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Cutaneous melanoma accounts for at least >10% of all cancers in adolescents and young adults (AYA, 15–30 years of age) in

Western countries. To date, little is known about the correlations between germline variants and somatic mutations and

mutation signatures in AYA melanoma patients that might explain why they have developed a cancer predominantly affecting

those over 65 years of age. We performed genomic analysis of 50 AYA melanoma patients (onset 10–30 years, median 20);

25 underwent whole genome sequencing (WGS) of both tumor and germline DNA, exome data were retrieved from 12 TCGA AYA

cases, and targeted DNA sequencing was conducted on 13 cases. The AYA cases were compared with WGS data from 121 adult

cutaneous melanomas. Similar to mature adult cutaneous melanomas, AYA melanomas showed a high mutation burden and

mutation signatures of ultraviolet radiation (UVR) damage. The frequencies of somatic mutations in BRAF (96%) and PTEN

(36%) in the AYA WGS cohort were double the rates observed in adult melanomas (Q < 6.0 × 10−6 and 0.028, respectively).

Furthermore, AYA melanomas contained a higher proportion of non-UVR-related mutation signatures than mature adult
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melanomas as a proportion of total mutation burden (p = 2.0 × 10−4). Interestingly, these non-UVR mutation signatures relate

to APOBEC or mismatch repair pathways, and germline variants in related genes were observed in some of these cases. We

conclude that AYA melanomas harbor some of the same molecular aberrations and mutagenic insults occurring in older adults,

but in different proportions. Germline variants that may have conferred disease susceptibility correlated with somatic mutation

signatures in a subset of AYA melanomas.

What’s new?
Melanoma is a leading cause of cancer death in adolescents and young adults (AYA) in Western countries. Little is known,

however, about the contribution of genetic factors to AYA melanoma risk. Here, genomic analyses show that AYA melanomas,

similar to adult cutaneous melanomas, have a high mutation burden, with mutations indicative of ultraviolet radiation (UVR)

damage. AYA tumors further exhibited increased somatic mutation rates in key melanoma driver genes and had a higher

proportion of non-UVR mutation signatures relative to adult melanomas. Germline variants identified in an AYA patient subset

suggests a role for dysfunctional DNA maintenance in AYA melanoma susceptibility.

Introduction
Melanoma is one of the most common cancers occurring in
adolescent and young adults (AYA, aged 30 years or less) in
Western countries. Not only does it account for 11% of all
cancers in 15–30 year olds within the United States, it is also
the commonest cause of cancer death in this age group.1,2

AYA patients diagnosed with localized primary melanoma
(AJCC Stage I or II) have higher survival rates compared to
older adult patients.3 However, five-year survival drops dra-
matically once the disease spreads regionally (AJCC stage III,
65%) or distally (AJCC stage IV, 15–21%).3–5 Clinical trials
have identified effective systemic therapies that have improved
outcomes for adult patients with advanced stage melanomas.6

However, AYA patients are infrequent participants in these
clinical trials. Although treatments for AYA melanoma
patients continue to be based on data obtained from older
adults, this would be inappropriate if AYA melanomas differ
in their disease biology.

Epidemiological and molecular differences exist between
AYA and adult melanoma patients. For example, the most fre-
quent primary site of invasive melanoma in AYA patients is the
trunk, while adult melanomas present more frequently on
highly sun exposed sites such as the head, neck and extremi-
ties.1,7 Additionally, mutation rates and spectra for key mela-
noma driver genes differ with age of diagnosis. For example,
patients aged 50 years or less, have more BRAF mutations, spe-
cifically the BRAFV600E single nucleotide variant (SNV), whilst
older patients have lower rates of BRAF mutations overall but
more BRAFV600 K mutations.8–10 AYA melanoma patients are
a molecularly heterogeneous group, with limited data suggesting
the molecular profiles relate to the histogenesis of the lesion,
particularly whether they have arisen in the context of a pre-
existing nevus.11 The most comprehensive AYA molecular study
published to date analyzed 25 patients and reported melanomas
arising in conjunction with NRAS mutated large congenital nevi
(n = 3/3), while conventional melanomas were typically BRAF

mutant (n = 13/15), and Spitzoid melanomas (n = 5) contained
very few SNVs.11 Therefore, it is likely that the melanoma biol-
ogy differs with patient age and that heterogeneity exists within
AYA melanomas. Determinates of these divergent profiles are
currently unknown. Furthermore, there is also controversy as to
whether or not some atypical primary melanocytic tumors, par-
ticularly those with Spitzoid features, are melanomas, variants of
benign nevi or a separate subclass of tumours.12 For this reason,
in our study, we focused on melanomas from AYA patients
who had developed regional or distant metastasis (i.e. were bona
fide melanomas as verified by their histological features and
clinical behavior).

The main mutagenic process associated with the development
of adult cutaneous melanoma is exposure to ultraviolet radiation
(UVR).9 There is growing evidence that this is also the case in
AYA melanomas, with epidemiological studies showing high
ambient UVR countries, such as Australia, have higher rates of
melanoma in the AYA population than low ambient UVR coun-
tries such as England.13 This is supported by molecular profiling
of AYA melanoma genomes, which found a high proportion of
UVR-induced DNA damage, as characterized by C > T or
CC > TT nucleotide transitions.11 However, due to younger age,
the lifetime UVR exposure of AYA patients is less than that of
older adults, implying the AYA melanoma patients may be more
sensitive to UVR-induced DNA damage. Therefore, questions
remain around the factors that make these AYA melanoma
patients susceptible to early onset melanoma in the context of
UVR-induced DNA damage.

Germline variants have been linked to melanoma suscepti-
bility. Germline abnormalities of the cell-cycle regulatory
genes CDKN2A and CDK4 are present in 25–40% of familial
melanoma case, which can result in early onset melanoma.14

However, their presence is infrequent in AYA patients.11,15 In
contrast, specific variants in the melanocortin 1 receptor gene
(MC1R), which regulates pigmentation, have been associated
with a 2–4 fold increase in melanoma risk in young adults
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(<40 years).16 Additionally, MC1R variants associated with
low pigment production are associated with higher mutation
burden in adult cutaneous melanomas.17 To date, no study
has looked beyond germline variant frequency in AYA mela-
nomas and analyzed correlations between germline variants
and somatic mutations and mutation signatures in AYA mela-
noma patients.

In our study, we performed whole genome sequencing
(WGS) on the tumors and blood samples from 25 AYA mela-
noma patients and compared the data with similar WGS anal-
ysis of 121 adult cutaneous melanomas. We also analyzed
WES data from 12 TCGA melanoma project AYA cases18 and
targeted DNA sequencing of an additional 13 AYA cases. We
extensively characterized the somatic driver mutations and the
mutagenic processes responsible for the accumulation of
mutations. We then examined the associations between muta-
tional signatures and germline variants to gain patient-specific
insights into the underlying processes potentially contributing
to pathogenesis in young patients.

Materials and Methods
Human melanoma samples
The fresh-frozen tissue and blood samples analyzed in the
current study were obtained from The Melanoma Institute
Australia biospecimen bank with written informed patient
consent and institutional review board approval (Sydney Local
Health District Human Research Ethics Committee, Protocol
No. X15–0454 and HREC/11/RPAH/444). All samples were
pathologically assessed prior to inclusion into the study, as
previously described.9 Cases were selected based on the pres-
ence of confirmed evidence of metastatic spread beyond the
primary site, in order to be certain all tumors were bona fide
invasive melanomas. The melanoma biopsy closest to the date
of primary melanoma was selected if multiple metastases were
available.

DNA extractions and whole genome sequencing
Tumor DNA for whole genome sequencing was extracted
from fresh frozen tissue was extracted using DNeasy Blood
and Tissue Kit (69506, Qiagen Ltd). Whole blood DNA for
whole genome sequencing was extracted using Flexigene DNA
Kit (51206, Qiagen Ltd), as previously described.9 Formalin-
fixed paraffin-embedded (FFPE) DNA for targeted amplicon
sequencing was extracted using AllPrep DNA/RNA FFPE kit
(80234, Qiagen). WGS was performed on Illumina Hiseq 2000
or HiseqX10 instruments (Illumina, San Diego, CA) as
described.9

Whole genome sequence processing and quality control
Sequence data were aligned to the GRCh37 assembly using
multi-threaded BWA 0.6.2-mt resulting in sorted lane level
files in sequence alignment/mapping (SAM) format which
were compressed and converted to binary file (BAM) created
by samtools 0.1.19. Sample-level merged BAMs, one each for

matched germline and tumor samples were produced by in-
house tools and duplicate reads marked with Picard MarkDu-
plicates 1.97 (http://picard.sourceforge.net). Quality assess-
ment and coverage estimation was carried out by qProfiler
and qCoverage (http://sourceforge.net/projects/adamajava).
To test for the presence of sample or data swaps all sequence
data were assessed for concordance at approximately 1.4 mil-
lion polymorphic genomic positions including the genotyping
array data by qSignature.

Somatic mutation analysis
Somatic mutations and germline variants were detected using
a dual calling strategy using qSNP and GATK; and indels of
1–50 bp in length were called with GATK, as described.9

Mutations were annotated with gene consequence using
Ensembl gene annotation with SnpEff.9

Somatic copy number variation (CNV) and ploidy were
determined using ascatNGS.19 Structural variants (SV) were
identified using the qSV tool, and to be conservative for com-
parisons between cohorts, only variants that were considered
to be of high confidence, those assigned to category 1 and cat-
egory 2, were used in the analysis.

Somatic mutation signatures were identified in each sample
using a modified version of the framework developed by Alex-
andov et al., described previously .9,20 Somatic mutations were
fitted against the known 29 non-UVR signatures published by
COSMIC and the three UVR signatures we have previously
inferred.9 To build a predictive model a forward selection
approach was used, starting by fitting the data against one sig-
nature, then adding the signature that best improved the
model until the 95% confidence interval of the estimated
exposure of the last added signature overlapped with zero.

Germline
We used high quality germline variants with phred-scaled
wildtype likelihood greater than 60. Variants were annotated
using ANNOVAR (http://annovar.openbioinformatics.org/en/
latest/) and removed common SNVs with population allele
frequency > 0.0005 as defined in Kaviar (http://db.
systemsbiology.net/kaviar/). Remaining variants were filtered
for predefined DNA repair genes,21 variants in a set of prede-
fined melanoma susceptibility genes21were identified with a
population allele frequency of >0.005 in Kaviar.

Deep custom amplicon sequencing of formalin fixed
samples
The Illumina TruSeq Custom Low Input custom Amplicon
V1.5 was used to sequence all the exons in 28 genes and the
promoter regions in 13 additional genes. These libraries were
subsequently sequenced on a MiniSeq system (Illumina, Inc.).
Sequences were aligned to the human reference genome
(hg19) using the Amplicon DS (dual strand) v1.2. Somatic
variant caller was used to detect variants that are present in
both strands of DNA, cumulative depth of 1,000× and a
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variant frequency of >3%. Subsequent variant call files were
annotated using the Cancer Genome Interpreter to filter out
polymorphisms and non-protein affecting mutations.22

Sanger sequencing of TERT promoter
PCR amplification and Sanger sequencing of a 474 bp region
of the TERT promoter was performed using primers:
hTERT_F ACGAACGTGGCCAGCGGCAG and hTERT_R
CTGGCGTCCCTGCACCCTGG, as described.9

The Cancer Genome Atlas data
The TCGA cutaneous melanoma (SKCM) SNV/indel muta-
tion annotated file and clinical data were obtained through
the National Cancer Institute’s Genomic Data Commons.18

AYA samples were identified based on individuals being
<31 years at time of diagnosis and confirmation of metastatic
disease using data obtained from Supporting Information
Table S1B of the TCGA melanoma study.18 One case (TCGA-
ER-A3ES) was excluded from further analysis after clinoco-
pathological review as it is likely to be a non-cutaneous pri-
mary melanoma. Five other cases were excluded to avoid
patient duplication as the same patient underwent exome
sequencing in TCGA and then whole genome sequencing as
part of the current study (TCGA-EE-A2MK, TCGA-EE-
A29C, TCGA-EE-A3AG, TCGA-EE-A3AB and TCGA-
EE-A3AH).

Statistical analysis and graphical representation
Statistical analysis was performed using GraphPad Prism
7 using tests stated in the results section. Analysis of the
mutation-annotated files (MAF) was conducted using the
maftools R package,23 which included the generation of figures
(oncoplots and rainfall plots) and to compare the frequency of
mutations with age of diagnosis (Fisher test on 2 x 2 with false
discovery rate, Benjamini & Hochberg).

Results
Patient cohorts
Clinical characteristics, including age, melanoma subtype,
presence or absence of an associated nevus, primary tumor
site and outcome status of the 50 patients with AJCC stage III
or IV cutaneous melanoma who were aged 30 years or youn-
ger at time of their primary melanoma diagnosis used in our
study are detailed in Supporting Information Table I. Patient
age ranged from 10 to 30 years with a median age of 20 years
at melanoma diagnosis. The majority of the primary melano-
mas were superficial spreading or nodular (43/50) subtypes,
with histopathological evidence of a residual nevus in 85% of
cases (23/27 with available data). Other types included: occult
primaries (3/50), which we have shown predominantly have a
cutaneous origin based on molecular profiling9,24; nevoid mel-
anomas (3/50); one Spitzoid melanoma; and one melanoma
for which the subtype was unclassifiable. The Spitzoid mela-
noma metastasized to 30/66 regional lymph nodes, was BRAF

mutant, displayed loss of p16 staining,25 while retaining BAP1
protein expression via immunohistochemistry (IHC)
(Supporting Information Fig 2A).25 The culprit primaries
arose on the thorax (n = 15), head and neck region (n = 15),
extremities (n = 9), shoulders (n = 3) and thigh (n = 4). There
were three occult primaries and in one patient (MELA_20517)
the cutaneous site was unspecified. All patients developed
metastases and 58% (29/50) had died of their disease at last
available follow-up.

AYA melanomas harbor high mutation burdens
The whole genome sequencing achieved high coverages in
the tumor (average physical coverage 93×, 44-142×) and
blood samples (average physical coverage 57×, 46×–83×).
With 80% of the bases covered at 24-70× (average 43) for
tumor and 18-40× in the blood (average 28×). The WGS
data (Fig. 1a, n = 25) revealed a high mutation burden
(SNV/indels), with a median of 22 protein coding mutations
per megabase (Mb) (range, 0.1–298 mutations/Mb), consis-
tent with the levels we have observed in adult cutaneous
melanoma (Table 1).9 Supporting Information Table I The
only BRAF wild-type patient carried an NF1 mutation (mis-
sense, V2471A), however this is predicted to be a passenger
mutation by OncodriveMUT.22 One tumor (MELA_35619)
is noteworthy because it harbored >ten times the number of
coding mutations than the median of the cohort. The pri-
mary melanoma for this case was a thick (Breslow 9 mm),
highly mitotic (17 per mm2) nodular melanoma that arose
without an associated nevus on the forehead of a 25-year-
old male (Supporting Information Fig. 2B).

Frequent alterations to melanoma driver genes
BRAF was the most commonly mutated melanoma
oncogene,9 with mutations present in 96% of the AYA WGS
cases (24/25), 82% of which were p.V600E. Other BRAF
mutations were single cases with p.V600 K, p.V600D and p.
V600_K601delinsE mutations (Fig. 1a). TERT was the second
most commonly mutated gene, with promoter hotspot muta-
tions (−124,-137/138 and − 146) present in 80% of cases
(20/25). Several well characterized melanoma tumor suppres-
sor genes (TSGs) were also altered at high frequencies: PTEN
(36%), CDKN2A (24%), TP53 (24%) and RB1 (12%). Half of
the alterations to CDKN2A (3/6) and a third for PTEN (3/9)
resulted from loss of function structural rearrangements to
these critical TSGs (Fig. 1b). Additionally, when copy number
alterations were included, CDKN2A alterations were present
in 15/25 cases (2 with nonsense mutations, 10 with CNV loss
and 3 with a SV and CNV loss), PTEN alterations in 14/25
cases (6 point mutations, 3 SVs and 5 with CNV loss only)
(Figs. 1b and 1c).

Due to the extremely high rates of BRAF and PTEN muta-
tions in the WGS cohort, we sought to better estimate the
prevalence of mutations to these known melanoma driver
genes using targeted next-generation sequencing (NGS) of
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FFPE AYA samples and analysis of AYA patients within the
TCGA melanoma project (Supporting Information Fig. 1).18

This expanded prevalence analysis confirmed the rate of BRAF
mutations was extremely high; 84% (22/26), all of the mutated
cases were p.V600E mutant. The BRAF wild-type cases
include two NRAS p.Q61K mutant nevoid melanomas, both
of which arose in conjunction with a congenital nevus, in a
10-year-old and 19-year-old patient, respectively. The remain-
ing two cases contained a MAP2K1 mutation or NF1 mutation
(missense, p.G1597R) (Supporting Information Fig. 1). The
additional 20-year-old NF1 mutant case displayed a high

degree of solar elastosis in the normal skin adjacent to the pri-
mary melanoma despite the patient’s young age.

Chromosomal rearrangements in AYA melanoma
SVs were common in the AYA WGS cohort, with a median of
39 SVs per patient (range 3–391, Fig. 2a). The most common
SV events were intrachromosomal rearrangements (35%),
translocations (28%), inversions (11%) and deletions (11%),
accounting for the majority of all SVs (Fig. 2a). The cases that
harbored the highest number of SVs were MELA_35046
(n = 391), MELA_35619 (n = 271) and MELA_33493

Figure 1. Mutations (SNV/indel/SV) and copy number changes in selected melanoma genes. (a) Somatic coding mutation burden. (b)
Mutations in melanoma driver genes. (c) Copy number status in melanoma genes. Clinical data on the site of primary melanoma, age at
diagnosis (years), TERT promoter mutation status and MC1R genotypes displayed below.
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Figure 2. Structural rearrangements in AYA melanoma. (a) Structural rearrangement burden per a patient and colored by rearrangement
type. (b) Rainfall plots of the coding mutation (SNV/indels) in the three most highly rearranged tumors. Arrows indicate areas of localized
hypermutaion. (c) Circos plots displaying the three most highly rearranged genomes. The outer ring represents the chromosomes (chr 1 at
1 o’clock), the next ring displays copy number changes (red gain; blue loss), with the inner ring displaying rearrangement type and
location.
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(n = 200) (Fig. 2a); these samples contained localized hyper-
mutation regions. Due to congestion on the rainfall plots, only
coding mutations are depicted in Figure 2b. While these
tumors displayed highly rearranged genomes (Fig. 2c), similar
patterns were also present in adult melanomas.9 The specific
sites of SV commonly affected critical TSGs, with predicted
loss of function rearrangements affecting PTEN (n = 3), TP53
(n = 1), CDKN2A (n = 3) and EZH2 (n = 1) (Supporting
Information Table III and Supporting Information Fig. 3). In
the case of PTEN, these involved an intrachromosomal rear-
rangement (MELA_17734) and translocations from intergenic
(MELA_21061) and intragenic regions (LYST, MELA_32204,
and Supporting Information Fig. 3A). However, it should be
noted that for MELA_32204, matched RNA sequencing indi-
cated there was still evidence of PTEN expression. CDKN2A
SVs were all deletions involving the loss of exons 1 and
2 (MELA_29587 and MELA_Primary_5618 and
MELA_20666, Supporting Information Fig. 3B) and the TP53
loss was the result of an intergenic fusion (MELA_30671, Sup-
porting Information Fig. 3C).

Comparison of the mutational profiles of AYA and adult
melanomas
We next sought to compare the prevalence of mutations in
the melanoma driver genes in AYA melanomas to those of
older adults to highlight mutational profiles that are unique to
AYA patients. The data for the adult cohort was obtained
from our previous WGS study that used an identical sample
preparation, sequencing and bioinformatic processing meth-
odology.9 The mutation frequency (SNV/indel) of the major
melanoma driver genes significantly varied between AYA and
adult melanomas (Fig. 3a). BRAF mutations were significantly
more frequent in the AYA cohort (90%, 45/50) compared to
patients who developed melanoma at 40–65 years (55%,
28/51) and > 65 years (43%, 22/51) (FET test, Q < 1.27 ×
10−3 and Q < 1.57 × 10−5, respectively). NRAS mutations
were significantly less frequent in the AYA cohort (4%) com-
pared to 30–40 years (40%, 6/15), 40–65 years (37%)
and > 65 years (37%) (FET test, Q < 2.43 × 10−2, Q < 9.33 ×
10−4 and Q < 5.27 × 10−4, respectively). RASA2 and NF1
mutations were significantly higher in the >65 years (18% and
25%, respectively) cohort than the AYA patients (0% and 4%,
FET test, Q < 2.30 × 10−2 and Q < 2.52 × 10−2, respectively).
PTEN mutations were more frequent in the AYA (26%)
cohort than all other age groups (≤ 10%), however this did
not remain significant when multiple testing was taken into
consideration Supporting Information Table VIII.

Many studies have shown that melanoma mutation burden
increases with age of diagnosis, consistent with the cumulative
effect of UVR exposure.26 In contrast, our study of AYA cuta-
neous melanoma patients found only a weak correlation
between increasing age of diagnosis and total number of
SNV/indels across the tumor genome (rs = 0.29, p = 3.3 ×
10−4). Surprisingly, only the >65 year patients had a

significant difference in total mutations (SNV/indels) com-
pared to the AYA patients (One-way ANOVA = 3.95, p = 9.6
× 10−3) when patients were grouped by age of diagnosis
(AYA 66,662 mutations and > 65 years 117,895 mutations,
p = 2.5 × 10−2, Fig. 3c). However, the majority of the high
mutation burden tumors occurred in NRAS and NF1 mutated
melanomas, which were rare in AYA melanomas (Fig. 3b).
Therefore, we compared mutation burden across BRAF
mutant samples only. The analysis demonstrated similar total
mutation loads (One-way ANOVA = 0.67, p = 0.6) in tumors
from patients of different ages (median mutation burden
AYA = 63,940, 30–40 years = 71,543, 40–50 years = 71,308
and >65 years = 83,735, Fig. 3c). Similarly, there was no sig-
nificant correlation between age and total mutation burden
when the analysis was restricted to BRAF mutant melanomas
(rs = 0.109, p = 0.36). Therefore, the higher mutation burden
in melanomas of older adults may be driven by the molecular
subtypes of melanoma in older adults that are associated with
higher mutation burdens (e.g. NF1 mutant melanomas) than
by age of the patient per se (Fig. 3b). We performed a similar
analysis on SV counts, which also showed no association with
age of diagnosis, either as a correlation with age or in age
grouped mean comparison analysis (Fig. 3e).

We then compared the proportion of UVR-associated
mutation signatures in the melanomas across the various age
groups (mutation signatures 7a, 7b and 7c, Fig. 3f ). The pro-
portion of UVR-associated mutations varied between the age
groups (F = 6.754, p = 3.0 × 10−4), with lower proportions of
UVR signatures in AYA (mean (M) = 89%) compared to
30–40 years (M = 97%) and >65 years (M = 97%) under a
post hoc comparison using the Tukey HSD (p = 0.013 and
p = 2.0 × 10−4, respectively). However, this association did
not remain significant when the analysis was restricted to
BRAF mutated melanomas and therefore above association
maybe driven by mutation genotype rather than age of
diagnosis.

UVR and non-UVR-related mutation signatures in AYA
melanoma
The mutation signatures present in the somatic genomes of
the AYA were determined by profiling the type of nucleotide
substitution and their neighbors using previously described
algorithms.9,20 This analysis identified 12 COSMIC or previ-
ously described mutation, with an average of 90% that related
to UVR exposure (Figs. 3f and 4a).9,20,27 The UVR mutational
signature 7a (caused by 6–4 C > T photoproducts) contributed
the greatest proportion of the total mutation burden average
per patient 65%, 48–85%), followed by signature 7b (caused
by cyclobutane pyrimidine dimers, average 16%, 0–29%) and
signature 7c (indirect UVR effects, average 10%, 0–27%)
(Fig. 4a).

The most common non-UVR processes identified in the
AYA melanomas were the APOBEC signature 2 (average 2%,
0–8%) and the common cancer signature 5 (average 1.2%,
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Figure 3. Comparison of themutation landscape ofmelanoma corresponding to age of primary diagnosis. (a) Oncoplots displayingmutation rates of
melanoma genes grouped by age ofmelanoma diagnosis. The bottom color bar displays patients grouped by age of diagnosis and bold enlarged
frequencies indicate significantly (fisher test with adjusted p (FDR) < 0.05) different mutation frequencies between age groups (red higher frequency in
AYA; red higher frequency in older age groups compared to AYA). (b) Total mutation burden across the genome (SNV/indel; upper) and number of
structural rearrangements (SV; lower) per a patient. Bar graph is ordered by age of diagnosis and colors indicate themelanomamolecular subtype (BRAF,
RAS, NF1 and triple wild type). (c) Comparison of total SNV and indel mutation rates by age ofmelanoma diagnosis. * indicate significant different
between groups via one-way ANOVAwith post hoc Tukey HSD test (p= 0.025). (d) Comparison of total SNV and indel mutation rates by age ofmelanoma
diagnosis inBRAFmutatedmelanomas (No significant differences). (e) Comparison of rates of structural rearrangements by age ofmelanoma diagnosis
(No significant differences). (f) Contribution of UVR-relatedmutation signatures (Signatures 7a, 7b and 7c) to total mutation burden with age ofmelanoma
diagnosis. * indicate significant difference between groups via one-way ANOVAwith post hoc Tukey HSD test (*p= 0.013 and **p= 2× 10−4).
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0–17%). Signature 2 contributed the highest proportion of the
non-UVR-related processes and correlated significantly with
total SNV/indels and SVs (rs = 0.421, p = 0.036 and rs = 0.489,
p = 0.013, respectively). Signature 2 has previously been iden-
tified in adult cutaneous, mucosal and acral melanomas at
comparable proportions (1%, 4% and 7% respectively).9 Other
signatures that were detected included signature 8 (1.2%,
0–4%), signature 18 (0.7%, 0–12%) and signature 19 (0.76%,
0.8–5%), all of which are of unknown etiology, but have been
reported in breast cancer, medulloblastoma, neuroblastoma
and pilocytic astrocytoma.20 Interestingly, the latter three are
common pediatric cancers. We have previously identified sig-
natures 8 and 18 in adult melanomas, with higher proportions
in mucosal and acral melanomas than in cutaneous

melanomas.9 Additionally, non-UVR signatures contributed an
average of 10% (1–37%) to the total mutation burden, with
greater than 10% contributions in 11 of the 25 AYA patients
(Table 1). Supporting Information Table I Thus, while non-
UVR signatures are dwarfed by the proportion of UVR signa-
tures across the whole cohort, they may be significant in the
pathogenesis of melanoma in individual AYA patients (Fig. 4a).

Associations between mutation signatures and germline
variants in AYA melanoma
To gain insight into dysfunctions of DNA repair pathways
that could be linked with early onset melanoma, we investi-
gated possible somatic and germline sources of the non-UVR-
related mutagenic processes. Interestingly, analysis of the

Figure 4. Mutation signatures and germline variants in AYA melanoma. (a) Proportion of the overall mutation burden contributed by UVR-
related mutation signatures (7a, 7b and 7c) and non-UVR-related signatures. Twelve most representative signatures depicted, while
signatures with small contributes were grouped together as “Other.” (b) Heatmap of non-UVR-related mutation signatures with a scale of
0–20% of the overall mutation burden. (c) Oncoplot of germline variants in known melanoma susceptibility or DNA repair genes.
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germline variants in known melanoma susceptibility or DNA
repair genes revealed a potential association with the underly-
ing mutagenic process present in the somatic genomes in
some patients (Fig. 4). For example, MELA_32204 harbored
the highest proportion of non-UVR signatures (37%), which
is surprising as the melanoma arose on the patient’s forehead,
a typically chronically sun exposed site. Despite the 20 years
of age and systemic targeted therapy the tumor displayed
extremely aggressively clinical behavior and the patient died
of melanoma within 6 months of initial diagnosis.
MELA_32204 was the only patient in the cohort to harbor a
pathogenic germline variant in the melanoma susceptibility
gene CDKN2A (p.R24P, ClinVar ID 9415).28 The CDKN2A
variant had 42% allele frequency in blood DNA, 90% in the
tumor DNA and 100% in the tumor mRNA, indicating loss of
the wildtype allele in the tumor (Supporting Information Fig
3D). While p16(INK4a) immunohistochemical staining
revealed strong protein expression in the primary tumor, the
full-length protein has been shown to be dysfunctional.29

Therefore the CDKN2A variant could account for the high
contribution of non-UVR processes in the mutation burden of
this patient’s tumor.

Finally, MELA_35619 was also noteworthy as it contained
an extremely high number of point mutations, a high SV bur-
den, was BRAF wild type and NF1 mutant. Fifteen percent of
the mutation burden present in this patient was due to non-
UVR associated processes (Fig. 4a). This patient’s genome
contains kataegis events (genomic segments containing six or
more consecutive mutations with an average inter-mutation
distance of less than or equal to 1,000 bp23) and a somatic
TP53 mutation (Fig. 2b), both of which have been shown to
be associated with APOBEC-related signatures.27,30 The germ-
line variant identified in this patient is a variant in RAD50
(double strand break protein (p.D767N, ClinVar
RCV000131143.3). RAD50 protein is critical in the recogni-
tion and repair of DNA double-strand breaks.31

Discussion
Our study is the first detailed characterization of the com-
bined somatic mutations, mutagenic signatures and germline
variants present in the genomes of AYA melanoma patients.
The findings highlight, despite the young age of the patients,
the dominant role of UVR mutagenic processes in the patho-
genesis of AYA melanomas, particularly in the susceptibility
to dysfunctional repair of 6–4 photoproducts. Our data con-
firms the in vivo finding that UVR accelerates BRAF-driven
melanoma through the co-operation with mutations in TP53,
CDKN2A or PTEN in early-onset melanoma.33–36 Non-UVR-
related mutagenic processes are present in AYA melanomas
and include some evidence for dysfunctions in APOBEC-
related mutation processes and in mismatch repair pathways.

The majority of the melanomas in the study were conven-
tional superficial spreading or nodular melanomas, subtypes
known to harbor high rates of mutations in BRAF and PTEN

in AYA patients.11 Likewise, our study identified two NRAS
mutant cases that arose within congenital nevi, consistent with
the results of a previous study by Lu and collegues.11 Interest-
ingly, our study identified two NF1 mutant AYA melanomas,
genotypes not previously described in AYA melanoma and
which are rarely found in nevi.32,33 Both cases arose on high
UVR exposed sites, with the wide excision specimen of one
case displaying an extraordinarily high degree of solar elastosis
for such a young patient. Therefore, the unusual presence of
the somatic NF1 mutation, typically seen in much older sun-
damaged adults,34 could have arisen in these AYA through
increased sensitivity to UVR induced DNA damage.

We found significantly higher mutation rates in the BRAF
and PTEN genes in the AYA melanomas compared to older
adult melanomas.9 Our study only included AYA melanoma
patients that had a history of melanoma metastases and all
the TCGA AYA cases had a history of melanoma dissemina-
tion. Therefore, the high PTEN mutation rate maybe a result
of the relatively advanced stage of disease of our patient
cohort. Nevertheless, PTEN is highly mutated in the nevi
(51%) and melanomas (61%) of photosensitive, xeroderma
pigmentosum patients, a germline condition commonly asso-
ciated with early onset melanoma.35 Loss of PTEN results in
increased signalling through the PI3K pathway, which enables
the transformation of a nevus to a melanoma36 and confers
resistance to both small molecule BRAF inhibitors and anti-
PD-1-based immunotherapies.37,38 Therefore, our study fur-
ther highlights these somatic mutations as key drivers in early
onset melanomas and will have clinical impact in the thera-
peutic implications for the management of AYA melanoma
patients. Thus, understanding the selective pressures that
enable these mutations to occur would aid our understanding
of the development and treatment of AYA melanoma.

Our study also confirms that UVR is a major mutagenic
factor in AYA cutaneous melanomas. All the cases included in
our study arose in cutaneous skin or from occult primary mel-
anomas, a subtype we have previously shown to be of cutane-
ous origin.9,24 Therefore, the site of primary melanoma
remains the major determinant of mutagenic processes, even
in the context of AYA melanomas. Our previous WGS study
further subdivided the UVR mutation signatures into three
UVR-related mutagenic processes that relate to specific
photoproducts,9 finding that the vast majority of the muta-
tions fit with mutation signature 7a, which represents the
repair of 6–4 photoproducts,9,39 with smaller contributions
from signature 7b (cyclobutane pyrimidine dimers) and signa-
ture 7c (indirect UVR damage).9 While similar profiles are
common in adult melanomas, a proportion of adult BRAF or
NRAS mutant melanomas are dominated by signature 7b and
signature 7c,9 which was not observed in the AYA melano-
mas.9 Hence, AYA melanoma patients may be particularly
susceptible to repair of 6–4 photoproducts. In vitro studies
have shown that 6–4 photoproducts are primarily induced
through UVB exposure,40–43 which are typically repaired by
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the nucleotide excision repair (NER) pathway. NER is defi-
cient in many melanomas through mutation or loss of expres-
sion in critical NER genes.43,44 We have identified germline
variants in NER genes ERCC2 and ERCC4 in the AYA cohort,
which are either not listed in ClinVar or have an uncertain
significance, hence at this juncture there is no clear link
between carriage of these variants and the observed deficiency
in DNA repair. Moreover, many other AYA patients did not
contain germline or somatic variants in the NER pathway and
therefore other mechanisms may be at play. Nevertheless, it
appears clear that AYA melanoma patients are sensitive to
defective repair of 6–4 photoproducts, understanding the
causes of which could aid in melanoma prevention.

Recent large pan-cancer genomic studies have identified
germline variants that predispose patients to specific somatic
mutations. For example, specific germline variants in GNA11/
STK11 apply a selective pressure for somatic PTEN muta-
tions.45 This does not seem to be the case in the AYA melano-
mas, as none of the AYA cases harbored germline variants in
these genes. While another study has linked specific muta-
genic consequences of germline variants to the somatic muta-
tion signatures, such as, BRCA1/2 with signature 3 (DNA
double strand breaks) and APOBEC3A/3B germline variants
with APOBEC specific somatic mutation signatures.46 Inter-
estingly, our study identified APOBEC mutational signatures
as the main non-UVR-related mutagenic process at work in
AYA melanomas, without any germline variants to the afore-
mentioned genes. However, the study identified a germline
RAD50 variation in the NF1 mutated case (MELA_35619), of
which APOBEC was the greatest non-UVR contributing
mutagenic process in this patient’s melanoma. Germline vari-
ants in RAD50 are associated with an increased risk of devel-
oping breast cancer through chromosomal rearrangements.47

Additionally, somatic mutations in RAD50 are associated with
increased mutation burden across multiple cancers.48 RAD50
is a critical component in the repair of DNA double strand
breaks and repair of UVR induced DNA damage,49 with

defective repair of double strand breaks resulting in a muta-
tion signature that resembles APOBEC activity.50 Therefore,
the RAD50 variant present in MELA_35619 may be responsi-
ble for the extremely high mutation burden and high SV bur-
den seen in this patient.48 Likewise, the APOBEC signature
present in MELA_35619 could have resulted from the kataegis
events,20 due to defective repair of double-strand breaks as a
result of the germline RAD50 variant. While our study is lim-
ited in sample size due to rarity of AYA melanoma, these
results indicate that larger whole genome studies that include
AYAs in combined analyses to decipher the links between
specific germline variants and mutation fingerprints in the
somatic genomes are warranted.

While these cases lack evidence that directly links germline
variants to the somatic mutation processes, they provide inter-
esting insight into the biology of these AYA melanomas. Stud-
ies on larger numbers of AYA patients will be needed to
understand these patterns and how they relate to the pathogen-
esis of early onset melanoma. In conclusion, despite their young
age of onset, AYA cutaneous melanomas resemble adult mela-
nomas in mutation burden, commonly mutated genes and
major mutation processes. However, AYA melanomas have rel-
atively uniform mutation profiles of BRAF, PTEN, CDKN2A
and TP53 mutations, which along with UVR exposure, contrib-
ute to AYA melanoma development. Non-UVR mutation pro-
cesses are identifiable in AYA melanomas and could be used to
investigate dysfunctional DNA maintenance that conferred the
susceptibility of the AYA patients to melanoma.
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