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Uveal melanoma (UM) is the most common primary
(reviewed by Dogrusöz and Jager7), whereas additional
intraocular tumor in adults. It can be treated by radioactive
copies of chromosome 6p predict a better prognosis.
plaque, proton beam or stereotactic irradiation, or enucleSeveral mutations are associated strongly with the
ation. Despite excellent local control, up to 50% of patients
development of metastases, as is the case with mutations
will die of metastases.1 Unfortunately, there is currently no
in the BAP1 gene,8 or only with the late development of
effective treatment for metastatic UM. A wide range of
metastases, as was recently reported for mutations in the
tumor characteristics is associated with the risk of these
SF3B1 gene.9,10 Although chromosome status as well as
mutations are being used for prognostication, messenger
metastases developing, and several tests using tumor DNA
RNA (mRNA) expression may be used as well.11 Different
or RNA can be applied to determine whether a tumor is
so-called mRNA gene expression proﬁles are associated
likely to metastasize. Knowledge about the parameters
with a low versus a high risk of metastasis formation, and
involved in the development of metastases helps us to
this has led to the availability of commercial tests for
understand the basic mechanisms behind the metastatic
prognostication.12,13 This prognostication can be used to
process. This information one day may contribute to
include high-risk patients in screening programs for early
ﬁnding an effective treatment that either will prevent
detection of metastases or in trials for adjuvant treatments.
metastases or cure them if they occur. Although in recent
The Cancer Genome Atlas
years new treatments, such as
Knowledge about the parameters
project was an enormous undertargeted
chemotherapy
or
involved in the development of
taking; it was set up and supported
immunotherapy, have proven
successful in many types of metastases helps us to understand the by the National Cancer Institute in
the United States with the goal of
cancer, these have not worked
basic mechanisms behind the
determining the molecular identity
in UM. Apparently, UM has
metastatic process.
of many types of cancer and
some distinct and unusual
generating ideas about the
features. The Cancer Genome
comparative biologic features of malignancies. Recently, TCGA
Atlas (TCGA) project was set up to study the
project focused on UM.2 Primary tumor material from 80
characteristics of many different types of cancer, and
patients with UM was collected. Various tests were
recently focused on UM. This has led to better insight into
performed, analyzing histologic features, chromosome copy
the genetic and immunologic make-up of this malignancy,
numbers, genetic mutations, expression of RNA, proteins,
helping to categorize it into 4 main groups that differ
DNA methylation status, and other factors such as
prognostically.2
Cancer is a disease of mutations and chromosome
biochemical pathways and immune markers. Results from
aberrations that lead to uninhibited cell division. Usually,
these different tests (also known as platforms) were compared
multiple mutations are needed for cancer to develop. In the
and related to clinical outcome. This TCGA project study led
development of UM, mutations in the GNAQ or GNA11
to an overall view regarding UM and helped us tremendously
genes are considered an early event.3,4 Mutations in these
in integrating the different pieces of the puzzle. In short, the
genes activate several molecular pathways, setting the stage
outcome is that almost all patients with UM carry a mutation
for progression toward cancer. We recently showed these
in the GNAQ or GNA11 gene and that application of the
mutations already are present in nevi, conﬁrming their role
different platforms leads to the identiﬁcation of 4 main types
as very early events.5 However, only 1 in 9000 nevi will
of UM. In the following sections, the major ﬁndings of
progress to melanoma, and different hypotheses exist
TCGA project on UM are discussed, providing an integrated
regarding the sequence of events that follows the GNAQ
molecular view of this disease.
or GNA11 mutations, thus transforming a lesion into
Prognostic Groups
Subsequent
changes
may
involve
malignancy.6
chromosome changes, mutations, or both. It is already
The overall conclusion of the various analyses in TCGA
known that some of these are related to prognosis in UM.
Loss of 1 chromosome 3 and having additional copies of
project was that UM are quite consistent in their molecular
chromosome 8q are associated with worse survival
patterns: with each platform, only 2 to 5 groups were
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identiﬁable. Overall, 2 main groups were identiﬁed; these
were deﬁned by the presence or absence of 2 chromosomes
3 (commonly referred to as disomy 3 [D3] or monosomy 3
[M3], respectively). Both of these groups again could be
divided into 2 subsets with their own characteristic genomic,
signaling, and immune proﬁles. In the TCGA project marker
article on UM, the 4 main prognostic groups were named 1,
2, 3, and 4, but to prevent confusion with Castle
Bioscience’s Class 1/Class 2 (a commercially available test
based on gene expression), and following the nomenclature
introduced in an article on genetics in UM,14 we refer to the
4 groups as A, B, C, and D.

Copy Number Analysis
Most studies that looked at the chromosome constitution of
UM have shown that loss of 1 chromosome 3 and addition
of copies of 8q in the UM cells are associated with an
increased risk of metastases.7 When chromosome copy
numbers were determined (by single nucleotide
polymorphism SNP microarray and whole exon
sequencing), unsupervised computer analysis of somatic
copy number alterations identiﬁed clusters of samples with
shared features. This led to 4 subtypes of UM, dividing
D3 as well as M3 tumors into 2 subgroups, that is, A and
B versus C and D. Although A and B groups both carry 2
chromosomes 3 (D3), they differ in their chromosome 6
and 8 status: group A shows enrichment for partial or
total 6p gain without other chromosome aberrations,
whereas group B shows both 6p gain and partial 8q arm
gain. As already mentioned, groups C and D are M3
tumors, with most showing 8q whole arm gain. Most of
the cluster D tumors had an isochromosome for 8q,
leading to multiple copies of 8q.

Mutation Analysis
Whole exon sequencing, a relatively new technique to
analyze a wide range of genes in 1 test, revealed there are
very few somatic mutations in UM. Similar to prior studies,
mutually exclusive somatic mutations were present in the G
protein pathway-associated GNAQ or GNA11 genes
(92.5%), with further mutations observed in the CYSLTR2
gene (4%) and PLCB4 gene (2.5%). As mentioned before,
the GNAQ and GNA11 mutations already occur in most
choroidal nevi, so they do not deﬁne malignancy.
In addition to these primary mutations, almost all tumors
contained a second mutation. The most important secondary
mutation occurred in the BAP1 gene and was associated
with the separation into prognostically favorable (A and B)
or unfavorable (C and D) tumors. The BAP1 gene, located
on chromosome 3, encodes the BAP1 protein (i.e., BRCA1associated protein 1) and has a role as tumor suppressor.
BAP1 expression was normal in most D3 (A and B) tumors
and downregulated in most M3 (C and D) tumors.
Tumors with BAP1 gene mutations showed a low level of
BAP1 mRNA, but because no immunohistochemical stainings
were planned for this project, we do not know whether these
tumors expressed BAP1 protein, which previously was shown

to be a reliable prognostic marker.15 Analysis of genetic
clonality suggested that loss of 1 chromosome 3 preceded
loss of BAP1 through mutation. BAP1 gene alterations were
shown in 83% of the M3 UM cases. As the other 17%
showed a decreased expression of BAP1 mRNA, further tests
may detect a mutation or epigenetic downregulation in the
BAP1 gene in those tumors. The M3 BAP1 loss tumors
showed a different overall methylation pattern compared
with the D3 BAP1-expressing tumors, suggesting that loss of
BAP1 (or potentially another gene on chromosome 3) causes
a wide range of epigenetic modiﬁcations.
Other secondary mutations were identiﬁed in the SF3B1
and EIF1AX genes, and these mutations were nearly mutually exclusive with BAP1 mutations. Mutations in SF3B1 or
EIF1AX occurred in 28 cases (34%) of TCGA project panel.
All 10 EIF1AX mutations occurred in group A, and most of
the SF3B1 mutations (13/18) occurred in group B. SF3B1
mutations in D3 UM were associated with partial 8q gain.
A novel mutation in SRSF2 was detected in 3 UM samples
studied in TCGA project. Tumors with SRSF2 mutations had
neither SF3B1 nor EIF1AX mutations and were found in both
D3 and M3 UMs with 8q gains. These ﬁndings suggest
functional similarities between SRSF2- and SF3B1-mutant
UM. The D3 EIF1AX- and SF3B1- or SRSF2-mutated tumors
had their own distinct methylation patterns.

Analysis of mRNA, Micro RNA, and Long
Noncoding RNA
Various types of RNA were analyzed in TCGA project:
mRNA, micro RNA (miRNA), and long noncoding RNA
(lncRNA). Although mRNA is the template of DNA used to
produce proteins, miRNA and lncRNA do not result in
proteins, but rather have a role in regulation of various
transcription processes. Expression analysis of the various
RNA types resulted in 4 distinct groups of UM, which is in
contrast to the previously published 2 or 3 prognostic groups
based on gene expression proﬁling. Using gene expression,
Tschentscher et al12 were the ﬁrst investigators to show 2
distinct classes of UM. Onken et al13 similarly identiﬁed 2
classes, known as class 1 and class 2, which are used in
the Castle Bioscience test. The Cancer Genome Atlas
project showed that the chromosome 3 status determines
the grouping of mRNA, as expected: 6 of 8 genes that are
high in Onken’s class 1 and low in class 2 are located on
this chromosome. The 2 gene expression classes follow in
almost all cases the distribution of chromosome 3, with
class 1 corresponding to D3 (tumor types A and B) and
class 2 corresponding to M3 (tumor types C and D). In
the TCGA project study, BAP1 mRNA expression
followed the same pattern with loss of expression
occurring in M3 tumors. Based on the mRNA expression
pattern, both the D3 as well as the M3 tumor group were
divided further into 2 groups. This division did not follow
the distribution of the SF3B1 or EIF1AX mutations, as
also previously seen with the 4 groups according to their
somatic chromosome copy numbers. Analysis of lncRNA
expression patterns similarly identiﬁed 4 subgroups, which
paralleled the same 4 subgroups identiﬁed by mRNA
expression pattern, and the chromosome copy numbers.
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Table 1. Overview of Types of Uveal Melanoma and Corresponding Chromosome Aberrations

mRNA class
Chromosome aberrations
Chromosome 3
Chromosome 6
Chromosome 8
Inﬂammation
Prognosis

A

B

C

1
Infrequent
Disomy 3
Extra 6p
Normal 8q
None
Favorable

1
Infrequent
Disomy 3
Extra 6p
Partial extra 8q
None
Late metastases

2
Frequent
Monosomy 3

2
Frequent
Monosomy 3

Extra 8q
Some
Unfavorable

Extra 8q (multiple)
Much
Unfavorable

One group in TCGA project (i.e., group D), which was
identiﬁed with mRNA and lncRNA heatmaps (a clustering
technique based on gene expression levels), displayed a
speciﬁc peculiarity: this group contained most of the tumors
with an increased leukocyte fraction. Although a T-cell
inﬁltrate was nearly absent in D3 UM (groups A and B), it
was present in approximately 30% of M3 UM (groups C and
D), with a remarkable abundance in group D. Genes
involved in interferon signaling, cytotoxicity, and immunosuppression also were expressed speciﬁcally in this group
D. The Cancer Genome Atlas project study conﬁrmed the
ﬁnding that M3 tumors have a higher HLA expression than
D3 tumors.16 This would make these tumors theoretically
more susceptible to immune therapy, because a proper
HLA antigen expression is essential for tumor cell
recognition by T cells. However, it may be that either the
immune-privileged environment of the eye or the presence
of regulatory elements in the inﬁltrate (with FOXp3þ
expressing regulator T cells, or expression of the
indoleamine 2,3-dioxygenase (IDO) enzyme that suppresses
T-cell responses) could inhibit the induction of systemic
effector cells.17e19 Another reason for the lack of successful
treatment with immune checkpoint inhibitors in UM may be
the relative lack of neoantigens, which play a role in
developing T-cell responses.20 Neoantigens are antigens on
tumor cells formed by newly mutated genes. Because they
are absent normally, they are seen as foreign and form a
potential target for T-cell attack. The relative lack of
mutations associated with UM compared with other
cancers (for example, cutaneous melanoma) may explain
why there are so few neoantigens in this tumor.21

Pathway Analysis and the Role of 8q
Pathway analysis showed differentially expressed pathways
in groups C and D. One of the 2 M3 clusters expressed DNA
damageeresponse genes HIF1a and MYC, as well as
expressed immune-related genes. The other M3 cluster
showed an increased expression of MAPK and AKT.
When looking for mRNA markers in groups C and D that
differentiate between patients with and without metastases, a
number of genes were identiﬁed. Most of these were located
on chromosome 8q. The association between the presence of
extra copies of chromosome 8q and the development of
metastases has been shown in several studies and has been
observed to be independent of the chromosome 3 status. The
speciﬁc genes involved have not yet been identiﬁed, however. Recently, an association between extra copies of

D

chromosome 8q and inﬁltration with monocytes, but not T
cells, was observed in D3 BAP1-positive tumors.22 The
same study showed an association between an increase of
inﬁltrating T cells with M3 and loss of expression of
BAP1. We assume this inﬂux of T cells, upregulation of
the interferon-signaling pathway, and increased HLA antigen expression are related to the deubiquitinase activity of
BAP1, because such an immune regulatory function has
been described for other deubiquitinases as well.23

Sequence of Mutational Steps
Combining the aforementioned data, 4 groups of UM can be
identiﬁed that are characterized by different RNA expression
proﬁles, chromosome aberrations, and prognosis (Table 1). It
can be deduced that the ﬁrst step in the development of UM is
a mutation in the GNAQ or GNA11 genes, whereas the
subsequent step may either be a mutation in the SF3B1,
EIF1AX, or similar gene, or addition of an extra copy of
chromosome 8q. It is as yet unknown what happens next.
Although TCGA project study suggests that loss of 1
chromosome 3 precedes the development of a BAP1
mutation, it would be more logical when considering cancer
in general that the BAP1 mutation precedes the
chromosome loss. We and others recently reported that the
addition of chromosome 8q precedes the loss of 1
chromosome 3.24,25 It is as yet unknown which genes on
chromosome 8q play a role in cancer progression.
Different groups have demonstrated that speciﬁc
chromosome changes, such as loss of 1 chromosome 3, are
associated with speciﬁc gene expression patterns.12,26 The
multiplatform approach used in TCGA project clearly shows
that the mutations in EIF1AX, SF3B1, and BAP1 are related to
speciﬁc chromosome aberrations and that these lead to
speciﬁc patterns in mRNA, miRNA, lncRNA, and epigenetic
changes such as methylation patterns. Using these different
platforms, 4 groups of UM were identiﬁed instead of the only
2 or 3 prognostic groups reported previously and tested for
commercially. Furthermore, TCGA project study convincingly attributed a very important role to BAP1, both in the
development of an inﬂammatory phenotype, as well as in the
development of metastases. The molecular pathways remain
to be elucidated.
Clinically, it is clear that one can use either the type of
mutation; chromosome aberrations; or mRNA, miRNA, or
lncRNA analysis to determine prognosis. Scientiﬁcally, more
work remains to understand why the different chromosome
changes play such an important role in the biological
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progression of UM and how we can modify the pathways to
prevent or treat metastases. Finding the targets on chromosome 8q that play a role in metastases and tumor progression
may be easier than overcoming loss of function changes
through loss of chromosome 3 and expression of BAP1.
In summary, TCGA project was a massive undertaking
and has added a great deal to our understanding of the molecular underpinnings of many cancers including UM. The
large amount of data generated in the UM TCGA project and
published in the TCGA marker article2 has paved the way for
many investigations and further analyses that have followed,
and likely will continue to serve as an invaluable resource for
UM investigators in the years to come.27
Acknowledgments

12.

13.

14.
15.
16.

The authors thank The Cancer Genome Atlas Uveal Melanoma
Working Group for several years of collaboration and teamwork
that led to the discoveries described in this editorial.

References

17.
18.

1. Damato B. Progress in the management of patients with uveal melanoma. The 2012 Ashton Lecture. Eye (Lond). 2012;26:1157e1172.
2. Robertson AG, Shih J, Yau C, et al. Integrative analysis
identiﬁes four molecular and clinical subsets in uveal melanoma. Cancer Cell. 2017;32:204e220.e215.
3. Van Raamsdonk CD, Bezrookove V, Green G, et al. Frequent
somatic mutations of GNAQ in uveal melanoma and blue
naevi. Nature. 2009;457:599e602.
4. Van Raamsdonk CD, Griewank KG, Crosby MB, et al. Mutations in GNA11 in uveal melanoma. N Engl J Med.
2010;363:2191e2199.
5. Vader MJC, Madigan MC, Versluis M, et al. GNAQ and
GNA11 mutations and downstream YAP activation in
choroidal nevi. Br J Cancer. 2017;117:884e887.
6. Singh AD, Kalyani P, Topham A. Estimating the risk of malignant transformation of a choroidal nevus. Ophthalmology.
2005;112:1784e1789.
7. Dogrusöz M, Jager MJ. Genetic prognostication in uveal
melanoma. Acta Ophthalmol. 2017 Nov 4. https://doi.org/10.
1111/aos.13580 [Epub ahead of print].
8. Harbour JW, Onken MD, Roberson ED, et al. Frequent mutation of BAP1 in metastasizing uveal melanomas. Science.
2010;330:1410e1413.
9. Martin M, Masshofer L, Temming P, et al. Exome sequencing
identiﬁes recurrent somatic mutations in EIF1AX and SF3B1 in
uveal melanoma with disomy 3. Nat Genet. 2013;45:933e936.
10. Yavuzyigitoglu S, Koopmans AE, Verdijk RM, et al. Uveal melanomas with SF3B1 mutations: a distinct subclass associated with
late-onset metastases. Ophthalmology. 2016;123:1118e1128.
11. Zuidervaart W, van der Velden PA, Hurks MH, et al. Gene
expression proﬁling identiﬁes tumour markers potentially

19.

20.
21.

22.

23.
24.

25.
26.
27.

playing a role in uveal melanoma development. Br J Cancer.
2003;89:1914e1919.
Tschentscher F, Husing J, Holter T, et al. Tumor classiﬁcation
based on gene expression proﬁling shows that uveal melanomas with and without monosomy 3 represent two distinct
entities. Cancer Res. 2003;63:2578e2584.
Onken MD, Worley LA, Ehlers JP, Harbour JW. Gene
expression proﬁling in uveal melanoma reveals two molecular
classes and predicts metastatic death. Cancer Res. 2004;64:
7205e7209.
Royer-Bertrand B, Torsello M, Rimoldi D, et al. Comprehensive genetic landscape of uveal melanoma by wholegenome sequencing. Am J Hum Genet. 2016;99:1190e1198.
van Essen TH, van Pelt SI, Versluis M, et al. Prognostic
parameters in uveal melanoma and their association with
BAP1 expression. Br J Ophthalmol. 2014;98:1738e1743.
Maat W, Ly LV, Jordanova ES, et al. Monosomy of chromosome 3 and an inﬂammatory phenotype occur together in uveal
melanoma. Invest Ophthalmol Vis Sci. 2008;49:505e510.
Lagouros E, Salomao D, Thorland E, et al. Inﬁltrative T regulatory cells in enucleated uveal melanomas. Trans Am Ophthalmol Soc. 2009;107:223e228.
Niederkorn JY. Immune escape mechanisms of intraocular
tumors. Prog Retin Eye Res. 2009;28:329e347.
Bronkhorst IH, Vu TH, Jordanova ES, et al. Different subsets
of tumor-inﬁltrating lymphocytes correlate with macrophage
inﬂux and monosomy 3 in uveal melanoma. Invest Ophthalmol
Vis Sci. 2012;53:5370e5378.
McGranahan N, Furness AJ, Rosenthal R, et al. Clonal neoantigens elicit T cell immunoreactivity and sensitivity to immune checkpoint blockade. Science. 2016;351:1463e1469.
Colli LM, Machiela MJ, Myers TA, et al. Burden of nonsynonymous mutations among TCGA cancers and candidate
immune checkpoint inhibitor responses. Cancer Res. 2016;76:
3767e3772.
Gezgin G, Dogrusöz M, van Essen TH, et al. Genetic evolution of uveal melanoma guides the development of an inﬂammatory microenvironment. Cancer Immunol Immunother.
2017;66:903e912.
Harhaj EW, Dixit VM. Regulation of NF-kappaB by deubiquitinases. Immunol Rev. 2012;246:107e124.
de Lange MJ, van Pelt SI, Versluis M, et al. Heterogeneity
revealed by integrated genomic analysis uncovers a molecular
switch in malignant uveal melanoma. Oncotarget. 2015;6:
37824e37835.
Singh N, Singh AD, Hide W. Inferring an evolutionary tree of
uveal melanoma from genomic copy number aberrations.
Invest Ophthalmol Vis Sci. 2015;56:6801e6809.
van Gils W, Lodder EM, Mensink HW, et al. Gene expression
proﬁling in uveal melanoma: two regions on 3p related to
prognosis. Invest Ophthalmol Vis Sci. 2008;49:4254e4262.
Field MG, Durante MA, Anbunathan H, et al. Punctuated
evolution of canonical genomic aberrations in uveal melanoma. Nat Commun. 2018;9:116; https://doi.org/10.1038/
s41467-017-02428-w.

Footnotes and Financial Disclosures
1

Department of Ophthalmology, Leiden University Medical Center, Leiden, The Netherlands
2
Orbital Oncology & Ophthalmic Plastic Surgery, Department of Plastic
Surgery, MD Anderson Cancer Center, Houston, Texas

Correspondence:
Martine J. Jager, MD, PhD, Leiden University Medical Center, Dept.
of Ophthalmology, PO Box 9600, Leiden 2300 RC, The Netherlands.
E-mail: m.j.jager@lumc.nl.

Financial Disclosure(s): The author(s) have no proprietary or commercial
interest in any materials discussed in this article.

4
EDI 5.5.0 DTD  OPHTHA10233_proof  31 March 2018  4:45 pm  ce

