CMM and/or RCC.

Altogether, our investigations suggested that novel candidate genes may contribute
to explain the inherited genetic basis of malignant melanoma and/or RCC.

4. Discussion

We hereby provided a clinical and genetic description of a series of 125 cases affected
by both malignant melanoma and RCC.

In line with our initial observations [4], only a minority of the cases (12/125; 9.6%)
could be explained by a clinically validated pathogenic variant in one of the two known
genes predisposing to both melanoma and RCC, namely MITF (N = 9) and BAP1 (N = 3).
In total, 9 out of 125 patients (7.2%) notably displayed the MITF p.E318K germline muta-
tion [21]. Although the role of this variant in melanoma predisposition has been confirmed
by numerous reports [74–76], its role in RCC susceptibility has not been fully recognized.
Two RCC case controls studies were negative [77,78]. However, the first study also failed
to find an association with melanoma [77] and the second was performed on FFPE tis-
sue [78]. RCC frequent somatic 3p losses, related to three major RCC tumor suppressor
genes, namely VHL (located at 3p25.3), BAP1, and PBRM1 (3p21.1), could have masked
germline MITF p.E318K alleles (3p13). Two recent case reports identified this mutation
in RCC-only cases, including in a 43 year old African American patient affected with
bilateral and multifocal type 1 papillary RCC (PRCCI) whose father developed, at 56 years
old, a PRCCI with clear cell features [79,80]. Of note, downstream targets of MITF were
deregulated in the PRCCI tumors, documenting in vivo a role of MITF p.E318K variant in
renal oncogenesis [80]. Taken together, these results and ours support MITF p.E318K as a
risk allele for the development of RCC.

Our three patients carriers of a BAP1 pathogenic mutation that belonged to typ-
ical BAP1-tumor predisposition syndrome (TPDS) families with established increased
co-susceptibility to RCC and melanoma [81]. An additional five cases displayed clinically
pathogenic variant in three genes predisposing to either melanoma or RCC, namely FLCN
(N = 2), CDKN2A (N = 2), and PTEN (N = 1). Few case reports raised the question of a
possible role of FLCN through the mTOR pathway in CMM susceptibility [82,83], deserving
larger studies. Up to date, there is no clear involvement of CDKN2A in RCC susceptibility,
while somatic alterations of CDKN2A are relatively frequent in RCC tumors [84]. Germline
mutations in PTEN have been associated with an increased risk of a variety of cancer,
recently extended to RCC, and to a lesser extent, CMM [85].

To complement our clinical analyses, we implemented an exome-wide agnostic ap-
proach in search of rare variants predicted to be functionally impacting and specifically
enriched in a subset of 46 unexplained cases among the earliest age of first cancer onset.
A large proportion of the whole exome-sequenced cases (15/46) harbor a single rare or
novel deleterious germline variant in a gene from the PI3K/Akt signaling cascade: newly
identified candidate susceptibility genes included PIK3CD, MTOR, EP300, and NFRKB.
The PI3K/Akt pathway is among the most frequently somatically mutated in cancer [86].
Broad activation of the PI3K/Akt signaling is common in both CMM and RCC, with key
genes such as MTOR, PTEN, BAP1, PIK3CA frequently harboring somatic mutations, also
largely mutually exclusive [86–88].
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In our series, the PI3K/mTOR axis was targeted in sporadic cases as well as in cases
with a positive family history of melanoma. Germline loss of function in regulators of
the PI3K/Akt cascade is associated with a range of overgrowth and cancer-predisposing
syndromes [89]. Established increased risk of renal cancer and/or melanoma is observed
with BAP1 mutations responsible for BAP1-TPDS, PTEN-AKT1/2-PIK3CA induced PTEN-
opathies [90], as well as mTOR signaling syndromes such as TSC1/2 tuberous sclerosis
complex [91]. Extending clinical testing of familial melanoma cases of unknown etiology
to additional targets from the PI3K/Akt family might support clinical management fur-
ther, especially in the context of PI3K/Akt/mTOR inhibitors being actively considered as
therapeutic approaches [92,93].

Downstream of the PI3K/Akt cascade lies the hypoxia-inducible transcriptional fac-
tor HIF, specifically highlighted by our pathway enrichment analyses. HIF regulation is
targeted in hereditary kidney cancer, and constitutive HIF activation, induced by VHL
inactivation, is the major molecular signature of RCC [94]. Based on the initial discovery
of MITF p.E318K mutation, confirmed as a recurrent germline mutation in our series, we
previously proposed that MITF p.E318K could impair the adaptation of cells to stress and
initiate both melanoma and/or RCC tumor formation [21]. Kim and colleagues recently
demonstrated that melanoma growth is driven by direct control of MITF by the evolution-
ary conserved master transcriptional coactivator EP300 [95]. We observed novel or rare
deleterious EP300 mutations in three of our wild-type MITF cases. Heterozygous germline
EP300 mutations were first described in Rubinstein–Taybi syndrome (RBTS), a congenital
neurodevelopmental disorder associated with renal development abnormalities and an
increased risk of chronic kidney diseases [96]. The histone acetyltransferase encoded by
EP300 is known to initiate hypoxic responses by coupling with the HIF alpha subunit [97],
thus enabling the induction of a range of hypoxia-responsive genes critical for tumor
angiogenesis, invasion, and immune escape [98,99]. Detailed investigations of the role of
the hypoxic tumor microenvironment in melanoma are warranted.

While cancer susceptibility may not be limited to coding regions of the genome, our
exome-wide agnostic approach has the advantage to allow the identification of novel
susceptibility genes, unlike the majority of cancer susceptibility studies so far limited
to a candidate-based approach [100,101]. Overlap among exome/genome-wide studies
focusing solely on melanoma or RCC predisposing genes remains limited [101], mostly
due to differences in candidate genes/variants prioritization strategies. Nevertheless,
most of the new candidates uncovered here are highly conserved genes intolerant to
loss of function mutations. Some are directly related to previously identified candidate
susceptibility genes, such as EBF family member 4 that shares multiple functional domains
with EBF family member 3 suggested to predispose to hereditary melanoma [102]. Other
candidates harbored identical rare variants within the TCGA kidney and/or melanoma
series, such as MTOR.

The genetic heterogeneity observed in our series is not surprising in the context of
susceptibility to complex diseases such as cancer [79,103,104]. The common biological
pathways highlighted by our results suggest possible shared co-susceptibility to CMM
and RCC and possibly other cancers, like that underlaid by the BAP1 gene. Indeed,
candidate genes involved in maintaining genome stability, such as RAE1, SETD2, and
CLTCL1 [105–107], are attractive candidates for broad cancer susceptibility. Germline
mutations in genome integrity keepers have long been recognized as a direct cause of
increased cancer risk, as extensively demonstrated in breast cancer [108] as well as cancer-
predisposing syndromes [109]. This is in line with our observation of an increased personal
history of cancer, including cancer beyond CMM and RCC, in cases with CLTCL1 or SETD2
mutations. Whether some of the susceptibility genes uncovered in our study may or may
not be solely related to CMM risk or RCC risk, as the extent of that genetic component in
their overall susceptibility, is yet to be documented by dedicated epidemiological studies,
that could also investigate potential gene-environment interactions.
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As expected in Caucasian populations, the MC1R gene implicated in skin pigmentation
was highly polymorphic in our series [110]. Over two-thirds of the patients, irrespective of
their status regarding susceptibility genes/candidate genes variations carried at least one
MC1R variant. In melanocytes, UVB exposure triggers the interaction of PTEN with wild-
type MC1R, but not with functionally deficient variants, leading to Akt inactivation [111].
Actual knowledge about MC1R mainly comes from skin melanocytes, pigmentation, and
associated pathologies studies, while MC1R is also expressed in the kidney where its
main natural ligand is the adrenocorticotropic hormone; downstream effects include anti-
inflammation and immunomodulation to protect kidney cells from various stress [112].
MC1R also interacts with the signal transducer GNAS [113], recently suggested to be tumor-
promoting in RCC [114]. Given the similarity of pathways involved in melanoma and
RCC biology, a possible role of MC1R variants in renal cell physiology and RCC deserves
additional investigations.

The main limitation of this study is the absence of functional validation in cell lines
and animal models that could ascertain the biological consequences of the observed rare
genetic variations before considering any new target in clinical testing panels. This is of
particular relevance in the context of the broad variability of the human germline landscape,
including context-dependent mutation rate differences [115]. However, our investigations
compiled evidence in favor of bona fide susceptibility genes. First, our discovery phase in-
cluded a very large set of ancestry-matched non-cancer individuals to control for germline
variation load and tolerance to functionally impacting variations. Second, potential tech-
nical artifacts, such as coverage or calling bias, were accounted for from our discovery
phase onwards. Beyond state-of-the-art data processing and stringent quality criteria, this
included manual inspection of candidate variants and their sequence context in cases as
well as in internal non-cancer controls processed similarly, and replication at the variant or
gene-level within external series based on different sequencing technologies and processing
pipelines (FrEx, TCGA). In the absence of corresponding tumor tissues, further in silico
functional assessment included comprehensive annotations with a range of pathogenicity
scores and curated information on clinical relevance, gene-wide mutational constraint,
as well as somatic alterations. Finally, our study design did not allow the assessment
of the potential impact of the identified germline alterations on treatment and outcome,
warranting further dedicated investigations.

5. Conclusions

Our study highlights that an exome-wide case-control enrichment approach may con-
tribute to better characterize cancer susceptibility grounded on rare variants underexplored
to date. Based on our results, germline variations in the PI3K/mTOR signaling cascade are
overrepresented in patients diagnosed with both RCC and CMM. Our study pinpoints that
both diseases may share molecular pathogenic pathways related to oxidative stress cellular
responses, with potential relevance for early detection, diagnosis, and clinical management.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers13092243/s1, Table S1: Clinical and genetic characteristics of the 46 exome-sequenced
cases affected by both malignant melanoma and RCC, Table S2: ProxECAT results for 908 genes
hosting at least two rare deleterious variants in cases, Table S3: Burden of rare deleterious variants
identified from TCGA melanoma and kidney cancer series in the 13 candidate CMM and/or RCC
susceptibility genes, Table S4: Set of 41 rare deleterious variants observed in the 13 candidate
CMM and/or RCC susceptibility genes with additional annotations, File S1: Relevance of candidate
susceptibility genes to cancer development. File S2. Functional organization of the proteins encoded
by our 13 candidate susceptibility genes.
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