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Abstract

Purpose: Uveal melanomas (UM) are genetically simple
tumors carrying few copy number alterations (CNA) and a low
mutation burden, except in rare MBD4-deficient, hypermu-
tated cases. The genomics of uveal melanoma metastatic
progression has not been described. We assessed the genetic
heterogeneity of primary and metastatic MBD4-proficient and
-deficient uveal melanomas.

Experimental Design: We prospectively collected 75 met-
astatic and 16 primary samples from 25 consecutive uveal
melanoma patients, and performed whole-exome sequencing.

Results: MBD4-proficient uveal melanomas contained sta-
ble genomes at the nucleotide level, acquiring few new single
nucleotide variants (SNVs; 16 vs. 13 in metastases and primary
tumors, respectively), and no new driver mutation. Five CNAs
were recurrently acquired in metastases (losses of 1p, 6q, gains
of 1q, 8q, and isodisomy 3). In contrast, MBD4-deficient uveal

Introduction

Uveal melanoma is the most common ocular primary tumor
representing approximately 5% of all melanomas (1). Uveal
melanoma is, from a genetic point of view, one of the simplest
adult tumors with few copy number variations, a remarkably low
mutation burden and an absence of ultraviolet-related DNA
damage (2). In the current paradigm, malignant transformation
is thought to be due to two main early genetic events, of which the
respective timing of occurrence is unknown (3). The first event,
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melanomas carried more than 266 SNVs per sample, with high
genetic heterogeneity and TP53, SMARCA4, and GNAS new
driver mutations. SNVs in MBD4-deficient contexts were
exploited to unveil the timeline of oncogenic events, revealing
that metastatic clones arose early after tumor onset. Surpris-
ingly, metastases were not enriched in monosomy 3, a previ-
ously defined metastatic risk genomic feature. Monosomy 3
was associated with shorter metastatic-free interval compared
with disomy 3 rather than higher rate of relapse.
Conclusions: MBD4-proficient uveal melanomas are stable
at the nucleotide level, without new actionable alterations
when metastatic. In contrast, MBD4 deficiency is associated
with high genetic heterogeneity and acquisition of new driver
mutations. Monosomy 3 is associated with time to relapse
rather than rate of relapse, thus opening avenues for a new
genetic prognostic classification of uveal melanomas.

which leads to constitutive activation of the G4 pathway, consists
of activating hotspot mutations of either GNAQ/GNA11 (encod-
ing Goq proteins), CYSTLR2 (a Ggq-coupled coupled receptor), or
PLCB4 (the isoform 4 of phospholipase C-$) genes (4-7). The
second event consists of almost mutually exclusive alterations
including either (i) the biallelic inactivation of BAP1 (3p21),
encoding a deubiquitinase involved in chromatin remodeling,
frequently through chromosome 3 loss of heterozygosity and
BAP1 mutation; (ii) change-of-function heterozygous mutations
of SF3B1 or other genes encoding members of the splicing
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Translational Relevance

Uveal melanoma is the most common eye tumor in Western
countries and is associated with up to 50% of chemoresistant,
metastatic recurrence. By comparing the genetic profiles of
uveal melanoma metastases with paired primary tumors, we
observed that uveal melanoma is a striking example of stability
at the nucleotide level during the metastatic process, while
acquiring few recurrent copy number alterations. The absence
of new oncogenic drivers in uveal melanoma metastases
allows clinicians to dispense with biopsy of metastatic sites
to search for drug targets. Conversely, two patients presented
with hypermutated, highly heterogeneous, MBD4-deficient
tumors. We took advantage of this phenotype and used it as
a high-resolution genetic clock to deduce the tumors histories.
Unexpectedly, we show that metastatic clones may arise very
early during uveal melanoma tumorigenesis, long before
diagnosis of the primary tumor, thus underscoring the need
for new adjuvant strategies for this disease.

machinery; and (iii) hypomorphic mutations of EIF1AX, encod-
ing a translation initiation factor (2, 3, 8-11). Another rare but
recurrent genetic event in uveal melanoma is the inactivation of
MBD4. MBD4 encodes a glycosylase responsible for the repair of
spontaneous deamination of methyl cytosine. Consistent with
this activity, inactivation of MBD4 is associated with a CpG>TpG
hypermutation phenotype (12).

Uveal melanomas are diploid tumors with specific, recurrent
copy number alterations (CNA) of whole chromosomes or arms
including losses of 1p, 6q, 8p and gains of 1q, 6p, and 8q (13, 14).
Monosomy 3 is one of the most frequent chromosomal imbal-
ances in uveal melanoma and is frequently associated with BAP1
mutation, while disomic 3 tumors are SF3B1- or EIF1AX-mutated,
thus defining two types of uveal melanomas with different out-
comes. Tumor size, gene expression profile, BAP1 mutation,
monosomy 3, gain of 8q (either the subtelomeric region, the
whole arm or the whole chromosome), and 6p gain strongly
predict the metastatic risk (8, 13-15). Despite successful treat-
ment of the primary tumor, up to 50% of patients will eventually
develop visceral metastases, mostly in the liver, with a poor
median survival of less than 1 year (1, 16). To date, no chemo-
therapy or targeted therapy has improved the overall survival of
metastatic patients (17). Even though a survival benefit has not
been demonstrated in a controlled trial, complete, margin-free
resection of metastases is often proposed when feasible (18).

Next-generation sequencing has widely expanded our knowl-
edge of cancer genetics, but the overwhelming majority of studies
have explored primary tumor collections with only few large series
of metastatic tumors (19, 20). Remarkably, tumors such as skin
melanomas, renal or pancreatic carcinomas have shown substan-
tial genetic heterogeneity within tumors and during the metastatic
process, which may be a key factor of drug resistance (21).
Although genetic features of primary uveal melanoma have been
well explored, the genetics and heterogeneity of uveal melanoma
metastases remain largely uncharacterized (22, 23). This study
aims to explore the intrapatient genetic heterogeneity of uveal
melanoma during metastatic progression as a possible mecha-
nism of chemoresistance, and to evaluate the influence of intrinsic
and extrinsic mutational processes on tumor heterogeneity.
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Materials and Methods

Sample collection

This study was conducted in accordance with the declaration of
Helsinki and was approved by the Internal Review Board of
Institut Curie (Paris, France). Patients eligible for margin-free
resection (RO resection) of suspected uveal melanoma liver
metastases provided written informed consent to perform germ-
line and somatic genetic analyses of resected metastases and
archived frozen primary tumors. Germline DNA was extracted
from unaffected tissue (liver in all cases but two, which were
extracted from blood). Tumors were sampled within 10 minutes
after resection. If sufficient material was available, every tumor
was sampled at least once and largest ones were sampled several
times in different regions, avoiding hemorrhagic and necrotic
areas. Diagnosis of metastatic uveal melanoma was confirmed by
a specialized pathologist. Mutation burdens and signatures of 24
cases from this series were reported previously (12).

Library preparation and sequencing

Samples were histologically reviewed by a pathologist before
nucleic acids extraction to select samples with at least 30% of
tumor cells. DNA were extracted using Phenol (Invitrogen), by the
Centre de Ressources Biologiques (Institut Curie tumor biobank) and
subsequently purified on Zymo-Spin IC (Zymo Research). DNAs
were quantified by Qubit (Thermo Fisher Scientific). Whole-
exome Sequencing (WES) libraries were prepared using the Agi-
lent SureSelect XT2 Clinical Research Exome kit (Agilent Tech-
nologies) from 1 ug of DNA, isolated from initial libraries with
median insert size of 300 bp according to the manufacturers'
protocols. Libraries from primary tumors from cases #1 and #5
were prepared using the Agilent SureSelectXT HS kit (Agilent
Technologies) with 20 ng of DNA-isolated initial libraries. The
sample from case #1 and sample 1 from case #5 were obtained
from enucleated eyes (500 ng from formalin-fixed paraffin-
embedded tissue); sample 2 from case #5 was obtained from a
frozen biopsy obtained before enucleation (15 ng). Libraries were
100-bp paired-end multiplex sequenced on the Illumina HiSeq
2500 (Illumina). WES depth was set a priori to sequence germline
DNA at 30x and somatic DNA at 100x. Sequencing quality was
assessed by FastQC. Reads were aligned to the human genome
(hg19) with Bowtie2 2.1.0 (24). PCR duplicates were removed
using Picard Tool MarkDuplicates v1.97.

Mutation calling

After removing duplicates, WES data underwent variant calling
for SNVs and indels using the combination of three variant callers:
HaplotypeCaller, MuTect2, and SAMtools mpileup (25-27).
Union of variants detected with these three algorithms were
annotated using ANNOVAR (28), with the following databases:
ensGene, avsnpl47 (29), cosmic80 (30), popfreq_all and
dbnsfp33a. Somatic variants with less than 10 reads of DP in
germline and/or less than 10 reads of somatic DP and/or at least 5
reads of germline AD and/or at least 10% of germline variant
allele frequency (VAF) and/or less than 5 reads of somatic AD and/
or a population frequency higher than 1% (popfreq_all>0.01)
were filtered out. Finally, all somatic mutations called by this
procedure were controlled manually using the Integrative Geno-
mics Viewer (IGV) by at least two authors. Because alterations of
BAP1, EIF1AX, and SRSF2 in uveal melanoma may be difficult to
call, these genes were entirely checked on IGV in all samples. After
this first round, we aggregated the SNVs from all samples of one
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case and search for these SNVs in all samples of this patient to
recover true SNVs that may present at very low depth because of
subclonality. The amount of mutations was compared with the
different TCGA cohorts using the "maftools" R package version
1.6.15. Subclones in samples were determined with Pyclone
version 0.13.0 (31). Cancer cell fraction (CCF) was also deter-
mined with Pyclone. SNVs were defined as "private" if present at
more than 5% of corrected VAF (0.5*VAFsny/VAFgnaq/aNatt) in
one sample and less than 5% in the others.

Copy number alterations

Copy number gains and losses were determined from WES
using Facets in Rwith default settings (32). Briefly, Facets provides
copy number and B-allele frequency (BAF) profiles, tumor cellu-
larity, and ploidy. Copy number/BAF profiles were all manually
reviewed to generate comparable normalized profiles attributing
copy number levels ranging from —2 (homozygous deletion), —1
(deletion), 0 (disomy), +1 (gain), +2 (gain of more than one
copy), +3 (high level gains or amplification). Copy number
frequency plots displaying the frequency of gains and losses across
the cohort were generated genome-wide using these normalized
values.

Heterogeneity

Phylogenetic trees were built based on a parsimonious, neigh-
bor-joining method. In Figs. 2 and 3, trunks (blue in the Figures),
clades (green) and branches (red) represented the alterations
shared by all samples from one patient, alterations shared by at
least two samples and private alterations, respectively. The het-
erogeneity ratio was calculated on the basis of Jaccard index
between studied samples with the following formula:
|[ANB|

HetRyg =1 —
elRsud ‘AUB|

or
N bAltshared

HetRyyy =1 —
stud NDAltgpared-+NDAltampier + NDAltgampies

where HetRgy,q is the heterogeneity ratio of the studied sample
pair, NbAltgy,eq is the number of alterations shared by both
samples, NbAlts,mpie1 is the number of alterations specific to
sample 1, and NbAltgmplez is the number of alterations specific
to sample 1. HetR close to 0 thus corresponds to sample pairs
sharing many mutations (homogeneous) while HetR close to 1
corresponds to sample pairs sharing very few mutations
(heterogeneous).

Statistical analysis

Associations between qualitative and quantitative features
were tested using Fisher exact test, Mann-Whitney U test, and
Pearson test, respectively. Metastasis-free survival (MFS) was
defined as the delay between the date of primary tumor treatment
and the date of the first radiologic signs of histologically proven
metastasis. MFS analysis was done using the Kaplan-Meier meth-
od and the Cox log-rank test. A two-tailed P < 0.05 was deemed
statistically significant. Analyses were carried out with the R
software version 3.4.2.

URLs

FastQC, http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/; Bowtie2 2.1.0, http://bowtie-bio.sourceforge.net/bow
tie2/index.shtml; Picard Tool MarkDuplicates v1.97, https://
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broadinstitute.github.io/picard/; HaplotypeCaller, https://soft
ware.broadinstitute.org/gatk/documentation/tooldocs/current/
org_broadinstitute_gatk_tools_walkers_haplotypecaller_Haplo
typeCaller.php; MuTect2, https://software.broadinstitute.org/
gatk/documentation/tooldocs/current/org_broadinstitute_gatk
tools_walkers_cancer_m2_MuTect2.php; SAMtools mpileup,
http://samtools.sourceforge.net/; ANNOVAR, http://annovar.
openbioinformatics.org/en/latest/; cosmic80, https://cancer.
sanger.ac.uk/cosmic; Facets, https://github.com/mskcc/facets;
maftools, https://bioconductor.org/packages/release/bioc/
html/maftools.html; Pyclone, https://bitbucket.org/aroth85/
pyclone/wiki/Home.

Data availability

Sequencing data have been deposited in and are available from
the European Genome-phenome Archive database under number
EGAS00001002761.

Results

Patient and tumor characteristics

We collected tumor samples from 25 patients eligible for
therapeutic margin-free resection (RO resection) of liver uveal
melanoma metastases. Whole-exome sequencing (WES) from
25 germline DNA, 15 primary tumors (16 samples), and 47
metastases (75 samples) passed quality controls. We analyzed
trios (germline, primary, metastases) in 15 cases. Median ages at
primary uveal melanoma (PUM) and metastatic uveal melanoma
(MUM) diagnoses were 55 (range 33-78) and 63 years old (range
33-80), respectively. Nine patients (9/25; 36%) were treated for
their primary tumor with proton beam radiotherapy, two (8%)
with brachytherapy, and 14 (56%) by enucleation, including
one who received adjuvant photon radiotherapy. Adjuvant fote-
mustine was administered to one patient after inclusion in the
FOTEAD]J phase III clinical trial (ClinicalTrials.gov identifier:
NCT02843386) (33). When metastatic, no systemic or local
treatment was administered before metastases resection. Com-
plete clinical and pathologic findings are described in Supple-
mentary Table S1.

Mutation burden discriminates two classes of uveal melanoma,
according to MBD4 status

WES of tumor (primary and metastatic) and germline sam-
ples resulted in a median average depth of 158x and 70x,
respectively (range 54-382x and 35-192x) and a median 20x
coverage of 97% and 91%, respectively (range 81%-98% and
71%-97%). The vast majority of samples contained a low
number of single nucleotide variants (SNVs; <23 SNVs per
exome), while eight samples from two patients (#5 and #28)
carried more than 250 SNVs (Fig. 1A). These hypermutated
tumor samples were strikingly enriched in CpG>TpG transi-
tions. Case #5 carried a MBD4 deleterious germline mutation
and somatic loss of the wild-type allele (12). Tumor samples
from case #28 showed somatic deletion of MBD4 and loss of the
second chromosome 3 (Supplementary Fig. S1). Tumors from
cases #5 and #28 were subsequently labeled as "MBD4def," for
MBD4-deficient, while tumors from the 24 other cases, charac-
terized by a low mutation burden and wild-type MBD4, were
labeled as "MBD4pro" for MBD4-proficient. Given their con-
trasting mutation burdens, these uveal melanoma tumor types
were analyzed separately.

Clin Cancer Res; 25(18) September 15, 2019
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Figure 1.

Genetic characteristics and mutation burden. A, Genetic and clinical characteristics of sequenced samples. Panels from top to bottom: mutation burden (number
of mutations per exome); proportion of CpG>TpG transitions; mutational status of GNATI, GNAQ, CYSLTR2, MBD4, BAPI, SF3B1 and EIFIAX; status of
chromosome 3 (loss; Chr3) and of chromosome 8 (gain of the long arm of chromosome 8; Chr8q) treatment; type of sample (primary or metastasis); and patient
identifiers. B, Two-dimensional plots of mutation burden (left) and CpG>TpG transitions (right) in primary and metastatic uveal melanomas (y-axis) according to
age at sampling (x-axis). Statistics were calculated considering only one single mean point for all tumors from a given patient at a given time. C, Mutation burden
in MBD4pro and MBD4def UMs from our series compared with a pan-TCGA cohort. Samples from this series are framed. MBD4def tumors from this series and
from TCGA are depicted by red dots.
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We identified uveal melanoma-specific mutations in genes of
the Goq pathway (GNAQ, GNA11 or CYSLTR2) and in BAPI,
SF3B1, and EIF1AX (hereafter named "BSE") in all samples with
high VAFs arguing for their early occurrence during the malignant
process and subsequent clonal expansion (Fig. 1A). Mutations of
the G pathway were mutually exclusive in all cases. All samples
with a BAPI deleterious mutation carried chromosome 3 loss of
heterozygosity (LOH). BSE alterations were mutually exclusive in
all but three cases: EIF1AX/BAP1-mutated, EIF1AX/SF3B1-mutat-
ed, and BAP1/SF3B1-mutated in cases #4, #23, and #28, respec-
tively. High VAFs attested that both mutations coexisted in the
same clones in cases #4, #23, but not in case #28. Similarly,
mutational status of the G4 pathway and BSE genes were iden-
tical in PUM and corresponding MUM, except for the MBD4def
case #28, hereafter described in more detail. A small number of
other candidate driver alterations was also found: a focal
CDKN2A homozygous deletion in case #4; a hemizygous frame-
shift insertion of CDKN2A in case #17; GNASR201C, hemizygous
TP53 R175H and SMARCA4 T910M mutations in the MBD4def
case #5. No driver mutation was recurrently acquired during
metastatic progression.

MBD4pro PUM samples carried a median of 13 SNVs (range
5-25), similar to metastases that carried a median of 16 SNVs
(range 5-33; Mann-Whitney P = 0.17), corresponding to a
mutational rate over time (new SNVs between primary diagnosis
and recurrence) estimated at 0.7 SNV per year. Few insertion/
deletions (indel) were found (median = 1 per sample; range 0-5),
primarily in the BAPI gene (10 cases). Mutation burden was
significantly correlated with age, albeit with a low slope (* = 0.2,
log-rank P = 0.006; Fig. 1B), while number of CpG>TpG transi-
tions were not significantly correlated with age (* = 0.049,
P = 0.2). No association was found between MUM mutation
burden and histologic type, stage at diagnosis, adjuvant chemo-
therapy, or radiotherapy (all Mann-Whitney P values >0.05).
Numbers of total SNVs and of CpG>TpG transitions between
PUMSs and paired MUMSs were not correlated with time to met-
astatic recurrence (metastasis-free survival, MFS; P = 0.3 and 0.9,
respectively; Supplementary Fig. S2).

In contrast, MBD4def PUM samples carried 348 to 706 SNVs
per sample (>26-fold increase compared with MBD4pro) while
metastases carried 266 to 652 SNVs (>16-fold increase). As
expected, CpG>TpG median proportion among SNVs were
significantly enriched in MBD4def samples as compared
with MBD4pro (>89% vs. 24%, respectively; Mann-Whitney
P = 0.0009).

Overall, MBD4pro PUMs and MUMs, the most frequent form
of UMs, are associated with one of the lowest mutation burden
observed in adult solid tumors, while MBD4def PUMs and MUMs
carry a heavy mutation burden, in the same range as that observed
in cutaneous melanomas (Fig. 1C; ref. 34).

Heterogeneity at the SNV level varies according to the MBD4
status

We then compared the mutations (i) in primary tumors versus
paired metastases (PUM/MUM comparison), (ii) in the different
metastases from same patient (inter-MUM comparison), and (iii)
in the different regions from the same metastasis (intra-MUM
comparison). In MBD4pro cases, PUM/MUM inter-MUM and
intra-MUM comparisons showed a median difference of 1.0 SNV
[range, (—1.0-8.0)], 1.0 SNV (0.0-5.3), and 0.8 SNV (0.0-1.5),
respectively. Low mutation burdens were associated with low

www.aacrjournals.org
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heterogeneity ratios (HetR), which reflect the fraction of SNVs that
are not shared between samples, in PUM/MUM, inter-MUM, and
intra-MUM comparisons [median HetR 0of 0.11 (0.00-0.50), 0.17
(0.00-0.52), and 0.04 (0.00-0.19), respectively; Supplementary
Fig. S3]. Altogether, these features correspond to simple evolu-
tionary trees with a limited number of short clades and branches,
including those from cases without primary tumors (Fig. 2A;
Supplementary Fig. S4). Furthermore, quantitative analysis of
VAFs with Pyclone (31), a method taking into account allelic
imbalances and normal tissue contamination, also supported
highly clonal and homogeneous structures of all MBD4pro uveal
melanoma cases (Supplementary Fig. S5).

MBD4def tumors were much more heterogeneous than
MBD4pro as PUM/MUM, inter-MUM, and intra-MUM compar-
isons showed high heterogeneity ratios (median HetR of 0.65,
0.53, and 0.18, respectively; Supplementary Fig. S3) resulting
in longer clades and branches in evolutionary trees (Fig. 2A;
Supplementary Fig. S4). MBD4def uveal melanoma presented
a higher propensity to subclonality compared with MBD4pro.
In case #5, the primary samples contained numerous subclones
according to Pyclone analyses (Supplementary Fig. S5). In
MBD4pro PUMs and MUMSs, 12.4% of SNVs were different
between PUM and corresponding MUM (i.e., private; 51 of
411 SNVs). Analysis of the cancer cell fraction (CCF) in PUMs
and MUMs further attested to an exceedingly high level of homo-
geneity (Fig. 2B). In contrast, 98.3% of SNVs from MBD4def case
#28 were private (1,201 of 1,222 SNVs). These SNVs appeared at
the highest CCF levels in one sample while absent in the other
(Fig. 2B). In case #5, CCF values from PUM samples were
dispersed, reflecting a high heterogeneity in this sample, while
metastases appeared more homogeneous (Fig. 2B; Supplemen-
tary Fig. S6), presumably due to a bottleneck effect during the
metastatic process. Still, multiple sampling of metastasis #1
showed more than 20 private mutations in each region, which
is probably the consequence of continuous acquisition of new
SNVs after metastasis onset from a single clone. Altogether, MBD4
deficiency is associated with not only a high mutation burden but
also a high heterogeneity in tumors at the SNV level, presumably
because of the continuous mutagenic process.

Uveal melanomas show heterogeneity at the CNA level
independent of MBD4 status

At the copy number alterations (CNA) level, most samples
presented simple CNA profiles consistent with diploid tumors
containing few gains or losses of entire chromosomes or chro-
mosome arms. In contrast, primary and metastatic samples from
case #26 presented atypical profiles with numerous gains of entire
chromosomes, while all samples from metastasis #1 of case #5
showed multiple gains and losses of entire chromosomes or
chromosome arms in the context of TP53 inactivation (Supple-
mentary Fig. S1). Noticeably, case #17 showed evidence of
chromothripsis on 8p. Different combinations of known uveal
melanoma-typical CNA (i.e., losses of 1p, 3, 6q, 8p, gains of 1q,
6p, 8, 8q and isodisomy 3) were found in all samples.
No “association was found between the number of CNA in MUM
samples and histologic type, PUM stage, adjuvant chemotherapy,
or adjuvant radiotherapy (all Mann-Whitney P values > 0.05).

In MBD4pro tumors, PUM/MUM comparison showed a
median difference of 3.0 CNAs (0.0-6.0), while inter-MUM and
intra-MUM comparisons showed a median difference of 1.0 CNA
(0.0-8.0) and 0.0 CNA (0.0-7.3), respectively. Consequently,
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triangles (SF3BI), inverse triangles (BAPT), and dia

monds (EIFTAX).

HetR were high in PUM/MUM [median of 0.57 (0.00-0.92);

Supplementary Fig. S3] compared with

inter-MUM [median of

0.22 (0.00-0.83)] and intra-MUM comparisons [median of 0.00
(0.00-0.41)]. Although simple, CNA evolutionary trees revealed
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long clades and branches (Fig. 3A; Supplementary Fig. S4).
Unequivocal intermediary levels of losses and gains were
found in at least 10 samples out of 97, further supporting
subclonality and copy number instability (Supplementary
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inanindependent series (n = 321; ref. 13). NS, Mann-Whitney P> 0.05; **, P < 0.01; ***, P < 0.001.

Fig. $1). MBD4def uveal melanoma copy number profiles were
similar to MBD4pro, although HetR levels were substantially
increased because of metastasis #1 from case #5 (Fig. 3A; Sup-
plementary Fig. S3).

MUM contained a higher number of CNA than paired PUM
(Fig. 3B; median = 10 vs. 5; Wilcoxon P = 0.0038). Five uveal
melanoma-typical CNA (losses of 1p, 6q, gains of 1q, 8q, and
isodisomy 3) and five atypical CNA (loss of 10p, 11qter, 16qter,
17pter, and gain of 21) were acquired during metastatic evolution
in at least 4 cases. Of these, 6q loss was the most frequently

www.aacrjournals.org

acquired CNA (53%; 8/15 cases with primary profiles) and 8q
gain was present in all but one metastases (96%; 24/25 cases).
Noticeably, when 8q gain was already present in PUM, 8q levels
were even higher in paired metastases in 23% of cases (3/13 cases
with 8q gain). The increased frequency of these uveal melanoma-
typical CNAs in MUMs, compared with unmatched PUMs, was
confirmed in an independent series (isodisomy 3 could not be
assessed for technical reasons; Fig. 3C; ref. 35). In contrast, the
uveal melanoma-atypical CNAs were not recurrent in this inde-
pendent series.

Clin Cancer Res; 25(18) September 15, 2019
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We then hypothesized that these CNAs may be a mark of tumor
progression rather than of the metastatic process specifically. In an
independent series of 338 PUMSs, tumor size was indeed corre-
lated with the presence of these uveal melanoma-typical CNAs,
including a trend for 1p loss (median of 15.5 mm vs. 16.0 mm in
1p loss tumors; Mann-Whitney P = 0.08; Fig. 3D), a statistically
significant association with 6q loss (15.0 mm vs. 17.0 mm;
Mann-Whitney P = 0.002) and particularly 8q gain (14.4 mm
vs. 17.0 mm; Mann-Whitney P = 0.00001). Association with 1q
gain could not be tested because this variable had not been
collected in this series (13).

Overall, these data showed that in contrast to the general
stability observed at the nucleotide level, uveal melanomas
acquire new uveal melanoma-typical CNA during tumor pro-
gression irrespectively of the MBD4 status, tending toward a
stereotyped profile when metastatic. However, loss of heterozy-
gosity on chromosome 3, the main cytogenetic prognostic factor,
was never acquired during tumor progression or in metastases.

Monosomy 3 defines earliness of relapse rather than the
absolute risk of metastasis

Monosomy 3/BAPI-mutated uveal melanomas have been
shown to be associated with a higher risk of metastasis
than disomy 3, SF3B1, or EIF1IAX-mutated uveal melanoma
(8,11, 13-15). We compared the incidence of prognostic genetic
alterations in our series with two MUM and two PUM-
independent series (11, 20, 36, 37). Incidences of BSE mutations
were high and comparable across all MUM cohorts (Fig. 4A; BAPI:
65% vs. 56% and 56%, Fisher exact test P > 0.57; SF3B1: 26% vs.
29% and 26%, P=1; EIF1AX: 17%vs. 7%, P = 0.39; EIF1 AX status
was not determined in one cohort; ref. 20). Unexpectedly, BSE
mutations incidences in our MUM series were similar to what
observed in two independent PUM series (BAP1: 65% vs. 43%
and 48%, respectively; Fisher exact test P > 0.10; SF3B1: 26% vs.
22% and 21%, respectively; P > 0.78; EIF1IAX: 17% vs. 12% and
17%, respectively; P > 0.51). Median MFS in patients with a
monosomy 3 PUM from our series was significantly shorter than
in other patients (Fig. 4B; 18.4 vs. 54.0 months, respectively; log-
rank test P = 0.007). Because our series only included resectable
metastases, we confirmed this difference of MFS in an indepen-
dent series of unresectable MUM, in which patients with a
monosomy 3 PUM also presented significantly shorter MFS
(Fig. 4B; 38.1 vs. 83.2 months, respectively; log-rank test P =
0.02; ref. 37). Altogether, these results support that monosomy 3
and BAPI inactivation are not factors associated with a higher
rate of metastatic recurrence but rather with a shorter time to
metastasis.

MBD4 deficiency uncovers the timeline of genetic events

We showed that MBD4 deficiency induces a high intratumor
heterogeneity with numerous subclones, suggesting that this
mutagenic process is probably continuous. We then took advan-
tage of these features to explore more deeply MBD4def cases. In
case #5, PUM sample #1 showed numerous clusters of subclonal
SNVs (i.e., at intermediate levels of VAFs), which presumably
developed during tumor progression. As an illustration, several
potential driver alterations were present in the primary tumor
including SMARCA4 T910M, GNAS R201C, and TP53 R175H
(Fig. 5A). Analysis of sample #2 from the primary tumor dem-
onstrated that these mutations occurred in different subclones,
carrying the SMARCA4 mutation without GNAS/TP53 mutations
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Frequency of BSE alterations in five independent series and prognosis. A,
Frequency of BAPI, SF3B1, and EIFTIAX alterations in our series, two series of
PUMs, and two series of unresectable MUMs (11, 20, 28, 29). NS, Fisher exact
test P> 0.05. B, Kaplan-Meier metastasis-free survival curves in the current
series (top) and in the NCT01430416 clinical trial (bottom).

(Fig. 5B). Further supporting this heterogeneity, metastases #1
and #2 carried different potential driver mutations (GNAS/TP53
and SMARCA4, respectively) at high VAFs.
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the genetic background of the cells. Number of cells from each contingent is proportional to that observed. Red-orange cells are TP53/GNAS-mutated, blue-
violet cells are SMARCA4-mutated, green-gray cells are not mutated in these genes. C, Independent evolution of the main primary and metastatic clones in case
#28 illustrated by SNVs on chromosomes 2, 3, and 8. On top, schematic representations of chromosomal status. Light gray and dark gray indicate the two
parental chromosomes. Colored bars illustrate examples of mutations in primary (orange and red) and in metastases (light and dark blue). Below, two-
dimensional plots of SNVs according to VAF in the primary tumor (X-axis) and in the metastasis (Y-axis). On chromosome 2, dark blue dots and light blue dots
represent mutations thought to have been acquired before and after isodisomy, respectively. On long arm of chromosome 8, dark blue and red dots represent
mutations thought to have been acquired before duplication in metastatic and primary tumors, respectively. Light blue and orange dots represent mutations
thought to have been acquired after duplication or on the other chromosome 8 in metastatic and primary tumors, respectively. D, Model of tumor progression in
case #28 with monosomy 3 with focal chromosome 3 deletion encompassing MBD4 as early event, followed by CpG>TpG SF3B7 mutation. Then divergence
between the main primary clone in the eye, characterized by the acquisition of a CpG>TpG, inactivating BAPT mutation, and the main clone in the liver metastasis
with acquisition of a BAPT inactivating short indel, loss of the chromosome 2 carrying the SF387 mutation, and duplication of the remaining chromosome 2.

Case #28 represented an extreme form of heterogeneity
between PUM and MUM. First, the BSE status was not conserved
between primary tumor and metastasis. While the primary tumor
carried two pathogenic BSE mutations (SF3B1 R625C and a BAP1
intronic SNV that leads to aberrant splicing; Supplementary Fig.
§7), the metastatic sample did not carry the BAP1 intronic SNV but
instead a BAP1 frameshift indel, which was not detected in the
primary tumor. The SF3B1 mutation was absent from the metas-
tasis, apparently by the loss of the chromosome 2 carrying the
mutation, followed by the duplication of the remaining chromo-
some 2 (isodisomy 2). Furthermore, no SNV was shared between
PUM and MUM chromosomes 2. Instead, chromosome 2 VAFs in
the metastasis were distributed in two clusters: one with high
values (~100% of cancer cells), likely to have occurred prior to
chromosome 2 duplication and a second cluster at approximately
50% VAF or less, likely to have occurred after isodisomy (Fig. 5C).
Globally, only 1.0% of CpG>TpG SNVs observed in tumor
samples were shared between the primary tumor and the meta-
static clone (12/1,195 at >5% of corrected VAF in both samples).
Of these, no chromosome 3 SNV was shared between from PUM
and MUM, arguing for the emergence of the mutator phenotype

www.aacrjournals.org

after loss of chromosome 3 and divergence of the two clones at
this point. Similar analysis of chromosome 8 CpG>TpG VAFs
showed that 8q duplication was an independent event in both
samples, likely to have occurred after MBD4 deficiency and thus
after the loss of second chromosome 3. Altogether, these observa-
tions suggested the following relative order of genetic events in
case #28: (i) the first events being the monosomy 3 and MBD4
deletion, then (ii) GNAQ and SF3B1 CpG>TpG driver mutations,
(iii) followed by the emergence of the metastatic subclone, (iv)
BAP1 CpG>TpG mutation in the primary tumor, while the met-
astatic subclone acquired a BAP1 indel mutation and lost one
chromosome 2 with subsequent isodisomy 2 (Fig. 5D). These
results argued for an early metastatic process in this case, soon
after tumor onset and acquisition of monosomy 3 and GNAQ/
SF3B1 mutations, but before 8q duplication and BAP1 mutations,
with subsequent parallel evolution of lesions.

Discussion

Here we report the first extensive genetic analysis of meta-
static uveal melanoma. We showed that, as for primary tumors,

Clin Cancer Res; 25(18) September 15, 2019
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MUMs carry one of the lowest mutation burdens across adult
solid tumors (34). Therefore, the uveal melanoma metastatic
process is not associated with a significant acquisition of
genetic instability. Moreover, uveal melanoma driver altera-
tions were conserved in metastases without new potential
oncogenic mutations, supporting the idea that drivers are "set
in stone," as recently hypothesized by Harbour and collea-
gues (3). In particular, we did not observe any switch from low-
risk/disomy 3 genomic profiles in PUMs to high-risk/mono-
somy 3/BAPI-inactivated ones in metastasis. Furthermore,
SNVs were present in high cancer cell fractions, attesting to
the homogeneity of these tumors.

While uveal melanoma is a model of genetic stability and
homogeneity at the SNV level, acquisition of new CNAs appears
to be the main factor of genomic instability. Globally, CNA
profiles evolved toward a stereotypical uveal melanoma profile,
accumulating uveal melanoma-typical CNAs during the meta-
static process as well as in the eye with the growth of the primary
tumor. How these CNAs may contribute to tumor progression is
not well understood. Gains of 6p have been associated with
favorable prognosis in uveal melanoma, possibly because this
region carries the HLA genes, but no correlation was observed
between HLA expression and the number of 6p copies (38). No
recurrent gene-inactivating mutations have yet been found asso-
ciated with losses of 1p and 6q, suggesting a role for haploinsuf-
ficiency of these regions during tumor progression. Monosomy 3
was the only CNA that was never acquired during tumor pro-
gression. However, we found that isodisomy 3 was frequently
associated with metastatic evolution of monosomy 3/BAPI-
inactivated PUMs. Monosomy 3 is thought to foster tumor
initiation through BAPI inactivation. Conversely, one can
hypothesize that haploinsufficiency of chromosome 3 gene(s),
such as MITF, RHOA, RASSF1, MBD4 or CTNNBI (39), might
reduce tumorigenic capacities, compensated by chromosome 3
duplication during tumor progression. Gain of 8q was more
frequent in large primary tumors than in smaller ones and present
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Figure 6.
Graphical summary of uveal melanoma genetic progression during the metastatic

in all but one metastatic samples, suggesting that this event is
strongly associated with tumor progression. Further illustrating
the importance of 8q gain in this disease, we showed that this
CNA was acquired independently in the primary and the meta-
static clones in one case, which attested to convergent evolution.
The biological consequences of 8q gain are not yet understood,
although the influence of several oncogenes such as MYC or
PTP4A3 has been suggested (40, 41).

The evolution of CNA profiles during tumor progression raised
the question of uveal melanoma prognosis. Monosomy 3 and
BAP1 inactivation have previously been associated with poor
prognosis (8, 13, 42). Strikingly, we observed the same distribu-
tion of high-risk/monosomy 3 profiles in MUM and PUM series.
Our series presented a noticeable potential bias by the accrual of
patients with resectable metastatic disease only, but we confirmed
this finding in two independent series of patients with unresect-
able metastatic disease. Furthermore, we found that monosomy 3
and BAPI mutations were associated with a metastasis-free sur-
vival (MFS) more than twice as short as for disomy 3 tumors in
two series, confirming recent results (43). Importantly, these
results together with our analysis suggest that BAP1 mutations
and monosomy 3 are associated with the earlier occurrence of
metastases, rather than with a higher absolute metastatic risk.

Our observations may have therapeutic implications as well.
Although aggressive, MUMs are paradoxically highly resistant to
all cytotoxic drugs. Tumor heterogeneity at the nucleotide level
has been shown to contribute to drug resistance in some cancers,
but it certainly does not explain chemoresistance in uveal mel-
anoma. However, the contribution of tumor heterogeneity at the
CNA or epigenetic levels for instance cannot be excluded. In
contrast, stability at the nucleotide level hopefully forecasts that
future targeted therapies against uveal melanoma might be asso-
ciated with prolonged responses. Uveal melanomas are also
frequently resistant to immune checkpoint inhibitors, potentially
because of their low mutation burden. Conversely, high mutation
burden due to MBD4 deficiency has been shown to be associated
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between samples. UM, uveal melanoma.
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with an outlier response to immune therapy (12, 44). However,
McGranahan and colleagues showed that genetic heterogeneity
was associated with resistance to immune therapies in lung
cancer (45). Genetic heterogeneity in MBD4-deficient tumors
may thus lead to secondary resistance, as occurred in the outlier
response (12). Finally, analyses of MBD4def tumors revealed new
CpG>TpG potential driver mutations such as SMARCA4 T910M,
GNASR201C or TP53 R175H. This hypermutated phenotype may
thus lead to the discovery of new rare drivers (46, 47). Future work
will reveal whether such mutations are associated specifically
with uveal melanoma or rather with MBD4def across cancers, as
we identified the same SMARCA4 and TP53 mutations in two
MBD4-mutated tumors from TCGA cohorts, including a glioblas-
toma (11, 48). Altogether, MBD4def tumors appeared to be more
mutated, more heterogeneous and more instable at the nucleo-
tide level with the continual acquisition of oncogenic mutations
than their MBD4pro counterparts while similar at the CNA level
(Fig. 6).

Finally, we assessed the timing of the metastatic process. In
MBD4pro cases, the small number of SNVs and high homoge-
neity of tumors prevented such analysis. However, the two
MBD4def cases, with their high mutation burden and continuous
acquisition of CpG>TpG transitions, were instrumental to cir-
cumvent these limitations. We showed that clones from MBD4def
primary tumors and paired metastases shared as few as 1% of
SNVs. Consequently, metastatic clones diverged from the primary
tumor early after the first oncogenic events. In other words, if these
mutations were acquired at a constant rate and if the tumor
developed in, for example, five years, the metastatic clone would
arise as soon as one month after the monosomy 3 event. Postu-
lating that MBD4def and MBD4pro uveal melanomas share the
same tumorigenic processes, we may predict that metastases occur
early, long before diagnosis of the primary uveal melanoma. In
the future, such a dismal hypothesis has to be tested in the more
frequent, MBD4pro uveal melanoma cases. More generally,
tumors with continuous genetic instability such as MBD4def
tumors could be used as high-resolution genetic clocks to retrace
tumor history.

Shain et al. (49) published a similar analysis on a comparable
UM cohort and discovered PBRM1 and other variants as potential
driver mutations in UM metastases. We retrospectively analyzed
our dataset and found a 19-bp deletion in the coding sequence
of PBRM1 (chr3:52610598-52610616) in a unique metastatic
sample (metastasis #3 from case #10). Of note, we did not find
mutations in EZH2, PIK3R2, PIK3CA, PTEN, or MED12, and no
LOH on GNAQ, which were reported in Shain's series.
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