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Abstract

Diversity between metastatic melanoma tumours in individual patients is known; however, the molecular and
genetic differences remain unclear. To examine the molecular and genetic differences between metastatic
tumours, we performed gene-expression profiling of 63 melanoma tumours obtained from 28 patients (two or
three tumours/patient), followed by analysis of their mutational landscape, using targeted deep sequencing of
1697 cancer genes and DNA copy number analysis. Gene-expression signatures revealed discordant phenotypes
between tumour lesions within a patient in 50% of the cases. In 18 of 22 patients (where matched normal tissue
was available), we found that the multiple lesions within a patient were genetically divergent, with one or more
melanoma tumours harbouring 'private’ somatic mutations. In one case, the distant subcutaneous metastasis of
one patient occurring 3 months after an earlier regional lymph node metastasis had acquired 37 new coding
sequence mutations, including mutations in PTEN and CDH1. However, BRAF and NRAS mutations, when present
in the first metastasis, were always preserved in subsequent metastases. The patterns of nucleotide substitutions
found in this study indicate an influence of UV radiation but possibly also DNA alkylating agents. Our results
clearly demonstrate that metastatic melanoma is a molecularly highly heterogeneous disease that continues to
progress throughout its clinical course. The private aberrations observed on a background of shared aberrations
within a patient provide evidence of continued evolution of individual tumours following divergence from a
common parental clone, and might have implications for personalized medicine strategies in melanoma treatment.
© 2014 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd on behalf of Pathological Society of Great

Britain and Ireland.
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Introduction

Metastatic melanoma is an aggressive disease, notori-
ous for its resistance to conventional therapy. Although
development of targeted therapy in melanomas car-
rying BRAF mutations has revolutionized treatment,
a significant number of patients with BRAF V600E
metastatic melanoma experience recurrence within a
few months upon treatment with the BRAF inhibitor
vemurafenib [1] or the MEK inhibitor trametinib [2].
Treatment resistance could be explained by tumour
heterogeneity, i.e. the existence of, or selection for,
molecularly distinct subclones with metastatic capa-
bility. Supporting this hypothesis, intratumour hetero-
geneity has been reported in a vemurafenib-resistant
subcutaneous melanoma metastasis, which contained a

subclone with a de novo NRAS mutation [3]. Colom-
bino ef al [4] have reported BRAF mutant metas-
tases presumably seeded by a BRAF wild-type pri-
mary tumour and, more intriguingly, BRAF wild-type
metastases in the presence of a BRAF mutant primary.
Together, these findings indicate that some tumours
may exhibit profound heterogeneity that contributes to
the aggressive clinical course and eventual treatment
resistance of melanoma. Indeed, large-scale sequencing
studies of different solid cancers, including melanoma,
have revealed extensive genetic heterogeneity between
individual tumours [5-7]. In contrast to the prevailing
theory of metastatic spread originating from the pri-
mary tumour at an advanced stage of the disease, recent
evidence suggests the parallel development of the pri-
mary tumour and metastasis [8], or parallel develop-
ment of multiple metastases in the same patient [9,10].

© 2014 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd on behalf of Pathological Society of Great Britain and Ireland.
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We recently identified four molecular subtypes of
melanoma tumours using gene expression profiling
characterized by differential expression of immune
response genes, microphthalmia-associated transcrip-
tion factor (MITF )-regulated genes and proliferation-
related genes. These subtypes were named ‘pig-
mentation’ (MITF -high), ‘proliferative’ (MITF -low),
‘high-immune’ and ‘normal-like’; [11,12]. In the
present study, we applied this subtype classification
to multiple melanoma tumours from 28 patients previ-
ously diagnosed with a single primary melanoma (mul-
tiple metastases in 27 patients, and a primary tumour
and metastasis in one patient). We identified 14 patients
whose multiple tumours had divergent gene expres-
sion phenotypes. We further investigated the mutational
landscape of the melanoma tumours from 22 of the 28
patients, using targeted gene sequencing and analysis
of DNA copy number variation. Melanoma metastases
from the same patient had a core of mutations and DNA
copy number changes (herein termed ‘shared’ events).
However, in all but four patients, mutations specific
to one of the tumours within a patient were identified
(“private’ mutations). Our findings highlight the molec-
ular and genetic diversity of metastatic melanoma
tumours and indicate the need to redesign personalized
medicine strategies for metastatic melanoma.

Material and methods

Patients

Tissue from melanoma tumours (n=266) and blood
(n=22) were obtained from the Department of Oncol-
ogy at Lund University. The samples were collected
from melanoma patients referred to the Department
of Surgery, Skane University Hospital, for surgical
removal of a melanoma tumour. From this cohort,
27 patients with multiple metastases (> 2) and one
patient with a primary tumour and a subsequent metas-
tasis were identified. With the exception of melanomas
from one patient, all tumours were intermittently sun-
induced melanomas or melanomas with an unknown
primary (n=15). Clinical characteristics of the 28
patients are shown in Table 1. The study was approved
by the ethics committee of the Lund University (Diary
No. 101/2013).

Gene expression profiling

RNA from tumours (n = 266) was subjected to microar-
ray analysis. Tumours were classified into the four gene
expression subtypes (pigmentation, proliferative, high-
immune and normal-like), as previously described [11].

Next-generation sequencing

For targeted-capture deep sequencing (see supplemen-
tary material, Supplementary materials and methods,
and Table S1, for sequencing data metrics), 1697

© 2014 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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cancer genes were selected based on literature-
documented association to cancer and the Catalogue
of Somatic Mutations in Cancer (COSMIC) database
(http://www .sanger.ac.uk/genetics/CGP/cosmic/;  see
supplementary material, Table S2). For details on
targeted-capture deep sequencing, low-coverage
whole-genome sequencing and DNA copy number
analysis, see Supplementary materials and methods.

Results

Gene expression profiling reveals molecular
diversity in multiple melanoma metastases
following a single primary tumour

We attempted to characterize the molecular footprint
of metastatic progression in malignant melanoma by
a sequence of analyses on metastatic melanomas from
patients with a single primary tumour (Figure 1A).
Using microarray analysis, we analysed the gene-
expression profiling of 266 melanoma tumours
and identified 28 patients from whom at least two
melanoma lesions diagnosed at different time points
had been sampled (62 metastases in total; Table 1).
We applied our previously described gene-expression
signature [11,12] to the 62 melanoma lesions identi-
fied. In 14 of 28 patients (50%), melanoma metastatic
tumours from the same patient belonged to different
molecular subtypes (Table 1). Moreover, in four of
these 14 patients, the later-occurring metastases had
a proliferative phenotype, while the earlier tumours
exhibited a pigmentation/high-immune/normal-like
phenotype (patients 1, 17, 19 and 25). Notably, these
proliferative-classified late melanoma metastases had
a more advanced disease stage than the corresponding
earlier tumour. For patient 25, both lesions were
regional lymph node metastases; however, the first
lesion was removed when the patient was diagnosed
with regional metastatic disease, while the second
lesion was removed when the patient was diagnosed
with a generalized disease.

We never observed a change of molecular phenotype
from the proliferative class in an earlier tumour to a
different phenotypic class in a later metastasis, which
indicates that the proliferative phenotype is associated
with a late stage of the disease. For example, a local
recurrence and a regional metastasis were collected for
patient 19. The local recurrence was classified into the
pigmentation phenotype, whereas the corresponding
Ilymph node metastasis, diagnosed 4 years later, was
classified into the proliferative phenotype. Patient 17
presented with a relatively thin primary melanoma
(Breslow 1.65 mm) and 12 years later developed an in-
transit metastasis that was classified as high-immune
phenotype. A distant intestinal metastasis, diagnosed
2years later, was classified into the proliferative
phenotype.

J Pathol 2014; 233: 39-50
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To confirm the observation of a tumour pheno-
type switch, we also performed unsupervised hierar-
chical clustering, using the 75% most variable genes
across the entire dataset. Overall, 12 of 14 with no
change in gene expression phenotype clustered as
closest neighbours in the hierarchical dendrogram,
and the results were significantly associated with the
subtype (centroid) classification shown in Table 1
(p =0.049, Fisher’s exact test; see supplementary mate-
rial, Figure S1).

Somatic mutations and copy number changes
accompanying melanoma metastatic progression

Target enrichment and deep sequencing of all exons
in 1697 genes (see supplementary material, Table S2)
was performed on DNA samples from 49 tumours
and matched blood from 22 patients included in the
gene-expression analysis. Mean on-target sequence
coverage of the tumour and normal DNA was
198x—594x (see supplementary material, Table S1),
with 93-97% of targeted bases at 10x or higher
coverage. Using VarScan somatic software [13], we
detected 978 somatically acquired synonymous and
non-synonymous single-nucleotide variants (SNVs),
21 indels in the coding sequence and 11 splice
site. mutations. We used CONTRA [14] to identify
exon-specific copy number aberrations (CNAs; see
supplementary material, Figure S2, Table S3).

First, we investigated the number of somatically
acquired mutations in relation to progression of the
disease in the 22 patients (Figures 1B, C, 2). Private
mutations affected genes such as CTNNBI, FBXW7,
GRIN2A, TSC2, RUNXI and PTCHI (for a list
of identified mutations, see supplementary material,
Tables S4-S25). BRAF and NRAS mutations, when
present in the first metastasis, were always preserved
in subsequent metastases. Patients with a tumour phe-
notype change to the proliferative class (n=3) had
a higher frequency of private mutations and CNAs
(median 27, range 12—52) compared to patients with-
out this phenotype change (n=19) (median 9, range
0-29) (p=0.03, Mann—Whitney test).

We investigated DNA CNAs in the tumours and
found common losses on chromosome 9p and 10q cor-
roborating previous studies on melanoma [15]. The
single acral melanoma harboured CDK4 amplification.
Next, we searched for CNAs in genes known to be
affected by CNAs in melanoma (BRAF, KIT, MITF,
CCNDI, CDK4, PTEN, CDKN2A and AKT3). None
of the tumours showed focal amplifications of AKT3,
MDM?2, KIT or MITF. Two patients showed CDK4
focal amplification and one patient had CCNDI focal
amplification; however, these were preserved in all
three patients during progression. Frequent deletions
and copy number gains were found in CDKN2A, PTEN
and BRAF, with the majority of changes being pre-
served during progression. Differences were found in
patient 1, where only the first metastasis had a het-
erozygous deletion of CDKN2A. A change in gene

J Pathol 2014; 233: 39-50
www.thejournalofpathology.com
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Figure 1. Study design depicting the molecular and genetic analysis of melanoma metastatic tumours. (A) Flow chart of the main methods
used in the study. (B) Bar plot showing numbers of somatic mutations in multiple metastases from 22 patients. Each melanoma tumour
was classified into the four gene expression phenotypes: pigmentation, green; proliferative, red; high-immune, orange; or normal-like,
blue, and coloured accordingly. (C) Bar plot showing numbers of private copy number aberrations (CNAs) and mutations per patient. Private

mutations within each patient were defined as being present in only one of the analysed tumours in the patient

expression phenotype was observed in this patient,
where the first metastasis was classified in the pigmen-
tation phenotype and the two latter metastases were
classified in the proliferative class. Furthermore, in
patient 27 the second metastasis had acquired addi-
tional BRAF gene copies. A change in gene expression
phenotype occurred in this patient as well, where first
metastasis was classified as pigmentation and second
metastasis as high-immune response (see supplemen-
tary material, Figure S3).

Detailed analysis of somatic CNAs and chromosomal
rearrangements in patients 1 and 2

Two patients (1 and 2) were selected for a more
detailed investigation of the molecular footprint of
metastatic progression. Patient 1 was selected on the
basis of discordant subtype classification and a high
number of private mutations (Figures 1B, 2). The
three metastases displayed gradual loss of expression of
pigmentation genes from M1 to M3, as shown by gene-
expression analysis and MITF immunohistochemical
(IHC) staining (Figure 3A, B). The gradual loss of
MITF protein expression was reflected by a decrease
in the number of MITF-positive melanoma cells in the
tumour, with the least number of MITF-positive cells
observed in M3. In patient 2, we found a low number of
private mutations and both available metastases were

© 2014 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of Pathological Society of Great Britain and Ireland. www.pathsoc.org.uk

classified into the pigmentation subtype, corroborated
by MITF IHC (Figure 4A, B).

To enrich our analysis for genomic rearrangements
and CNAs, we performed low-coverage whole-genome
sequencing of the five metastases in these two patients
and matched lymphocyte DNA. Mean haploid genome
sequence coverage was 1.9x—4.2x in these tumours
(physical coverage 7.4x—13x). The metastases from
each patient showed similar DNA copy number pro-
files (see supplementary material, Figure S4A), which
indicates shared clonality of the tumours. We also
observed a number of private aberrations. In patient
1, M2 and M3 shared many CNAs absent in M1, and
vice versa, consistent with our previous results for these
tumours [10]. The genomes of M2 and M3 diverged
from that of M1 in 23 regions of differential copy
number. Only one CNA, an 850 kbp gain at chromo-
some 3q13.31, was exclusive to M2, while none was
specific to M3 (see supplementary material, Table S3,
Figure S4A).

We also derived interchromosomal rearrangements,
using BreakDancer [16]. To narrow down the candi-
date list, the positions of breakpoints were integrated
with CNAs to isolate copy number change-supported
interchromosomal rearrangements. This approach con-
siderably decreased the number of candidate rearrange-
ments suggested by BreakDancer, at the price of elim-
inating possible copy-number neutral rearrangements.

J Pathol 2014; 233: 39-50
www.thejournalofpathology.com
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Figure 2. The mutational landscape of metastatic melanoma tumours: number of mutations (including shared and private somatic
mutations) in the tumours of 22 patients depicted as Venn diagrams. The circle colours represent gene expression phenotypes:
pigmentation, green; proliferative, red; high-immune, orange; or normal-like, blue. M1, metastatic lesion 1; M2, metastatic lesion 2; M3,
metastatic lesion 3
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lesion 3

We identified and validated by Sanger sequencing two
interchromosomal rearrangements in patient 1 (see sup-
plementary material, Figure S4). A genomic rearrange-
ment involving chromosomes 7 and 15 was found in
all three metastases, while a rearrangement between
chromosomes 3 and 4 was exclusive to M1 (see supple-
mentary material, Figure S4B). Moreover, the tumour
genomes of all metastases from patient 1 were esti-
mated as diploid by genome alteration print (GAP)
analysis [17]. Together, these findings indicate com-
mon clonal origin of the metastases, while providing
evidence for ongoing evolution of the cells forming
the individual tumours. We identified and validated
two interchromosomal rearrangements, both observed
in M1 and M2 from patient 2: one between chromo-
somes 1 and 20, and another between chromosomes
2 and 20 (see supplementary material, Figure S4A).
Although M1 and M2 from patient 2 were both esti-
mated as triploid tumours by GAP analysis, they dis-
played only a few private mutations and did not change
molecular phenotype; we identified many DNA CNA
differences on chromosomes 2, 6, 7, 8, 12, 16, 17, 18,
20, 21 and 22, which indicated a continued evolution
of the tumour genome (Figure 4C).

Somatic mutation patterns in metastatic
progression in patients 1 and 2

The tumours from patient 1 shared 63 somatic exonic
or splice site mutations (Figure 5A; see also supple-
mentary material, Supplementary materials and meth-
ods). Among the shared alterations, notably, RB/ har-
boured two mutations: a tandem GG > AA base sub-
stitution converting the tryptophan 516 into an imme-
diate stop in exon 17, and a splice site mutation.
Both mutations occurred in a gained chromosomal

© 2014 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of Pathological Society of Great Britain and Ireland. www.pathsoc.org.uk

region with copy number 3 in all three metastases.
The variant allele frequencies in M1, M2 and M3
(nonsense, 30% in each; splice site, 55%, 55% and
65%, respectively) is consistent with inactivation of all
three alleles, in a classic tumour suppressor inactivation
manner.

In addition to this core of mutations, M1 carried
two private exonic mutations, a synonymous substi-
tution in PRDM4 and TRAPPC12. M2 and M3 shared
two mutations, including an oncogenic substitution in
PIK3CA. In addition, M2 had eight private exonic
mutations and M3 harboured 37 (Figure 5A; see also
supplementary material, Supplementary materials and
methods). Based on these findings, we present a pro-
gression model of patient 1, which is depicted in
Figure 5B. The shared mutations appear at heterozy-
gous allele frequency at diploid copy number (average
39-43%; see supplementary material, Figure S5) in
the major clone of the tumours. However, the private
mutations in M2 and M3 both appear in this group
and at lower allele frequencies at diploid copy number,
suggesting that additional subclone(s) evolved during
progression (Figure 5B).

Of the 37 mutations private to M3, PTEN harboured
a splice site mutation at 80% allele frequency that,
together with chromosome 10 loss, likely contributed
to the lower transcript level of PTEN observed in this
tumour (see supplementary material, Table S26). While
the presence of whole chromosome 10 hemizygous
deletion in all three metastases implicates it as an early
event in development of the precursor clone, the high
allele frequency for the M3 private PTEN mutation
points to it being a defining hit in the establishment of
M3. Other notable mutations exclusively found in M3
were a frame-shift deletion in the DNA double-strand
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break (DSB) repair gene RAD50 and a CDHI splice
site mutation.

For patient 2, both metastases belonged to the
pigmentation phenotype. They shared 58 mutations,
including BRAF V600E, and contained few private
mutations (M1, 4; M2, 4) (Figure 4C; see also
supplementary material, Supplementary materials
and methods). For example, a missense mutation in
RUNXI, which encodes a transcription factor fre-
quently mutated in leukaemia, was found only in MI1.

The within-patient shared mutations in all 22 patients
were predominantly of the C:G — T:A type (range
64-94%, median 89%). This transition has been
repeatedly reported to be the predominant type of
base substitution in diverse types of cancer [18]. The
sites of the shared C:G — T:A mutations were usu-
ally preceded by another pyrimidine at the 5 posi-
tion (Figure 5C), pointing towards UV-induced DNA
damage as the mechanism of mutation [19], in line
with previous studies in melanoma [6,7]. In patient

© 2014 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of Pathological Society of Great Britain and Ireland. www.pathsoc.org.uk

1, 94% (63/67) of the shared exon or splicing SNVs
were of this type. Notably, the base substitution pat-
tern of SNVs private to M3 deviated from this pattern:
A:T — G:C transitions constituted 80% (24/30) of the
M3 private SNVs (significant enrichment, as compared
to shared mutations; Fisher’s test, p <0.0001; and to
M1/M2 private mutations, p = 0.014). We investigated
the close-range sequence context of these sites, by com-
paring base composition within a 10-position window
around the mutation site to that of 500 randomly picked
coding A/T sites. The base composition of the 41 and
+2 positions was significantly different from that of
the random sites (Fisher’s test, Benjamini—Hochberg
adjusted p=0.007 and p=0.009, respectively). This
non-random pattern suggests an as-yet unknown muta-
tion mechanism that needs further investigation. The
private mutations found in the other patients did not
display the A:T — G:C pattern, but instead displayed
the classical UV-induced pattern C:G — T:A.
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Discussion

Using molecular and genetic analysis of multiple
metastatic melanoma lesions from 28 patients, we
provide evidence of a heterogeneous gene-expression
pattern between different metastatic lesions and, in
82% of patients, occurrence of private mutations. We
found that known driver mutations, such as onco-
genic BRAF and NRAS mutations, were always somat-
ically preserved, whereas others (such as PTEN and
CTNNBI) were somatically acquired during progres-
sion. Our findings highlight molecular and genetic
diversity in the metastatic process that might hinder
personalized genomic strategies in melanoma, based
on single tumour biopsies.

From a comprehensive set of 266 melanoma tumours
subjected to gene-expression profiling, we identified
28 patients with at least two melanoma lesions diag-
nosed at different time points. Classification of tumours
into our previously described phenotypes, based on
gene-expression profiles [11,12], showed that 50% of
these patients had metastases belonging to different
phenotypes. We observed that tumours of the prolif-
erative phenotype were of a more advanced stage than
the corresponding earlier tumour, indicating that the
described molecular phenotypes might reflect a pro-
gression model of melanoma. However, this notion
needs to be verified in larger cohorts. We did not iden-
tify any patients with metastases belonging to different
phenotypes that had the first metastatic tumour clas-
sified into the proliferative phenotype. Interestingly,
we found decreased expression of melanocyte differ-
entiation markers in proliferative classified tumours,
which indicate that a dedifferentiation process might
be involved in the switch from MITF-high phenotype
to a MITF-low (proliferative) phenotype (Figure 3B).
Combined analysis of gene-expression data with results
from targeted deep sequencing from patient 1 suggest
a continued tumour evolution, exemplified by accumu-
lation of additional mutations and by molecular pheno-
type switching in later metastases. Our findings further
support the idea of phenotype switching previously
described in experimental melanoma model systems
[20,21]. However, based on our findings, we cannot
conclude that molecular phenotype switching is associ-
ated with an increased amount of somatically acquired
mutations during tumour progression.

Further supporting our data, protein expression stud-
ies have shown extensive heterogeneity in a primary
melanoma [22] and intra-tumour heterogeneity has also
been shown in renal cell carcinoma using whole-exome
sequencing [8]. On the extreme end of tumour evo-
Iution is the late-occurring metastasis three (M3) in
patient 1, with 37 private coding sequence mutations.
This high mutation rate was not reflected at the level of
general genomic instability, as the copy number profile
of M3 is almost identical to that of M2 from patient 1.
This lack of correlation between the numbers of muta-
tions and CNAs within a tumour has been reported
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previously [23]. However, we only investigated a part
of the genome (5.5Mb) for mutations and, although
improbable, it is possible that some of the tumours
preferentially acquired mutations in other genes. Fur-
thermore, the mutation frequency of the newly acquired
mutations in M2 and M3 from patient 1 was found
at a wide range (10-80%), indicating the evolution
of both major and minor clones. Indeed, we found a
PTEN mutation at allele frequency of 80%, indicating
its presence in the major clone in M3 of patient 1.

The presence of the strong UVR mutagenesis signa-
ture in all tumours was consistent with previous studies
in melanoma [6,7,23]. By contrast, the majority (24/30)
of the patient 1, M3 private base substitutions were of
the A:T — G:C type. Although the aetiology of this
substitution to our knowledge remains unknown, the
over-representation and the non-random distribution of
the bases at the +1 and +2 positions speaks against
a stochastic process and in favour of the action of an
internal or external agent. Whether this effect is medi-
ated by the alkylating agent dacarbazine (DTIC), which
was used to treat the patient between the M2 and M3
diagnoses, remains to be investigated. Of note, DTIC
has been described to mainly induce C:G — T:A tran-
sitions [24,25]. This mutational signature might also
be attributed to ADAR-like DNA deaminases [26] or
MLH1-deficiency [27]. Further studies are required to
determine the significance and context of this muta-
tional signature.

In summary, we have provided evidence for a com-
plex metastatic process of melanoma. The genetic and
molecular diversity observed in metastatic melanoma
tumours challenge personalized genomic strategies that
are based on single tumour biopsies. In melanoma,
research on resistance to novel therapeutic options
(such as BRAF inhibition) has resulted in identification
of several molecular alterations that confer resistance.
Whether these mechanisms are acquired or somatically
preserved remains to be determined. However, our
results highlight the molecular and genetic heterogene-
ity of melanoma tumours and the capacity of melanoma
cells to adapt to external agents. Identification of shared
molecular patterns may contribute to more robust
biomarkers, as well as treatment-predictive markers.
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