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Abstract
Melanoma is a heterogenous malignancy with an unpredictable clinical course. Most patients who present in the
clinic are diagnosed with primary melanoma, yet large-scale sequencing efforts have focused primarily on metastatic
disease. In this study we sequence-profiled 524 American Joint Committee on Cancer Stage I–III primary tumours.
Our analysis of these data reveals recurrent driver mutations, mutually exclusive genetic interactions, where two
genes were never or rarely co-mutated, and an absence of co-occurring genetic events. Further, we intersected copy
number calls from our primary melanoma data with whole-genome CRISPR screening data to identify the transcription
factor interferon regulatory factor 4 (IRF4) as a melanoma-associated dependency.
© 2022 The Authors. The Journal of Pathology published by JohnWiley & Sons Ltd on behalf of The Pathological Society of Great Britain
and Ireland.

Keywords: melanoma; gene essentiality; genetic epistasis; genomic landscape; CRISPR screening; interferon regulatory factor 4 (IRF4);
genome sequencing; somatic mutation; driver genes; primary cancer

Received 2 July 2022; Revised 2 September 2022; Accepted 28 September 2022

No conflicts of interest were declared.

Introduction

Melanoma remains one of the most curable malignan-
cies when diagnosed at early stages yet is difficult to treat
in patients who develop metastases. In European-
descent populations, the most common type is non-acral
cutaneous melanoma, which can be further subdivided
into superficial spreading, nodular and lentigo maligna
melanoma [1,2]. These melanoma subtypes are causally
related to ultraviolet (UV) light exposure since a history
of sunburn and accumulative UV damage has been
linked to disease development [3]. Individuals at
increased risk of melanoma include those carrying
germline alleles of common genetic variants of
pigment-related genes such as MC1R [4–6], whereas
high penetrance variants affecting genes such as those

that regulate telomere length and stability (TERT,
POT1) and cell cycle control/senescence (CDKN2A,
CDK4) have also been implicated [7–11]. Another
subtype of cutaneous melanoma that is not associated
with UV light exposure is acral melanoma, which forms
on non-hair-bearing (glabrous) skin such as the palms of
the hands and soles of the feet and is proportionally more
common in people of Latin American, Asian and Afri-
can descent [12,13]. Melanomas forming on mucosal
surfaces, such as the wet mucosa of the oral cavity or
anogenital tract, are infrequently observed but are a fur-
ther subtype notable for their late diagnosis and poor
prognosis [14]. Notably, large-scale efforts to sequence
cutaneous melanomas from sun-exposed sites have
defined a somatic landscape that is replete with UV-
associated C-to-T mutations, whereas rarer melanoma
subtypes, such as acral and mucosal melanoma, appear
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to carry fewer single nucleotide variants but have
genomes that show extensive copy number gains and
losses [15–17]. Thus, both germline and somatic vari-
ants can influence melanoma incidence and presentation,
as well as the somatic genetic landscape of the disease.

The aforementioned sequencing efforts have revealed
many of the key driver mutations that promote tumour
development. For example, it is well established that
activation of the mitogen-activated protein kinase
(MAPK) pathway is critical for melanoma development,
with the mutation of genes such as BRAF, NRAS and
NF1 defining around three-quarters of non-acral cutane-
ous melanoma cases [17]. Somatic alterations affecting
genes such as CDKN2A, regulators of cell growth such
as genes in the PI3-kinase pathway (PTEN) and telomere
maintenance genes (TERT), are also frequently
observed. Intriguingly, although some of these core
pathways are also altered in acral and mucosal mela-
noma, this may be via different constellations of driver
genes and genetic events [16,18], again distinguishing
the different subtypes of melanoma as different diseases.

The eighth edition of the American Joint Committee on
Cancer (AJCC) guidelines for melanoma classifies the dis-
ease into prognostic stages ranging from I to IV, with asso-
ciated substages ranging from A to D, based on tumour
thickness, level of ulceration and presence/absence of
metastasis [19,20]. Most patients presenting with Stage I
or II disease are cured surgically with no further treatment
required. A subset of these patients, however, will relapse
with metastases. Importantly, we are currently unable to
identify those patients at greatest risk of relapse and, thus,
those individuals who may benefit from adjuvant or neo-
adjuvant therapies earlier in the disease course.

Notably, as mentioned earlier, large-scale sequencing
efforts of melanoma have revolutionized our understand-
ing of the disease, yet few primary melanomas have been
analysed. Primary melanomas, particularly those from
thin Stage I cases, may be less than 1 mm thick. There-
fore, the analysis of these lesions has historically been
technically challenging. In this study, we analyse 524 pri-
mary melanoma cases and present a comprehensive eval-
uation of the somatic alterations found in this disease so as
to define the genetic landscape of melanoma at its earliest
stages. We reveal a heterogenous tumour architecture
alongside the discovery of novel candidate driver genes,
new hotspot mutations and promoter variants, as well as
mutually exclusive genetic interactions, that help refine
our understanding of disease development.

Materials and methods

Human ethics statement
The LeedsMelanoma Cohort (LMC) Study is a prospec-
tive cohort recruited from a geographically defined area
of the UK in the period 2000–2012, Research Ethics
Committee (REC) Reference No. 01/3/057 [21] and
NIHR/CPMS ID – 15064 (Central Portfolio Management
System). Recruitment was on average 5 months after

diagnosis [22]. Informed consent was obtained from all
subjects, and the experiments conformed to the principles
set out in the World Medical Association Declaration of
Helsinki and the Department of Health and Human Ser-
vices Belmont Report. Genetic analysis was further
approved by the Human Ethics Committee of the
Wellcome Sanger Institute.

Samples and DNA extraction
Formalin-fixed, paraffin-embedded (FFPE) tumour blocks
were sampled horizontally using a 0.6-mmmicroarray nee-
dle from the invasive tumour. The sample site was selected
by a single observer to consistently collect material from
the least inflamed, least necrotic area of the tumour, as pre-
viously described by Nsengimana et al. [23]. Cores were
processed to extract DNA using the Qiagen AllPrep
DNA/RNA FFPE kit (Qiagen, Hilden, Germany).
Germline DNA was extracted from peripheral blood using
the Nucleon2 kit (Cytiva, Marlborough, MA, USA).
Table 1 provides a summary of the clinical characteristics
of the patients/samples that were sequenced as part of this
study. Missing values were excluded from this output.

Classification of tumours
We classified tumours as non-acral cutaneous, acral,
mucosal or rare sites, which included ano-uro-genital
cases, such as those arising on vulval, vaginal, anal and
penile locations but not defined as being of mucosal
origin (supplementary material, Table S1). Superficial
spreading, nodular and lentigo maligna subtypes of
melanoma were grouped together.

Sequencing and mutation calling
Targeted capture was performed with Agilent (Santa
Clara, CA, USA) SureSelectXT probes using a custom
design (supplementary material, Table S2). These baits
captured 6.173 MB of genomic sequence (ELID:
S3065404). The genes covered by baits in this design
included established melanoma and solid tumour driver
genes, including clinically actionable genes [17,24],
and the promoter region of several genes previously
found to be mutated in melanoma, including DPH3,
TERT, NDUF89, SDHD and NFKBIE [25]. Designs
covered all exons of driver genes. Full details are pro-
vided in the first authors’ published thesis [26]. Sequencing
was performed using the Illumina (San Diego, CA, USA)
HiSeq4000 platform using 75 bp paired reads. Reads
were mapped to the human reference genome assem-
bly GRCh37d5 using BWA-mem version 2.0.72
[27]. Somatic mutation calling was performed using
CaVEman version 1.11.2 [28] and Pindel version
2.2.2 [29]. For 59 tumours there was no matched nor-
mal, so one normal sample (PD36169b) was selected
as the matched normal sample for the somatic variant
calling of these samples. This sample was selected as
a high-depth/high-quality germline control. The
Exome Aggregation Consortium (ExAC) release 0.3
was used to filter out known polymorphic variants at
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a population frequency of <0.001 [30]. Variant calls
generated for BRAF V600E, NRAS codon 61 and
codon 12/13 as part of routine clinical work-up were
highly concordant with our mutation calls at a ratio
of 96.5, 97.4 and 100% respectively (supplementary
material, Figure S1).

Identification of driver genes and genetic
interactions
Non-synonymous SNV and indels were analysed using
dNdScv version 0.0.0.9 [31] to identify primary mela-
noma driver genes [false discovery rate (FDR)-adjusted
P value below 0.05]. The R package DISCOVER ver-
sion 0.9.2 [32] was used to identify co-occurring and
mutually exclusive interactions. Pairwise tests were
performed between all genes with an alteration fre-
quency above 5% (n ≥ 26). Only known hotspot variants
in BRAF, NRAS and TERT were considered. A 5% FDR
threshold was applied, and gene pairs were excluded

prior to analysis if co-occurring mutations were found
in ≥15% of tumours.

RT-PCR analysis of melanoma cell lines
To explore the expression of Transmembrane Phosphoi-
nositide 3-Phosphatase And Tensin Homolog
2 (TPTE2) in melanoma cell lines, we performed RT-
PCR (supplementary material, Figure S2). This analysis
used the primers TPTE2_FWD: TGGTTTGTGCCC
TCCTTATTGCC and TPTE2_REV: TCACATCATC
ATACAGAGGTGGACCG. QuantiTect RT Kit
(Qiagen, Hilden, Germany) and AccuStart II PCR
reagents (Quantabio, Beverly, MA, USA) were used with
amplification involving 35 cycles (94 �C for 10 s, 62 �C
for 15 s and 72 �C for 1 min).

DNA somatic copy number alteration calling
Copy number calls were generated using ASCAT [33].
Only matched tumour-normal pairs with mutation data

Table 1. Clinical characteristics of participants in Leeds melanoma cohort [21], whose primary tumours were sequenced as part of this
project.

Overall (n = 524) Alive (n = 351) Death

Melanoma (n = 141) Non-melanoma (n = 32)

Sex
Female 263 (50%) 193 (55%) 59 (42%) 11 (34%)
Male 261 (50%) 158 (45%) 82 (58%) 21 (66%)

Age (years)
Mean (SD) 57 (12) 55 (12) 60 (12) 66 (8.1)

AJCC stage*
I 167 (32%) 133 (38%) 25 (18%) 9 (28%)
II 253 (48%) 168 (48%) 67 (48%) 18 (56%)
III 97 (19%) 47 (13%) 46 (33%) 4 (12%)

Breslow thickness* (mm)
Mean (SD) 3.0 (2.4) 2.6 (1.9) 4.1 (3.2) 3.3 (2.5)

Ulceration*
No 289 (55%) 215 (61%) 61 (43%) 13 (41%)
Yes 169 (32%) 89 (25%) 67 (48%) 13 (41%)

Mitotic rate* (mitoses/ per mm2)
<1 66 (13%) 52 (15%) 11 (8%) 3 (9%)
≥1 402 (77%) 264 (75%) 116 (82%) 22 (69%)

Tumour-infiltrating lymphocytes*
Absent 83 (16%) 57 (16%) 24 (17%) 2 (6%)
Yes (Unclassified) 47 (9%) 36 (10%) 6 (4%) 5 (16%)
Non-brisk 215 (41%) 132 (38%) 72 (51%) 11 (34%)
Brisk 77 (15%) 61 (17%) 13 (9%) 3 (9%)

Mutational subtype†

BRAF 205 (39%) 138 (39%) 57 (40%) 10 (31%)
NRAS 148 (28%) 97 (28%) 38 (27%) 13 (41%)
NF1 32 (6%) 22 (6%) 8 (6%) 2 (6%)
WT 139 (27%) 94 (27%) 38 (27%) 7 (22%)

Mutation load‡

Mean (SD) 5.1 (7.2) 5.2 (6.7) 4.5 (7.6) 6.9 (10)
Relapse

No 333 (64%) 304 (87%) 0 (0%) 29 (91%)
Yes 191 (36%) 47 (13%) 141 (100%) 3 (9%)

Immunotherapy
No 507 (97%) 346 (99%) 129 (91%) 32 (100%)
Yes 17 (3%) 5 (1%) 12 (9%) 0 (0%)

*Missing values were excluded from table output except in column %.
†NRAS codons 12, 13 and 61 and BRAF exon 15 somatic mutations are shown along with mutations inNF1. These data were derived from the panel sequencing performed
as part of this study.
‡Mutation load is defined as the number of nonsynonymous mutations per megabase (MB) of genomic space sequenced.

58 S Birkeälv et al

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

J Pathol 2023; 259: 56–68
www.thejournalofpathology.com

 10969896, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/path.6019 by T

est, W
iley O

nline L
ibrary on [09/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.pathsoc.org
http://www.thejournalofpathology.com


were analysed. The mean tumour purity was 69%, and
tumours estimated to be 100% pure were removed due
to poor model fitting. A total of 401 tumour samples
passed all filters. High-level amplifications were classi-
fied as those with a total copy number ≥5 for diploid
samples and ≥9 for tetraploid samples. Copy number
events at the gene level were set using a strict filter: Only
in cases where the whole gene was affected by the
change was the event assigned to that gene.

Gene dependency analysis
CRISPR genetic dependency data were downloaded
from the Dependency Map (DepMap) portal [34] and
reprocessed in-house using CRISPRcleanR [35] and
BAGELR to generate BAGEL lethality significance
scores [35,36]. These scores were binarized whereby
positive BAGEL scores were assigned a score of 1 and
negative BAGEL scores a score of 0. A Fisher’s exact
test was then used to test, on a gene-by-gene basis, the
proportional frequency of lethality events among skin
cancer cell lines compared to cell lines of all other tissue
origins. Finally, the P values were adjusted for multiple
testing using the FDR method. The analysis was identi-
cal to that described in Christodoulou et al. [37], except
that we used data on all 29 melanoma cell lines released
by the Broad Institute [34].

Validation of interferon regulatory factor
4 dependency
Two cell lines defined as lethal by CRISPR screening
(RVH421 and WM1799) and two non-lethal (WM983B
and HT144) melanoma cell lines were transfected with
siRNAs. These siRNAs were ON-TARGETplus
SMARTpools (Dharmacon, Lafayette, CO, USA) designed
against interferon regulatory factor 4 (IRF4), ERH (positive
control/essential gene) or with a non-targeting pool (nega-
tive control) according to the manufacturer’s instructions.
Cells were retransfected after 3 or 6 days and harvested
for analysis after 10 days. Cells were stained with Annexin
V-PE (Biolegend, San Diego, CA, USA) and DAPI
(Sigma-Aldrich, St. Louis,MO,USA) and analysed byflow
cytometry using a BD Fortessa II and FlowJo version
10 (Becton Dickinson, Franklin Lakes, NJ, USA). Success-
ful gene knock-downwas confirmed by western blot analy-
sis using an IRF4 antibody (Cell Signaling Technology,
Danvers,MA,USA).GAPDH (Cell Signaling Technology,
clone 14C10) or vinculin (Sigma-Aldrich, clone V284)
were used as loading controls. Cells were also analysed
for c-MYC protein expression using antibody clone Y69
(Abcam, Cambridge, UK).

Results

Somatic nucleotide landscape of primary melanoma
We designed capture probes to sequence established
cancer genes and genes implicated in melanoma devel-
opment, as well as promoter regions. As part of this

experiment, we also captured genomic regions to study
copy number changes, genes implicated in the immune
regulation of cancer and a collection of melanoma pre-
disposition genes (supplementary material, Table S2).
Our sample collection included 480 non-acral cutaneous
melanomas from sun-exposed sites; 468 were sampled
from the primary lesion, and 12 were sampled as nodal
metastases where the primary lesion was unknown. A
further seven mucosal, 24 acral and 13 cases of mela-
noma from rare sites, which were mainly tumours asso-
ciated with the ano-uro-genital tract, were sequenced as
a comparator (supplementary material, Table S1). All
cases were derived from the LMC [21]. We sequenced
both tumour and germline/blood DNA, and after dupli-
cate removal, 76.3 and 89.6% of the targeted exome
were covered at >30� respectively. For 465 cases we
were able to generate paired tumour/germline sequence
data. The 59 tumours without matched germline data
were analysed as described in Materials and methods.
After somatic variant calling, analysis revealed an aver-
age nonsynonymous mutation load of five mutations
per megabase (MB) (SNVs and indels; range 0 to
72 mutations/MB) (see Materials and methods and
supplementary material, Table S3–S5). A high propor-
tion of C > T base changes were found in almost all
samples, the exception being acral and mucosal cases,
as expected (Figure 1A) [16]. As reported previously,
there was a statistically significant difference in the
mutational load between cutaneous and other melanoma
types (Kruskal–Wallis test; P < 0.001).

Analysis of primary melanoma driver genes
Fifteen positively selected driver genes (FDR-adjusted
P value <0.05) were identified using dNdSCv
(Figure 1B) [31], including the well-established drivers
BRAF, NRAS, TP53 and CDKN2A. We also identified
FAM58A, RQCD1 andMSR1, which have recently been
proposed as drivers [38–40] but were identified here a
priori due to our large sample size and statistical power.
Of note, our analysis also identified TPTE
(Transmembrane Phosphatase With Tensin Homology),
which has not been described as being associated with
melanoma development previously but was identified
in a pan-cancer analysis of TCGA data [41] and further
described as a driver using a machine-learning approach
of variants in genes from non-unique regions of the
genome [42]. TPTE is poorly expressed in normal tissue,
with expression mainly confined to the testis; however,
expression in melanomas and other cancers has been
reported [43–46]. Notably, multiple copies of TPTE
pseudogenes appear to be localized to other chromo-
somes, including 13 and 22 [47], a feature known to
potentially confound somatic variant detection, although
TPTE genes were reported to be highly mutated in a
recent pan-cancer analysis that used long read technol-
ogy for mutation confirmation [42]. The TPTE protein
contains a PTENC2 domain, and the mutations of PTEN
and TPTE/TPTE2 appear to be mutually exclusive
(supplementary material, Figure S2). Intriguingly, despite

The functional genomic landscape of primary melanoma 59

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

J Pathol 2023; 259: 56–68
www.thejournalofpathology.com

 10969896, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/path.6019 by T

est, W
iley O

nline L
ibrary on [09/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.pathsoc.org
http://www.thejournalofpathology.com


their poor expression at the mRNA level, TPTE2 protein
has been detected at the protein level in melanoma cell
lines by western blotting, and TPTE and TPTE2 have
been scored as essential in melanoma cell lines by
CRISPR screening [48], suggesting that they have a
functional role in melanoma. Further, RT-PCR revealed
that TPTE2 is expressed in two-thirds of the melanoma
cell lines tested (supplementary material, Figure S2).

Coding and promoter hotspot mutations
The most frequently mutated positions in our cohort of
524 primary melanomas included nucleotides in well-
known driver genes such as BRAF, NRAS and TERT
(Figure 2A), and a similar frequency of RQCD1
p.P131L mutations has been described in another pri-
mary melanoma cohort [39]. Hotspot mutations in
RQCD1, RAC1 and IDH1 were primarily in non-acral

cutaneous melanomas. Similarly, the genes PTEN,
RAC1, RB1, DDX3X and PPP6C were not mutated in
acral or mucosal cases (Figure 2B), although fewer of
these cases were sequenced as part of our cohort.

Notably, mucosal melanomas completely lacked
BRAF hotspot mutations, and interestingly, no TP53
mutations were found in acral melanomas. As previously
described, hotspot mutations in BRAF and NRAS were
mutually exclusive, with BRAF V600E mutations more
frequently found in tumours arising on the trunk com-
pared to the head (logistic regression, P value = 0.001,
OR = 3.2) and in younger patients (logistic regression,
P value = 0.003, OR = 0.98). Although tumours with
BRAF V600K mutations showed a slightly higher muta-
tional load compared to BRAF V600E tumours (logistic
regression, P value = 0.0007, OR = 1.02), when com-
pared to the BRAF wild-type tumours, BRAF V600K
tumours did not have significantly more somatic

Figure 1. Summary of coding single nucleotide variants (SNVs) and driver genes in human primary melanoma (n = 524). (A) Overview of cod-
ing SNVs in primary melanoma. Top panel shows the number of exonic mutations in the capture regions and the distribution of variant con-
sequences. Bottom panel shows the proportion of each base-change type across the sample collection. (B) Primary melanoma driver genes
identified using the algorithm DNdScv [31] and their respective alteration rate in the tumour collection.
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mutations (logistic regression, P value = 0.93,
OR = 1.00) (supplementary material, Figure S3A).

We next explored non-coding mutations where we
noted a recurrent hotspot mutation in the promoter of
theAT-hook containing transcription factor 1 (AHCTF1)

(GRCh37 chr1: 247095271) affecting 2% of melanomas
(Figure 2A). This mutation may alter a highly conserved
GABPA transcription factor binding site and is located
in the UV-damage-associated sequence CTTCCG
[49,50], suggesting that it represents a position vulnerable

Figure 2. Mutational landscape of human primary melanoma (n = 524). (A) The most frequently mutated single nucleotide positions (exonic and
promoter region). (B) Overview of the genetic landscape showing mutation load, non-synonymous mutations in candidate driver genes, promoter
mutations and copy number alterations. For SNVs, where there were multiple mutations in a gene in a case, the most pathogenic was plotted.

The functional genomic landscape of primary melanoma 61
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to UV mutation. In the same way, recurrently mutated
sites in the promoters of DPH3, SDHD, NFKBIE,
NDUFB9 and MRPS31 (supplementary material,
Figure S3B) were identified. These sites were previously
reported as mutated in melanoma and carry the CTTCCG
motif, which has been described as a binding site for ETS
transcription factors [49]. Using data from the 507 immu-
notherapy-naïve patients we were unable to find a signif-
icant association between mutational load and patient
outcome (supplementary material, Figure S3C), a result
in keeping with a recent discussion on the complexities
of using tumour mutation burden as an immunotherapy
response biomarker [51].
As discussed in what follows, we also successfully

analysed the genome of 401 cases for copy number alter-
ations, revealing that all cases with TERT promoter
hotspot mutations (n = 180) were mutually exclusive
from high-level amplifications of TERT (n = 15), except
for a single high-mutation-load tumour (supplementary
material, Figure S3D).

Landscape of genetic interactions in primary
melanoma
Since multiple genetic events are thought necessary to
drive tumorigenesis, we used DISCOVER [32] to com-
pute the presence of co-occurring and mutually exclu-
sive genetic interactions. This analysis revealed eight
mutually exclusive gene pairs (FDR-adjusted P value
<0.05) (Figure 3A) but no co-operating (synergistic)
pairs of genes. Six genes had mutual exclusivity with
BRAF, including the key driver genes NRAS and NF1,
a pattern reflective of their complementary roles in acti-
vating the MAPK pathway. In the same way, TLR4 and
EGFR are both thought able to regulate the MAPK path-
way [52,53] and were also mutually exclusive with the
mutation of BRAF. Notably, in colorectal cancer, BRAF
inhibitors show limited efficacy, potentially due to the
feedback activation of EGFR [54], whereas ectopic
expression of EGFR in melanoma cells has been shown
to elicit resistance to BRAF inhibitors [55] (supplementary
material, Figure S4A).
Another mutually exclusive gene pair in our collec-

tion was CDKN2A and PRDM2. Although a similar
trend was observed in samples from the TCGA SKCM
cohort (ICGC release 28; 468 cases), this gene pair was
not statistically significantly mutually exclusive
because three samples in this collection had co-
occurring mutations. Since the TCGA SKCM dataset
was smaller than our study, the DISCOVER analysis
of the TCGA cohort had less power. PRDM2 is a his-
tone/protein methyltransferase that is capable of bind-
ing to the retinoblastoma protein [56], a binding
partner that it shares with CDKN2A. Notably, genetic
alterations of PRDM2 were largely mutually exclusive
from alterations of downstream components of the
CDKN2A pathway (Figure 3B). Collectively, these
findings suggest a possible role for PRDM2 in pro-
cesses related to CDKN2A, an observation that should
be explored/validated functionally.

Somatic copy number alterations in primary melanoma

Copy number data were generated using ASCAT [33]
for 401 samples, where sequence coverage and data
quality were sufficient (Figure 2B, see Materials and
methods). Frequently amplified regions included chro-
mosomes 1q, 6p, 7 and 8q, whereas chromosomes 6q,
9 and 10 were more commonly deleted (Figure 4A and
supplementary material, Table S6). We compared the
copy number profiles of our primary melanomas to the
TCGA melanoma cohort (TCGA SKCM) [17] and
found remarkably similar profiles (Figure 4B),
suggesting these genetic events manifest at an early
stage of tumour development. Amplification of chromo-
somes 1q, 6p and 8q was particularly pronounced in
mucosal and, to some extent, acral melanoma samples
(supplementary material, Figure S4B). We observed that
some driver genes were more often targeted by muta-
tions in non-acral cutaneous melanomas, whereas the
same genes in acral and mucosal melanoma were more
often altered by copy number events (supplementary
material, Figure S4C).

At the gene level, CCND1 was the most common
high-level amplification, found in 20 samples (5% of
all melanomas) (Figure 2B). Amplifications targeting
MYC on chromosome 8q were found in 10 samples
(2%), being more frequent in acral (three samples,
15%), mucosal (three samples, 50%) and rare (one sam-
ple, 11%) subtypes compared to non-acral cutaneous
tumours (three samples, <1%). TERT was found ampli-
fied in 15 samples (4%), and IRF4, located on chromo-
some 6p, was amplified in 11 (3%) samples. Deletion
of CDKN2A was the most common copy number event
in primary melanoma: 63% of samples showed copy
number losses affecting CDKN2A, with 13% showing
homozygous deletions across the entire gene.

Essentiality of primary melanoma drivers
We next used Broad DepMap data where CRISPR-Cas9
screening had been used to identify essential genes in
342 cancer cell lines, 29 of which were melanoma lines.
Following correction for copy number–associated arte-
facts using CRISPRCleanR [35], analysis of these data
revealed 35 genes as selectively more likely to be essen-
tial in melanoma cell lines versus the other 313 tumour
cell lines derived from 22 other tissue types. By
intersecting these 35 genes with those genes in amplified
regions of the melanoma genome, reasoning that these
regions may contain oncogenes selected for during
tumour evolution, we identified eight genes whose
amplification appeared to create a melanoma-specific
vulnerability (Fisher’s exact test, FDR-adjusted P value
<0.01). Among these eight genes were important mela-
noma genes such as BRAF, MITF, MDM2 and SOX10
(Figure 4C,D). Notably, we also found IRF4, located in
a highly amplified region of chromosome 6p, to be
essential in cell lines that expressed high levels of the
gene (Figure 4A–G). These tumours were targeted by a
mixture of broad and focal amplifications (Figure 4E).
Additionally, we found increased expression of IRF4
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in melanoma tumours compared to non-cancerous tis-
sues from a range of tissue sites (Figure 4F), suggesting
IRF4 amplification could play a role in melanoma devel-
opment. Other cancers, such as multiple myeloma, have
been shown to be dependent on IRF4, and in this context
depletion of IRF4 or treatment with an IRF4 inhibitor
has been shown to induce lethality [58]. We therefore
hypothesize that some melanoma cells may upregulate
IRF4 and develop a dependency on this transcription
factor such that it may represent a vulnerability that
could be exploited therapeutically. We next validated

the requirement of melanoma cells for IRF4 using the
orthogonal technology of siRNA knockdown and flow
cytometry to assess viability. Analysis in this way
revealed, as observed with CRISPR, that depletion of
IRF4 results in reduced cancer cell fitness associated
with cell death and apoptosis (Figure 5A and supplemen-
tary material Figure S5). Notably, these phenotypes
appeared independent of changes in MYC protein
expression (Figure 5B), an established downstream tar-
get of IRF4, suggesting MYC-independent or a pleiotro-
pic role for IRF4 in melanoma cell survival.

Figure 3.Mutually exclusive genetic interactions in human primary melanoma. (A) Gene pairs displaying a mutually exclusive alteration pat-
tern. Samples with mutations in one gene in the pair are shown in red, the other gene in yellow, and samples with mutations in both genes are
shown in orange. P values were calculated using the DISCOVER algorithm [32]. (B) Genetic alterations targeting important components of the
CDKN2A (p16INK4A)-associated regulatory pathway, including the newly discovered CDKN2A-mutually exclusive gene PRDM2.
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Discussion

In this study, we profiled the genomic landscape of pri-
mary melanomas as a complement to previous large-
scale efforts that primarily focused onmetastatic disease.

Understanding primary melanoma is critically important
for clinical practice because the vast majority of patients
present at this stage and understanding the aetiology of
these cancers may help identify those patients who
would benefit most from adjuvant therapies. Our

Figure 4 Legend on next page.
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Figure 4. Whole genome copy number landscape and gene essentiality analysis. An overview of copy number alterations for (A) the human
primary melanomas (Leeds melanoma cohort) [21] and (B) the TCGA SKCM dataset [17]. All segments with a copy number differing more than
0.6 from the sample average were used to generate the figures. Red illustrates gains and blue losses. (C) CRISPR lethality scores (higher scores
correspond to a larger reduction in cell viability when the specific gene is silenced) of eight genes associated with lethality/reduced cellular
fitness in skin cancer cell lines (Fisher’s exact test, p-adj < 0.01) versus all other cell lines in the Broad DepMap collection [34]. These data and
the analysis approach used were described in detail in Christodoulou et al. [37]. Red indicates a negative effect of CRISPR on cancer cell line
fitness. Note that grey does not indicate an effect on cell fitness because the Bayes algorithm used is not configured to identify effects that
enhance cell growth (see Materials and methods). (D) Amplified regions in the TCGA SKCM cohort overlaid with the genomic location of the
eight genes associated with lethality in skin cancer cell lines. (E) 25-Mb regions of high-level amplifications of chromosome 6, shown for all
IRF4-amplified samples. The location of IRF4 is shown in grey. (F) Expression of IRF4 in the Rahman et al. [57], reprocessed TCGA expression
dataset. (G) Correlation between IRF4 expression and cell line CRISPR lethality scores.

Figure 5. Validation of the essentiality of IRF4 in melanoma cell lines. (A) siRNA-mediated knockdown of IRF4. WM1799 and RVH421 are cell
lines identified by CRISPR screening as being sensitive to IRF4 loss, whereas HT144 and WM983B were not scored in this way. WT, NC, PC and
IRF KD refer to siRNA treatments and correspond to untransfected, negative control, positive control and IRF4 siRNAs, respectively. More
details are provided in Materials and methods. These data were collected from three independent experiments. Analysis was performed using
a Student’s two-tailed t-test comparing the number of viable/live cells between the IRF4 siRNA transfected cells versus cells transfected with
the negative control siRNA. *P < 0.05, **P < 001. (B) Analysis of protein lysates for IRF4 and c-MYC and for expression of the loading controls
GAPDH/VINCULIN. These experiments are representative of three independent experiments.
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analysis revealed 15 driver genes that were significant
following dNdScv analysis. Our large study was able
to confirm FAM58A, RQCD1 and MSR1 as statistically
significant driver genes (Figure 1). FAM58A is a cyclin
family member, implicated in the regulation of the actin
network and ciliogenesis [59], whereas both RQCD1
and MSR1 are poorly studied genes implicated in the
CCR-NOT and PI3K/AKT pathways, respectively
[60,61]. Our analysis also revealed TPTE, a gene with
multiple related pseudogenes, as another candidate,
although further studies will be required to validate this
observation. Using DISCOVER analysis [32] we identi-
fied eight statistically significant mutually exclusive
genetic interactions, six with BRAF and two with
CDKN2A (Figure 2,3), each representing important
insights into the pathways through which melanoma
develops. With this method, which accounts for individ-
ual tumour mutation rates, it was notable that we failed
to identify any genes that were statistically significantly
co-mutated. This might suggest that there are multiple
cooperative interactions consisting of lots of gene pairs,
and despite analysing 524 tumours, we still lacked the
power to detect these. It is also possible that non-genetic
mechanisms or genes not studied here cooperate with
driver events, with these interactions yet to be discov-
ered. Similarly, as suggested previously [32], an alterna-
tive hypothesis could be that the biology of melanoma is
similar to that of other cancers where biology drives
mutual exclusivity, for example activation of the MAPK
pathway via either BRAF or NRAS mutation, but chance
explains most co-occurrences. The gene PRDM2
showed a mutation pattern of mutual exclusivity with
CDKN2A and is of particular interest since PRDM2 is
a binding partner of RB1, a well-established melanoma
driver [62,63]. Finally, by intersecting copy number
analysis of our tumour collection with genome-wide
CRISPR dependency data, we revealed a potential vul-
nerability driven by amplification of the transcription
factor IRF4, a result with implications for our under-
standing of melanoma biology.
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