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PURPOSE. Monosomy 3 (M3) or the presence of a specific RNA expression profile, known as
class 2, is strongly associated with death from uveal melanoma (UM). Given the important role
of epigenetic processes in cancer development and progression, we compared the
transcriptional profiles of a selection of epigenetic regulators between primary UM with a
good and a bad prognosis.

METHODS. Transcriptional levels of 59 epigenetic regulator genes were measured by
quantitative PCR (qPCR) in 20 UM, 12 with monosomy of chromosome 3 (M3) and 8 with
disomy of chromosome 3 (D3). Validation was performed in an independent cohort.
Expression levels were compared to clinicopathological characteristics, including class type.
Bisulfite sequencing was used to evaluate the role of DNA methylation in gene silencing.

RESULTS. In the first set of tumors, general downregulation of transcription of the genes
encoding epigenetic regulatory enzymes was seen in association with M3. The 10 genes with
the highest differential expression between M3 and D3 were selected and were analyzed in a
second set of tumors. In the validation set, significantly lower levels of KAT2B (P ¼ 0.008),
HDAC11 (P ¼ 0.009), KMT1C (P ¼ 0.05), KDM4B (P ¼ 0.003), KDM6B (P ¼ 0.04), and BMI-
1 (P ¼ 0.001) transcripts were found in tumors with M3/class 2. Methylation of C-phosphate-
G (CpG) residues was not observed on the putative regulatory regions of KAT2B, KDM4B, or
KDM6B.

CONCLUSIONS. Expression levels of a number of histone-modifying genes and polycomb family
members are significantly lower in uveal melanoma with monosomy 3/class 2, supporting a
general dysregulation of epigenetic modifiers in UM with a bad prognosis.
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Uveal melanoma (UM) is the most common primary
intraocular tumor in adults, with 5.1 cases per million

annually in the United States.1,2 The mean age at diagnosis is 58
years,3 with most cases occurring in patients between the ages
of 50 and 80.1 Uveal melanoma frequently leads to liver
metastases, for which hardly any treatment has been found to
be effective. Survival at 5 years ranges from 69% to 82%, falling
to 57% to 62% at 10 years,4 despite often successful treatment
of the primary tumor. However, many clinicopathological and
genetic predictive factors have been identified, allowing early
recognition of individuals at risk. In order to improve survival,
adjuvant treatments should be developed and provided to high-
risk individuals to prevent the outgrowth of metastases.

The most prominent genetic prognostic indicator is the
chromosome 3 status. Monosomy of chromosome 3 (M3) is a
frequent event in UM,5 contributing to a poor prognosis, with
one report indicating a 55% 10-year mortality for those with M3
compared to 0% for patients with disomy of chromosome 3
(D3).6 This has triggered great interest in potential tumor
suppressor genes that may be located on this chromosome. The

most significant discovery so far has been the identification of a
mutation of the BRCA-associated protein-1 (BAP1) gene on
3p21.1 on the remaining chromosome 3 in metastasizing
tumors.7 There are also chromosomal alterations that predict a
good prognosis, such as gain of chromosome 6p.8

The fact that M3 and gain of 6p are virtually exclusive to
metastasizing and nonmetastasizing tumors, respectively, sug-
gests that this is the level at which tumors diverge along two
distinct pathways,9,10 and that loss of M3, BAP1 in particular,
produces a highly aggressive tumor with a distinctive tran-
scriptome, while an as yet unknown regulator on chromosome
6 prevents the development of this pattern. Uveal melanomas
can be separated into two prognostically relevant groups based
on a panel of differentially expressed genes: one with a low
(class 1) and the other with a high (class 2) likelihood of
metastatic spread.11–13

In the past decade, the important role of epigenetic
mechanisms has begun to become apparent in a broad array
of pathologies, and new treatments may focus on interfering in
disease-associated epigenetic regulation. Epigenetics is the
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study of mitotically heritable changes in gene function that do
not entail a change in gene sequence.14 Epigenetic modifica-
tions allow dynamic changes in chromatin structure. A number
of epigenetic mechanisms that control gene transcription have
been elucidated, most importantly DNA methylation and
histone modification, which together define the epigenome.

Posttranslational modifications of histones by histone-
modifying enzymes (HMEs) lead to changes in the state of
chromatin compaction, which facilitates DNA-based processes
such as transcription, replication, recombination, and repair.
These modifications are carried out by ‘‘writers,’’ and many are
potentially reversible by ‘‘erasers.’’ The net result is known as
the histone code.15,16

Major regulators of transcription are the polycomb repres-
sive complexes (PRC) 1 and 2, which are ‘‘readers’’ of the
histone code responsible for transcriptional repression. Poly-
comb repressive complex 2 is responsible for initiation of gene
repression, while reader PRC1 monoubiquitinates histone 2A
at K119, leading to maintenance of gene repression. The
Polycomb group (PcG) proteins are particularly important in
regulating lineage choices by governing expression of genes
involved in differentiation and development, such as the HOX

genes (reviewed in Ref. 17). Global changes in cellular patterns
of histone modification are associated with clinical outcome in
many malignancies, for example, in prostate,18 lung,19,20

gastric,21 breast, ovarian, and pancreatic cancer.22 This
supports evidence that aberrant histone modifications are
critical in tumor genesis and implies that functional conse-
quences of alterations in expression, activity, or specificity of
HMEs have significant effects on outcome in cancer.

Little is known about the role of epigenetics in the
pathology of UM. There are, however, a number of examples
of loci silenced by promoter methylation, including pINK4a,23

RASSF1A,24 TIMP3,25 RASEF,26 and EFS,27 most of which
encode genes with a role in cell cycle regulation. When UMs
were clustered according to the global DNA methylome, they
divided into the same two classes as when clustered according
to their gene expression profile,10 suggesting an epigenetic
contribution to the underlying molecular pathology that
produces this transcriptome. Histone modifications may also
play a role in UM development and progression. In UM, KMT6
(EZH2), a member of PRC2, is associated with repression of
expression of the major histocompatibility complex (MHC)
class II transactivator (CIITA), the master regulator of MHC-II

genes,28 which is frequently silenced in tumor cells by
epigenetic mechanisms.29,30 BAP1 is another HME, the loss
of which is strongly implicated in the development of
aggressive UM. It encodes a deubiquitinating enzyme,7 and
BAP1 silencing or deletion is associated with hyperubiquitina-
tion of histone 2A; depletion of BAP1 in UM cell lines resulted
in loss of melanocytic differentiation and a shift in gene
expression to a class 2 profile.31

We hypothesize that epigenetic regulators in UM contribute
to increased malignancy; we investigated changes in the
expression of genes that play an important role in DNA
methylation and histone modification and studied the expres-
sion of components of the PRCs, which mainly catalyze histone
lysine modifications and are involved in DNA methylation.
First, we measured the gene expression profile of 52 epigenetic
modifier enzymes of the DNA methyltransferase (DNMT),
lysine methyltransferase (KMT), lysine demethylase (KDM),
lysine acetyltransferase (KAT), histone deacetylase (HDAC),
and sirtuin (SIRT) groups, as well as seven PcG proteins of
PRC1 and PRC2, and compared their expression between D3
and M3 UM.

Thereafter, we analyzed whether the most important
differentially expressed genes were associated with loss of
one chromosome 3 or the presence of a class 2 gene expression

profile in a second set of UM. Subsequently, we looked for
associations with clinicopathological prognostic factors and any
relations with survival (as expected because of their relation to
monosomy of chromosome 3/a class 2 gene expression profile).
Finally, we investigated the mechanisms of altered transcription
in some of the differentially expressed genes.

MATERIALS AND METHODS

Study Population and Tumor Characteristics

We used tumor samples collected from 20 patients at the Leiden
University Medical Center, Leiden, The Netherlands. For a
validation study, we used a second independent set of 19 tumor
samples. Uveal melanoma–containing eyes were removed by
enucleation, and tumor material was snap frozen and stored at
�808C. Clinicopathological data were obtained from medical files
and histology reports and collected in a database. Patient and
tumor characteristics are described in Table 1. Each sample
underwent conventional histopathological evaluation. Tumor,
node, and metastasis (TNM) classification of the tumors occurred
using the seventh edition of the American Joint Committee on
Cancer (AJCC) staging manual.32 Follow-up information on date
and cause of death of patients was retrieved from the Integral
Cancer Center West, which checks and registers the survival
status of patients on a yearly basis. The median follow-up time
was 61.5 months (range, 2–169 months). Follow-up time is
determined as the time period from enucleation until moment of
death or last date when follow-up was checked. We do not have
missing information on follow-up.

Tumor Material

DNA and RNA were isolated from 25 sections of 20 lm from
fresh-frozen tissue that was collected in Eppendorf tubes. DNA
was isolated using the QIamp DNA Mini Kit, and RNA was
isolated using the RNeasy Mini Kit (both from Qiagen, Venlo,
The Netherlands). Both were isolated according to the
instructions of the manufacturer (vacuum protocol). Concen-
trations were measured using a Nanodrop (NanoDrop Prod-
ucts, Wilmington, DE, USA). Chromosome status was
determined by single nucleotide polymorphism (SNP) analysis
with the Affymetrix 250K_NSP microarray chip (Affymetrix,
Santa Clara, CA, USA). After RNA isolation, cDNA was
synthesized from RNA samples (1 lg) using SuperScript III
(Thermo Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s protocol. RNA obtained from the frozen
material from the tumors in the validation set was tested in
the 15-gene classification assay as described by Onken et al.13

and sent to the department of Ophthalmology and Visual
Sciences of Washington University School of Medicine (St.
Louis, MO, USA) for class assignment. Data on chromosome 3
status and class were concordant in 17 out of the 19 cases in
which both features were determined (the validation set).
There were two cases with monosomy 3 that were discor-
dantly classified as class 1. According to Dutch national
regulations, human material remaining after pathological
examination is available for use in research. The Tenets of
the Declaration of Helsinki were followed.

Quantitative PCR Analysis

Quantitative PCR (qPCR) was performed on a Bio-Rad MyiQ
cycler with SYBR Green supermix (Bio-Rad Laboratories,
Hercules, CA, USA) and with primers to amplify the products
of the 52 epigenetic modifier enzymes and seven PcG proteins
listed in Table 2. Primer sequences will be published elsewhere
but are available upon request. The PCR program used was 958C
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for 3 minutes, followed by 50 cycles (30 seconds 958C; 30
seconds Tann; 30 seconds 728C) (where Tann is the specific
annealing temperature of the individual primer pair), and was
concluded by melting curve analysis. For each reaction, 50 ng
cDNA and 5 pmol forward and reverse primer were used. The
PCR data are shown as relative expression (2DCt), normalized
against the geometric mean Ct value of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), RNA polymerase II (RPII),
hypoxanthine-guanine phosphoribosyltransferase (HPRT), and
b-glucuronidase (GUS). Normalization of expression of the
geometric mean of multiple household genes was used to
account for variation of household gene expression between
samples.33 The Ct values of the genes that showed the highest
differential expression are presented in Supplementary Table S1.

Bisulfite Sequencing

Bisulfite sequencing was used to analyze DNA methylation
patterns. Genomic DNA was isolated from the two highest- and

two lowest-expressing tumor samples for each of the genes of
interest. DNA was treated with bisulfite EZ DNA Methylation
kit (Zymo Research, Irvine, CA, USA) according to the
manufacturer’s instructions. Speculative promoter regions of
KDM4B, KDM6B, and KAT2B were located by detecting
regions 50 to the transcriptional start site with dense CpG
islands and DNase I activity using UCSC Genome Browser
Version hg19 (release date February 2009; UCSC Genome
Informatics Group, Santa Cruz, CA, USA). Primers were
designed to amplify this region using BiSearch Primer Design
Tool (BiSearch Web Server, available in the public domain at
http://bisearch.enzim.hu/), which generates primers to ampli-
fy anticipated bisulfite-converted CpG islands (CPIs; defined as
a DNA sequence with GC content > 50% and observed-to-
expected CpG ratio of >0.634). Sequences were amplified
(AccuPrime Taq DNA Polymerase System; Invitrogen) accord-
ing to the manufacturer’s protocol. Optimal PCR conditions
were no added MgCl2, Ta of 558C, and 40 cycles for each of the
primer pairs listed. The PCR products were purified (Nucleo-

TABLE 1. Overview of the Characteristics of the Patients Included in the Test and the Validation Sets

Clinicopathological Parameters

Total
Tumor Set

n Test Set, n ¼ 20 % Validation Set, n ¼ 19 %

Mean age at diagnosis, y (SD) 39 56.9 (617.5) 59.0 (614.3)

Sex

Male 21 12 60 9 47

Female 18 8 40 10 53

Eye

Right 22 10 50 12 63

Left 17 10 50 7 37

Tumor diameter, mm (SD) 39 13.5 (64.7) 13.1 (63.0)

Tumor prominence, mm (SD) 39 7.8 (62.6) 6.8 (63.0)

Histopathologic cell type

Spindle 15 8 40 7 37

Mixed/epithelioid 24 12 60 12 63

Ciliary body involvement

No 27 15 75 12 63

Yes 12 5 25 7 37

Scleral ingrowth

None 5 2 10 3 16

Superficial 21 9 45 12 63

Deep 7 5 25 2 10.5

Extrascleral 6 4 20 2 10.5

TNM stage

Stage I 4 0 0 4 21

Stage IIA 11 8 40 3 16

Stage IIB 13 7 35 6 32

Stage IIIA 10 4 20 6 32

Stage IIIB 0 0 0 0 0

Stage IIIC 1 1 5 0 0

Stage IV 0 0 0 0 0

Metastasis

No 16 6 30 10 53

Yes 23 14 70 9 47

Chromosome 3 status

Disomy 16 8 40 8 42

Monosomy 23 12 60 11 58

Class

1 ND ND ND 10 53

2 ND ND ND 9 47

n, number of tumors; SD, standard deviation; ND, not determined.
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Spin Extract II kit; Macherey-Nagel, Inc., Bethlehem, PA, USA)
and cloned into pGEMTeasy plasmid (Promega, Madison, WI,
USA) according to the manufacturer’s protocol. Twelve
colonies containing a successfully ligated vector for each
tumor sample were selected based on blue-white screening,
and DNA was isolated (PureYield Plasmid Miniprep System;
Promega) after overnight culture at 378C in Luria Broth (LB)
medium containing ampicillin in a shaking incubator. Ligation
of the correct insert was confirmed using restriction enzyme
digestion with EcoRI or NotI. As not all clones contained an
insert of the correct size, results of at least two individual
clones that had been successfully ligated were sequenced
using the vector’s M13 primer sites at the Leiden Genome
Technology Center. Sequences were analyzed for CpG island
methylation using the online tool QUantification tool for
Methylation Analysis.35 For bisulfite sequencing of the three
analyzed genes, the following primer sequences, 50–30, were
used: for KDM4B, for the region spanning �63177 to �62839
(relative to CDS coding sequence) F: 5 0TGGTATTT
TGTAAATTGGGG, R: 50CCRACTCTCTATTCTCATTAAAAAAA;
for KDM6B, for the region spanning�3940 to�3552 F: GGAGA
TAAGATGAGTAGATAT, R: 50AAATAAAACRATCCAAAACCCTC,
and for KAT2B; for the region spanning �442 to �241 F:
5 0AAAAGAGGTYGTGGGGGGTTTTTTA, R: 5 0CCAAAAA
AAAAAAAACTAACRAC (R: nucleotide A/G. Y: nucleotide C/T).

Statistics

Expression levels of each of the individual 59 genes were
compared between M3 and D3 tumors using the Mann-
Whitney U test, which compares median gene transcript

levels. This statistical test was also used for comparison of gene
expression levels to different clinicopathological parameters
(sex, chromosome status, class, cell type, TNM stage). The
relative expression levels of transcripts are presented as
median (range). To correct for multiple testing, a Bonferroni
correction was applied. The possible correlation with largest
basal tumor diameter was analyzed using the Spearman
correlation test. To investigate the association with the
parameter ‘‘death due to metastases,’’ a univariate Cox
regression analysis was conducted by dividing the genes into
two groups using the median expression level. All tests were
performed using the statistical software package SPSS 20.0.0
(IBM SPSS Statistics for Windows, version 20.0.0; IBM Corp.,
Armonk, NY, USA). Differences were considered to be
significant if P < 0.05 after correction for multiple testing.

RESULTS

Expression Patterns of Epigenetic Regulator Genes
in M3 Versus D3 Tumors

We tested the expression levels of epigenetic regulator genes
that can be categorized according to function (Table 2),
depending on whether they methylate DNA, modify the
histone code by ‘‘writing’’ or ‘‘erasing’’ it, or are part of
PRC1 or PRC2. We determined with qPCR the expression of 59
genes involved in epigenetic regulation in 20 UM samples and
compared their expression between M3 and D3 tumors. The
set consisted of 12 M3 and 8 D3 UM of varying diameter and
cell type, obtained following enucleation without any prior

TABLE 2. Epigenetic Gene Groups Categorized According to Mode of Action

Target DNA Histones

Modification Methylation Acetylation Deacetylation Methylation Demethylation Methylation

Function Writer Writer Eraser Writer Eraser

Writer Reader

(PRC2) (PRC1)

Enzymes DNMT1 KAT2A Class I KMT1A KDM1 EED PHC1

DNMT3a KAT2B HDAC1 KMT1B KDM2A SUZ12 RING1

DNMT3b KAT3A HDAC2 KMT1C KDM3A JARID2 BMI-1

KAT3B HDAC3 KMT1D KDM3B KMT6

HDAC8 KMT2A KDM4A

Class II A KMT2B KDM4B

HDAC4 KMT2C KDM4C

HDAC5 KMT2D KDM5A

HDAC7 KMT2E KDM5B

HDAC9 KMT2F KDM5C

Class II B KMT2G KDM6A

HDAC6 KMT5A KDM6B

HDAC10 KMT5B

Class III KMT5C

SIRT1 KMT7

SIRT2

SIRT3

SIRT4

SIRT5

SIRT6

SIRT7

Class IV

HDAC11

DNA methyltransferases are responsible for DNA methylation. Polycomb repressive complexes 1 and 2 are responsible for initiation and
maintenance of gene repression, respectively. The modifiers can also be classified according to function: acetyltransferases, methyltransferases, and
PRC2 complex ‘‘write’’ the histone code, while deacetylases and demethylases ‘‘erase’’ it. An additional functional category of epigenetic modifiers
comprises ‘‘readers’’ of the histone code, such as PRC1.
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treatment. The results were validated in another set that
included 19 UM samples. As we did several analyses with
diverse groups of genes in different sets of tumors, a flowchart
of analyses is presented for clarification (Fig. 1).

Transcription Profiles of Subcategories of
Epigenetic Modifiers

Expression of the different functional categories varied widely
between tumors, but overall, a trend was noted for a lower
expression of the epigenetic gene-modifier subcategories in M3
tumors and a higher and more variable gene expression in D3
tumors. After Bonferroni correction to correct for the number
of analyzed categories, M3 tumors showed a significantly
higher expression of the KAT (P < 0.02), SIRT (P ¼ 0.034),
KMT (P ¼ 0.009), and PRC2 (P ¼ 0.007) gene categories than
D3 tumors (Fig. 2).

Transcriptional Profiles of Individual Genes

When looking at individual epigenetic modifier genes, the
expression profiles of over 50% of the genes tested were found
to be significantly different between M3 and D3 tumors (P <
0.05) (Supplementary Table S2). Following Bonferroni correc-
tion for the number of genes analyzed in the test set,
differential expression of three genes remained significant:
KAT2B (P¼0.017), JARID2 (P¼0.017), and BMI-1 (P¼0.017).
Three showed an almost significant difference: SIRT5 (P ¼
0.059), HDAC11 (P¼ 0.059), and KDM6B (P¼ 0.059) (Fig. 3).
The aforementioned trend of broader spread of expression
values in D3 tumors was observed again.

Validation of Differential Expression of Gene
Expression

Several epigenetic modifier genes had shown an (almost)
significant differential expression after correction in the first
set. To validate these results, expression of the 10 genes with
the highest differential expression in the test set was
determined by qPCR in a second independent validation set,
which was made up of 19 UMs, containing 8 D3 tumors and 11
M3 tumors. The significance in difference of transcriptional
profile in relation to the chromosome 3 status was maintained
for KAT2B (P ¼ 0.008) and BMI-1 (P ¼ 0.001), and was now
also significant for HDAC11 (P ¼ 0.009), KDM4B (P ¼ 0.003),
KDM6B (P ¼ 0.038), and KMT1C (P ¼ 0.05) with an almost
significant difference in JARID2 expression (P ¼ 0.083). The
difference between D3 and M3 tumors was not reproducible
for SIRT5 (Supplementary Table S3; Supplementary Fig. S1).

Validation of Selection: A Comparison of
Epigenetic Gene Expression and Other
Clinicopathological Prognostic Factors

The basis of the study was to determine whether high-risk
tumors differed in their expression of epigenetic regulators,
and for this goal we had selected tumors with and without M3.
We selected the genes that had shown an (almost) significant
differential expression between D3 and M3 tumors in the
validation set and, using the tumors of the test as well as the
validation set, we compared expression levels with other
clinical and pathological variables and death due to metastases.
Expression levels of the epigenetic regulators were not
associated with sex (data not shown) or largest basal diameter
(LBD). A low expression of KMT1C (P¼ 0.014) was associated
with mixed/epithelioid cell type, while a low expression of
KAT2B (P¼ 0.061) as well as HDAC11 (P¼ 0.053) was almost

FIGURE 1. Flowchart of the different analyses in consecutive order.
Gray boxes represent the sets of tumors used, with the number of D3
and M3 cases between brackets.
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significantly associated with a mixed/epithelioid cell type. Low
expression levels of almost all regulators were associated with
a higher TNM stage (Table 3). We were able to compare gene
expression levels of 19 tumors with the class 1 or 2 status:
Tumors with a class 2 gene expression profile showed a
decreased expression of KAT2B (P ¼ 0.004), HDAC11 (P ¼
0.003), KMT1C (P ¼ 0.05), KDM4B (P ¼ 0.001), KDM6B (P ¼
0.014), and BMI-1 (P ¼ 0.001).

Univariate Cox regression analysis showed an association
between low expression levels of KAT2B (P¼0.022), HDAC11

(P¼ 0.002), KDM4B (P¼ 0.002), KDM6B (P¼ 0.003), JARID2

(P ¼ 0.016), and BMI-1 (P < 0.001) and death due to
metastases (Table 3).

Methylation of Regulatory Regions of
Differentially Expressed Genes

To investigate the cause of KDM4B, KDM6B, and KAT2B

downregulation in M3 tumors and evaluate the contribution of
epigenetic mechanisms, the methylation status of putative
regulatory regions of each gene was assessed using bisulfite
sequencing (Fig. 4). For each gene, the two highest- and the
two lowest-expressing tumor samples were selected for
analysis. The number of clones successfully sequenced for
each tumor sample is provided in Supplementary Table S4. For
the three genes investigated, the selected putative regulatory
regions appear largely unmethylated in the tumor samples
selected for analysis, regardless of the transcript levels of the

genes investigated. This indicates that DNA methylation does
not contribute to the altered expression levels of KDM4B,
KDM6B, and KAT2B between the high- and low-expressing
tumor groups.

DISCUSSION

A lot is already known about epigenetics and its role in cancer
initiation and progression. The enzymes that epigenetically
modify DNA or histones are promising targets for therapy
because, unlike mutations in DNA or gains and losses of DNA,
epigenetic modifications are potentially reversible. Although
there is accumulating evidence supporting the contribution of
epigenetics to the pathogenesis of UM, only a few epigenetic
regulators have been studied in this malignancy. Across all
analyses—when epigenetic regulator genes were analyzed
collectively, grouped to function, or individually—the present
study demonstrates a striking pattern of decreased expression
of genes involved in epigenetic regulation in M3/class 2 tumors
compared to D3/class 1 tumors. Additionally, a much broader
range of gene expression levels was present in D3 tumors.
When looking at all tumors together, we show a statistically
significant association between M3/class 2 in UM and
downregulation of expression of KAT2B, SIRT5, HDAC11,
KMT1C, KDM4B, KDM6B, and BMI-1.

The dysregulation of genes involved in creating, removing,
and reading epigenetic marks in M3 tumors reflects previous

FIGURE 2. Box plot comparing expression of different modifier groups with the mean normalized expression of four household genes, between D3
(n¼ 8) and M3 (n¼ 12) tumor samples in the test set. Quantitative PCR was performed on each of 20 UM samples to amplify 59 genes, along with
four household genes for each individual test gene. The mean of the Ct values for four household genes was compared with the Ct value of the test
gene. Here, 59 genes have been categorized into eight modifier groups for analysis. Significant differences in expression (P < 0.05) of the modifier
groups KAT, SIRT, KMT, and PRC2 between D3 and M3 tumors were found.
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findings regarding other functional categories of genes,
including genes involved in HLA protein expression,28–30 G-
protein coupled signaling, calcium-response pathways, cell
adhesion marker expression, and retinoic acid response
pathways.36 Discovery of distinct gene expression patterns
associated with M3 tumors11 paved the way for division of
tumors into two prognostic classes based on gene expression
profiling.12 Although a small proportion of M3 tumors will not
have the class 2 gene expression profile that is associated with
poor prognosis,12 these two features characterize the majority
of metastasizing UMs. In our own experience, loss of one
chromosome 3 and the class 2 gene expression pattern are
highly correlated phenomena, as is also observed in the cases
studied here.37 The association between the loss of many
different epigenetic regulators and loss of one chromosome 3
may also be functionally related, as many of the regulators play
a role in maintaining genomic integrity.

Associations between cancer and dysregulation of the
specific HMEs found to be differentially expressed in this
study have been described previously. In particular, dysregu-
lation of the lysine acetyl transferase KAT2B (P300/CBP-
associated factor; PCAF) is of interest as it is localized on
chromosome 3p24.3, the loss of which chromosome is a very
important prognostic factor in UM. Deletion of 3p is a frequent
change in many cancers, such as esophageal squamous cell
carcinoma and renal carcinoma, and KAT2B has been identified
as a candidate tumor suppressor gene (TSG).38

Lysine demethylase 6B (JMJD3) demethylates the repressive
histone mark H3K27me3/2.39 It is also a strong candidate for a
TSG, and low expression levels have been demonstrated in
malignancy, such as glioblastoma.40 On the other hand,
overexpression of KDM6B leads to cell cycle arrest.41 Lysine
residues K9 and K27 on H3 are the specific substrates for
KMT1C, which shows methyltransferase activity for these
amino acids in vitro.42 The main effect of this histone
methylation modification is transcriptional repression. In our
study, we found a downregulation of KMT1C expression in
prognostically bad tumors, which is in contrast to overexpres-
sion levels found in other tumors.43

Upregulation of HDAC11 has previously been linked to
tumor development. Histone deacetylases deacetylate both
histone and nonhistone substrates, for example, transcription
factors such as p53, nuclear factor jB (NFjB), and hypoxia-
inducible transcription factor 1-a (HIF1a). They are involved in
many cellular processes such as development, angiogenesis,
proliferation, and apoptosis44 and are associated with numer-
ous malignancies.45 HDAC11 is the sole member of the class IV
HDAC group and is among the top 1% to 2% of genes
overexpressed in cancers such as breast, hepatocellular, and
renal pelvis urothelial carcinoma.46 The decreased expression
of HDAC11 in M3 UM is most likely explained by its
localization on chromosome 3p25.1-3p25.2.

Sirtuin 5 is another HDAC whose expression was downreg-
ulated in M3 tumors. However, the function of SIRT5 is not
completely understood, and there are limited studies on the

FIGURE 3. Box plot comparing expression of individual genes with the mean normalized expression of four household genes, between D3 (n¼ 8)
and M3 (n¼ 12) tumor samples. Quantitative PCR was performed on a test set of 20 UM samples to amplify 59 genes. The mean of the Ct values for
four household genes was compared with the Ct value of the test gene. Here, six genes for which (nearly) significant differential expression
between D3 and M3 tumors was found are represented.
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role of SIRT5 in cancer development and progression.47 A
recent study showed downregulation of SIRT5 and other
members of the sirtuin family in head and neck squamous cell
carcinoma.48 We do not know which functional consequences
this downregulation may have. As a loss of sirtuin expression
has been associated with aging, and aging is associated with
inflammation, it is interesting to speculate that similarly, loss of
sirtuins may play a role in the inflammation associated with M3
tumors.49

The PcG proteins are essential for maintaining cells in an
undifferentiated state; the repressive H3K27me3 mark is
created by the PRC2 component KMT6 and recruits PRC1.
Polycomb repressive complex 1 ubiquitinates H2A, resulting in
silencing of genes that determine cell fate. It is possible that the
downregulation of BAP1, a member of the polycomb
repressive deubiquitinase (PR-DUB) complex that deubiquiti-
nates H2A, in M3 tumors may be a key contributor to the class
2 transcriptome. It was expected that key PcG proteins would
be more highly expressed in M3 tumors. However, in this
study, expression of BMI-1 and JARID2 was significantly
downregulated in M3 tumors. Lysine methyltransferase 6,
which has previously been shown to have a role in MHC class
II expression in UM,28 was not differentially expressed.
Although these results do not support a stem-like epigenetic
landscape in M3 tumors as may have been predicted, in these
tumors expression of other HMEs involved in differentiation,
such as KDM6B, was downregulated. In differentiating cells,
KDM6B and KDM7A collaborate to remove the repressive
H3K27me3 mark at the bivalent promoters of their develop-
mental target genes, and may also facilitate release of ‘‘poised’’
RNA polymerase II and subsequent transcription.50 Downreg-
ulation of expression of KDM6B has been implicated in
glioblastoma development by inhibition of the differentiation
of glioblastoma stem cells.40

Epigenetic dysregulation may have a role in the develop-
ment of monosomy 3 in UM, instead of being a secondary
phenomenon. Genomic instability is a feature of metastasizing
UMs.10 Epigenetic marks are important for maintenance of
genetic stability; alterations in particular marks, for example,
hypomethylation in subtelomeric, telomeric, or pericentric
regions, are associated with chromosome instability,51 and
global DNA hypomethylation is associated with aneuploidy and
rearrangements of chromosomes.52 Lysine demethylase 4B has
a suppressive effect on genomic instability53 and showed
decreased expression in M3 UM in this study. Lysine
demethylase 4B has recently been identified as a DNA damage
response protein.54

Methylation of Regulatory Regions

Promoter methylation has been previously described as a
mechanism for KAT2B downregulation in esophageal squa-
mous cell carcinoma.55 This, along with the general dysregu-
lation of epigenetic markers that we observed, prompted us to
investigate the methylation status of putative CpG-rich
regulatory regions of several of the genes consistently
differentially expressed between D3 and M3 tumors. Bisulfite
sequencing indicated that selected regions for KDM4B,
KDM6B, and KAT2B were unmethylated. One limitation of
our approach is the sequencing of only one putative CpG
island for each gene. Previous studies have shown that CpG
islands at various points along a gene and its promoter can be
differentially methylated in the same gene.56 Additionally, only
two high- and two low-expressing tumor samples were
sequenced for each gene, and the number of clones sequenced
varied from 2 to 10 due to varying success in ligation of the
correct insert. Despite these drawbacks, these results suggest
that DNA methylation most likely does not account for theT
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differential expression of the selected genes in the tumor
samples analyzed.

Future Experiments

While our data indicate that in a comparison of M3 and D3
tumors, mRNA expression levels of epigenetic modifiers differ
globally, the implications at a functional level can only be
speculated upon. To determine whether dysregulation of
epigenetic modifiers has a detectable effect on the genome,
future experiments should focus on comparing the global
methylation of the genome and profiles of histone modification
between tumors with good and poor prognosis. Analyzing
global histone modification profiles using immunohistochem-
ical staining specific for particular histone marks has been
shown to be predictive of outcome in other cancers.18 The
mark H3K27me3 is of particular interest given its link to
KDM6B and BAP1. Chromatin immunoprecipation (ChIP)
sequencing may detect specific local changes as a result of
dysregulated epigenetic modifiers, yielding functional models
of the consequences of epigenetic dysregulation for prognosis
in UM. Additionally, small interfering RNA (siRNA)–mediated
knockdown of expression of genes of interest may yield

information regarding their roles in tumor development or
progression.

The complexity of epigenetic regulation means that
biological and clinical consequences of combinatorial varia-
tions in expression profiles of epigenetic genes must also be
considered and investigated. Considering the diverse range of
functions each epigenetic regulator has in cellular processes
such as differentiation, proliferation, and transcription, future
research on the functional consequences of altered expression
of each of these genes may yield therapeutic targets and expose
crucial pathological mechanisms underlying the pathways that
produce two tumor types with such polarized clinical
outcomes.
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FIGURE 4. Methylation analysis of putative regulatory regions of genes significantly differentially expressed in M3 versus D3 tumors. Each CpG
dinucleotide is represented by a circle. Results of at least two individual clones are illustrated as a pie chart. Unmethylated CpG residues are
indicated by white circles. Percentage of the circle colored black represents the percentage of clones that were methylated at a particular CpG
dinucleotide. The length of the line between each circle indicates relative distance between CpG residues in the genome. Numbers are used to
identify tumor samples. For each gene, the two lowest-expressing (upper rows) and highest-expressing (lower rows) tumor samples were analyzed.
CpG residues are numbered according to number of residues in the region amplified (upper rows) and according to base-pair position in region
amplified (lower rows).
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