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Abstract

Using MIRA-seq, we have characterized the DNA methylome of metastatic melanoma and normal
melanocytes. Individual tumors contained several thousand hypermethylated regions. We
discovered 179 tumor-specific methylation peaks present in all (27/27) melanomas that may be
effective disease biomarkers, and 3,113 methylation peaks were seen in >40% of the tumors. We
found that 150 of the approximately 1,200 tumor-associated methylation peaks near transcription
start sites (TSS) were marked by H3K27me3 in melanocytes. DNA methylation in melanoma was
specific for distinct H3K27me3 peaks rather than for broadly covered regions. However,
numerous H3K27me3 peak-associated TSS regions remained devoid of DNA methylation in
tumors. There was no relationship between BRAF mutations and the number of methylation
peaks. Gene expression analysis showed upregulated immune response genes in melanomas
presumably as a result of lymphocyte infiltration. Down-regulated genes were enriched for
melanocyte differentiation factors; e.g., KIT, PAX3 and SOX10 became methylated and
downregulated in melanoma.
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1. Introduction

Incidence rates of melanoma have been rising for the past 30 years [1]. Melanoma is the
most aggressive form of skin cancer and according to statistics of the American Cancer
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Society, there are about 10,000 deaths from melanoma each year in the United States.
Metastasis is most commonly associated with the demise of the patient. Despite advances in
targeted therapy of melanoma, using for example inhibitors of mutant (V600E) BRAF
kinase, resistance to therapy develops almost invariably. Melanoma genomes are generally
characterized by high frequencies of mutations that carry a signature of ultraviolet B
radiation from the sun [2—4]. Among the thousands of mutational events occurring in a
melanoma genome, a limited number of specific driver mutation events have been identified
[5] suggesting that most sequence alterations found in tumors are inconsequential passenger
mutations.

In addition to genetic changes, tumors also carry large numbers of epigenetic alterations.
Most notably, DNA cytosine methylation patterns are altered extensively resulting in
genome-scale DNA hypomethylation and more localized hypermethylation at CpG-rich
genomic loci referred to as CpG islands [6]. Although numerous studies have analyzed
gene-specific methylation changes in melanoma, broader investigations that interrogate
methylation differences genome-wide have been more limited [7-13].

With regards to DNA hypermethylation in cancer, there are at least two major unresolved
general questions: (i) what are the mechanisms leading to DNA methylation changes in
tumors, and (ii) which ones of the numerous methylation changes observed are potentially
tumor-driving events. Regarding (i), earlier observations have revealed correlations between
the presence of the Polycomb mark, histone H3 lysine 27 trimethylation (H3K27me3), and
DNA hypermethylation of CpG islands, an observation that has been made for hundreds of
developmentally regulated genes including the homeobox genes as the most prevalently
affected gene family [14-18]. However, the mechanisms of Polycomb-linked DNA
methylation have remained obscure. The identification of driver methylation versus
passenger methylation events [19] is similarly unresolved and is reminiscent of the situation
with genetic mutations, where only a handful of driver mutations are seen in each individual
tumor genome against a background of thousands of passenger mutations [20]. Genes
targeted by the Polycomb complex at their promoters are commonly not expressed, or are
expressed at very low levels in normal somatic tissues, making it difficult to rationalize why
methylation of these particular sequences would provide a strong tumor-driving, selective
force.

In this study, we have applied the technology of MIRA-seq [21] to comprehensively identify
hypermethylated gene targets in malignant melanoma. We used normal skin melanocytes as
the control in these experiments. Melanocytes or their stem cell-like precursors are
considered the cells of origin for malignant melanoma, and we are able to use melanocytes
as a homogenous cell population. In contrast, most studies of other types of tumors use a
normal tissue counterpart that represents a mixed population of cells, and often the cell of
origin is undefined. We focused our data analysis on the role of the Polycomb complex in
targeting methylation events. Our study provides a large database for potential tumor-
specific DNA methylation markers for melanoma, analyzes the relationship between BRAF
mutations and methylation changes and also incorporates data on gene expression
differences between melanocytes and melanoma tumors.

Genomics. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jinetal. Page 3

2. Results

2.1. MIRA-seq identifies numerous tumor-specific DNA methylation peaks and potential
DNA methylation markers for melanoma

To characterize the DNA methylation landscape of melanoma, we analyzed 27 metastatic
melanoma DNA samples (Table S1) and compared these to DNA from normal melanocytes
from three different donors. We used the methylated-CpG island recovery assay (MIRA)
[14] as an effective tool to pull down methylated DNA fragments and then analyzed them by
high-throughput sequencing (MIRA-seq) [21]. Differentially methylated regions were
identified by peak calling and by establishing a threshold of a 3-fold difference between a
tumor-specific and background normal-specific peak signal. We identified only few
substantially hypomethylated regions in tumors but found 3,113 hypermethylated regions,
defined as being hypermethylated in at least 40% of the melanoma cases (Table S2).
Individual tumors contained between approximately 1,000 and 3,000 hypermethylation
peaks (Table S1). Figures 1 and 2 show snapshots of melanoma-specific peaks. The gene
TP73, coding for a TP53 family member, shows methylation of the upstream P1 promoter in
melanoma, but constitutive methylation in melanocytes and melanomas of the P2 promoter
where the delta-N TP73 transcript is initiated (Fig. 1). This situation is different from that in
glioblastoma where the internal TP73 promoter becomes hypomethylated and the oncogenic
truncated TP73 transcript gets activated [22]. For SOX10, a gene coding for a master
regulator of the melanocyte lineage [23], several tumor-specific methylation peaks
surrounding the first two exons and the upstream region of the gene were observed (Fig. 2).
We also identified DNA hypermethylation at several gene loci previously analyzed in
melanoma by single gene studies, including the genes RASSF1A and RASSF10, for example
[24, 25] (data not shown). Several of the tumor-specific methylation peaks were confirmed
by standard sodium bisulfite sequencing as exemplified by the 3’ exon of the MYC gene,
which becomes hypermethylated in melanomas (Fig. S1). From the hypermethylation peak
list shown in Table S2, when sorted by the number of tumors carrying the peak, we
identified 179 DNA methylation peaks that were present in all (27 of 27) melanomas.
Furthermore, there were 237 methylation peaks present in 26 of 27 melanomas. This list of
tumor-specific peaks provides a large data resource for the development of potential DNA
methylation biomarkers for malignant melanoma. We next conducted gene ontology
analysis of genes with tumor-specific methylation peaks at the promoter and transcription
start site (TSS). This analysis showed enrichment for developmental processes and
transcription factors involved in cell fate commitment and differentiation (Fig. 3A).
Prominent on the identified gene lists were homeobox genes (Fig. 3A), similar as reported
for other types of cancer [14]. In fact, when analyzing all 236 homeobox genes present in
the human genome [26], we found that 58% of them became methylated in melanoma
(Table 1; Table S3). Most of the methylated homeobox genes have multiple CpG islands or
large (>2kb) CpG islands. Interestingly, certain homeobox gene families became methylated
more frequently than others (Table 1). The NKL subclass (85% of the genes methylated),
the LIM class (83%) and the SINE class of homeobox genes (100%) were the subclasses
most susceptible to DNA methylation in melanoma (Table 1). The CERS class, and HNF
and ZF classes of genes were the classes least prone to methylation.
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Gene ontology analysis of tumor-associated hypermethylation peaks in gene bodies also
revealed homeobox genes (Fig. 3B). Interestingly, the most highly enriched functional
category was ‘splice variant.” This category contains genes that encode at least two different
protein isoforms due to alternative splicing. Intragenic DNA methylation may restrict the
expression of alternative promoters [27].

2.2. Relationship between DNA methylation and BRAF mutations

In colorectal cancer, there is a strong, direct relationship between the presence of BRAF
(\V600E) mutations and the CpG island methylator phenotype (CIMP) [28], a process in
which a large number of CpG islands become methylated in cancer [29]. We sequenced the
BRAF gene in melanomas around codon 600 and found BRAF V600 mutations in 10 of the
24 tumors analyzed (Table S1). Wildtype BRAF sequences were scored in 14 tumors and in
all normal melanocyte samples (3 tumors failed PCR). The mean number of methylation
peaks was 2,263 in BRAF wildtype melanomas and 2,551 in BRAF V600 mutated tumors.
The difference was not statistically significant (P=0.21, Wilcoxon test).

2.3. Mapping of H3K27me3 in melanocytes and its relationship to DNA methylation: three
gene categories

Since the Polycomb machinery and its genomic mark, H3K27me3 has been linked to DNA
methylation in several tumor types [15, 17, 18], we used ChIP sequencing to map
H3K27me3 in normal melanocytes. This analysis revealed two types of distribution of
H3K27me3: (i) a broad distribution over large multi-kilobase-size regions, often covering
entire genes, and (ii) a more peak-like distribution with an enhanced signal localized over
much smaller regions, often less than 1 kb in length. The latter, peak-like pattern was found
commonly at the 5’ end of genes encompassing a CpG island. Figure 4A shows a typical
H3K27me3 gene pattern with the two modes of H3K27me3 distribution.

We then specifically examined the relationship between presence of the Polycomb mark in
melanocytes and DNA methylation in melanoma. We focused our analysis on the TSS
(-500 to +500 base pairs relative to the transcription start sites of Refseq genes) and
identified 845 H3K27me3 peaks at the TSS in melanocytes (Table S4). We found that 150
of ~1240 genes with tumor-associated DNA methylation near the TSS showed H3K27me3
peaks at the TSS in melanocytes (Fig. 4B; Table S5). We refer to these genes as category 1
genes. This targeting of DNA methylation towards H3K27me3 peaks at the TSS was
statistically highly significant (p = 2.84e-35; hypergeometric probability test). DNA
hypermethylation almost exclusively occurred at the peak-like H3K27me3 sites and
basically never was found at sites of broader H3K27me3 distribution (e.g., Fig. 5, left
panel). We are not aware that this phenomenon has been specifically reported before.
However, there were numerous H3K27me3 TSS peak-associated genes (n = 695) that were
completely devoid of methylation in tumors (Table S5). We refer to this group of genes as
category 2 genes. Figure 5 (middle panel) shows an example of such a gene. Furthermore,
there was a rather large third category of genes (category 3; n = 1088) that became
methylated in at least 40% of melanomas but completely lacked an H3K27me3 peak in
melanocytes at the TSS (Fig. 5, see right panel; Fig. 4B; Table S5). This subdivision of
genes into three classes was also observed when looking specifically at homeobox genes
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(Fig. S2). Of note, mapping of H3K4me3 in melanocytes indicated that the targeting of
DNA methylation to H3K27me3 peaks rarely affects bivalent genes carrying overlapping
H3K27me3 and H3K4me3 peaks (data not shown). The major reason for that seems to be
the fact that bivalent genes were rarely detected in melanocytes.

In order to understand if specific DNA sequence motifs are present near the TSS of category
1 genes or category 2 genes, we conducted sequence motif analysis. The theory was that
specific sequences at category 1 genes would attract DNA methylation and/or that specific
sequences at category 2 genes would prevent methylation. We analyzed motifs within 400
bp around the center of H3K27me3 peaks. The most highly enriched (~18-fold) consensus
motif in category 1 over category 2 genes was for the HMG-box family member BBX [30].
However, this motif occurred in only 2.7% of the category 1 genes. The most highly
enriched (~9-fold) consensus motif enriched in category 2 over category 1 genes was for
CCAAT-displacement protein CDP (CUX1) [31]. However, this motif occurred in only
4.5% of the category 2 genes. Therefore, these motifs do not generally explain the
differential susceptibility of category 1 and category 2 genes to DNA methylation.

2.4. RNA-seq of melanocytes and melanoma: upregulation of immune genes and
downregulation of pigmentation genes in melanoma

RNA of sufficient quality was available from 17 melanomas and 3 melanocyte samples.
These RNA samples were analyzed for gene expression patterns by RNA-seq revealing
distinct categories for melanocytes and melanomas as confirmed by hierarchical clustering
and principle component analysis (Fig. S3). We identified 1044 upregulated and 702
downregulated genes in melanoma relative to normal melanocytes using a fold-change of >2
and false discovery rate (FDR) of <0.01. Gene ontology analysis using the DAVID tool [32]
identified genes of the immune response and inflammatory response as highly significantly
upregulated (Fig. 6; Table S6). These immune and inflammatory genes included many
cytokines and chemokines (Table S6). The downregulated genes were enriched for genes
belonging to the categories of melanocyte differentiation and pigmentation (Table S7). This
set of genes representing melanocyte differentiation genes contained the genes MITF, a gene
coding for a key melanocyte transcription factor [33, 13], TYRPL (tyrosinase related protein
1) [34], OCA2 (a tyrosine transporter important for melanin biosynthesis) [35], CITED1
(also known as MSG1, melanocyte-specific gene 1) [36], and RAB33A and RAB27A, two
critical regulators of melanosomes [37, 38]. Of particular interest is also the presence of the
KIT gene as downregulated in melanoma. KIT mutations are found in a small percentage of
melanomas and define a subgroup of melanocytic tumors where this tyrosine kinase appears
to play a tumor-driving role [5]. These results suggest that KIT-associated pathways may
play opposing roles in melanoma biogenesis.

Our next goal was to compare the DNA methylation data with gene expression data obtained
by RNA-seq. For this purpose, we analyzed genes where the methylation peaks occurred
near the TSS. Based on the knowledge that genes marked by the Polycomb complex
(H3K27me3) at promoters are generally expressed at very low levels even in the absence of
DNA methylation, we primarily focused then on the genes in category 3, those that became
methylated in tumors but were free of H3K27me3 in melanocytes. Somewhat unexpectedly,
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we still found a rather poor correlation between presence of a methylation peak at the TSS
and gene downregulation in melanoma even in this category (Table S8). Such data suggest
that presumably other, DNA methylation-independent mechanisms play a more critical role
in gene control, or alternatively that lymphocyte infiltration compromises these
comparisons. However, there were many examples in which downregulation of a gene in
melanomas was accompanied by emergence of a methylation peak near the TSS (Table S8).
Among this group of genes were KIT, which was the third most significantly downregulated
category 3 gene and became methylated in 20 of 27 melanomas. Also SOX10, a critical
component of melanocyte lineage determination was moderately downregulated and became
methylated at the TSS in 27 of 27 melanomas (Fig. 2; Table S8). The same correlation holds
true for PAXS3, another transcription factor critical for the proper development of
melanocytes [39]. Gene sequences surrounding PAX3 became methylated in 20 of 27
melanomas (Fig. S2) and the gene was downregulated in tumors (Table S8).

3. Discussion

3.1. DNA methylation markers for melanoma

Using MIRA-seq, we established comprehensive methylation profiles of 27 malignant
melanomas and identified a large number of tumor-specific peaks. Several large-scale DNA
methylation studies in melanoma have been performed previously [7-13, 5]. Most of these
reports have used the Illumina bead array platform making it difficult to directly compare
these published data with our sequencing-based approach. We catalogued over 400
methylation peaks that occurred tumor-specifically in at least 26 of the 27 melanomas.
These gene sequences provide a large resource for developing DNA methylation biomarkers
of melanoma. One important future step in this direction will be to determine which ones of
the approximately 400 identified hypermethylation peaks occur in benign melanocytic
lesions (benign nevi), dysplastic nevi, and primary skin melanomas, in other words during
what stage of tumor progression do these changes occur? A methylation biomarker would be
particularly useful, if it could distinguish, for example, a dysplastic nevus from a primary
superficial spreading melanoma. These types of markers may provide independent
verification for histopathological findings.

3.2. DNA methylation and BRAF mutations in melanoma

In colorectal cancers, there is a strong link between BRAF mutations and large numbers of
DNA hypermethylation events, the so-called CpG island methylator phenotype (CIMP) [28].
Since about half of human melanomas carry BRAF mutations, it was of interest to know if a
similar association exists in this malignancy. However, we have not found such a correlation
in our data sets. Our finding of lack of association of BRAF mutations and CIMP is in
agreement with recent data from The Cancer Genome Atlas (TCGA), which actually
identified a negative correlation between BRAF mutations and methylation changes in
melanoma [5]. Similarly, in papillary thyroid cancers, BRAF mutated tumors have fewer
DNA methylation changes than BRAF wildtype tumors [40].

Since the underlying mechanisms of CIMP are still unclear, the different findings in
different tumors are only adding to the puzzle. Such data suggest a tissue-specific rather than
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a universal biological mechanism. For example, a specific pathway may operate in colon
tumors, which requires BRAF-mutated tumors to engage a mechanism to counteract BRAF
oncogene-induced senescence [41], such as activation of the WNT pathway through
widespread methylation of WNT inhibitor genes [42]. The same mechanism may be
inoperative in thyroid cancer and melanoma.

3.3. Role of H3K27me3 in targeting of DNA methylation in melanoma

About 12% of the promoter and TSS-associated DNA hypermethylation peaks in melanoma
were associated with presence of H3K27me3 in melanocytes. This fraction of Polycomb-
targeted events seems substantially smaller than those found in colorectal cancers or lung
cancers [17, 43]. The reason for these differences is unclear. Formally, we cannot exclude
the possibility that H3K27me3 occupies additional genes at other stages of tumor
progression, e.g. in dysplastic nevi, and these genes later on become CpG-methylated in
melanomas. Interestingly, we observed that melanoma-specific methylation occurred only at
peak-like H3K27me3 regions encompassing CpG islands in melanocytes but did not occur
at regions of broader but lower levels H3K27me3 coverage. Since these H3K27me3 peaks
predominantly reside at CpG islands, this observation points to a potential involvement of
CpG island targeting mechanisms for the Polycomb complex which may break down in
cancer cells making the exposed DNA susceptible to de novo methylation.

It is curious that a large fraction of H3K27me3-occupied CpG islands do not undergo
hypermethylation in tumors. One possibility is that these sequences are shielded from DNA
methylation by a specific protective mechanism that is not present at those CpG islands that
do undergo methylation. An alternative mechanism may be that the Polycomb complex is
more tightly bound at CpG islands that do not undergo DNA methylation thus precluding
Polycomb to DNA methylation switching [44]. The three categories of genes that compare
Polycomb marking and susceptibility to DNA methylation in tumors (Fig. 4B) were also
observed for homeobox genes (Fig. S2) suggesting that this gene family is not noticeably
distinct from other genes in the genome, i.e. these genes are not always associated with
H3K27me3 and do not always undergo methylation when they are H3K27me3-associated.
One hypothesis has been that DNA methylation is linked to presence of a bivalent,
H3K4me3 and H3K27me3 containing chromatin configuration. However, we found that
bivalent genes were rare in melanocytes. Furthermore, it is unclear why specific families of
homeobox genes are more susceptible to methylation than others (Table 1). The grouping of
these families is based on protein structure [26] but specific regulatory DNA sequence
features that would distinguish these families are not yet identified. Future work will need to
focus on specific sequences, transcription factors or chromatin modulators responsible for
exclusion or attraction of the DNA methylation machinery to H3K27me3-occupied CpG-
rich regions.

3.4. Gene expression changes and DNA methylation

RNA-seg-based gene expression analysis revealed a prominent involvement of immune
response genes that are upregulated in melanomas relative to melanocytes. This observation
is not unexpected since these metastatic tumors are likely infiltrated by lymphocytes. A
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similar finding of upregulated immune genes has recently been reported for melanomas by
TCGA [5].

Overall, we found a rather limited correlation between tumor-associated DNA methylation
at the TSS and suppression of gene expression. This result was somewhat unexpected but
similar findings have been made for other types of cancer [45] and may be related to low
expression levels of the genes that undergo methylation or are due to other mechanisms.
Notably, however, we found significant downregulation of key melanocyte lineage
differentiation genes [23, 46], including MITF, PAX3, SOX10, KIT and OCA2. In several
cases (SOX10, PAX3, KIT), this downregulation was accompanied by DNA methylation at
the TSS. These findings suggest that at least one functional aspect of DNA
hypermethylation in melanoma is related to a differentiation defect emerging during
malignant transformation of human melanocytes.

4. Materials and Methods

4.1. Samples

Genomic DNAs and total RNAs (5 pg each) from human metastatic melanomas were
obtained from OriGene (OriGene, Rockville, MD) (Table S1). Genomic DNAs from normal
human melanocytes were obtained from ScienCell (Carlsbad, CA) or were isolated from
primary cultured skin melanocytes obtained from Lonza (Allendale, NJ).

4.2. MIRA-seq

Two micrograms of genomic DNA was sonicated to produce DNA fragments with a length
distribution of 100 to 300 bp using a Covaris S220 sonicator (Covaris; Woburn, MA) with
the following settings: 3 min, 10% duty cycle, 175 Watts peak incident power, and 200
cycles per burst. The sheared DNA was purified using MinElute PCR purification kits
(Qiagen; Valencia, CA) following the manufacturer’s instructions and eluted twice with 10
ul Qiagen elution buffer, resulting in a total volume of 20 ul. To prepare Illumina linker-
ligated DNA fragments, the sheared DNA was subjected to end repair using the NEBNext®
End Repair Module from New England Biolabs (NEB; Ipswich, MA). The reaction mix was
incubated at 20°C for 30 min, and the DNA was purified using MinElute PCR purification
kit (Qiagen) and eluted twice with 10 pl elution buffer, resulting in a volume of 20 ul. To
add 3’-A overhangs to DNA, the end-repaired DNA was incubated in 50 pl of 1x
NEBNext® dA-tailing reaction mixture with 3 pl of Klenow (exo™) fragment (NEB) for 30
min at 37°C and purified by using MinElute PCR purification kit (Qiagen). Next, the dA-
tailed DNA was ligated with 3 pl of a 10 uM solution of lllumina Tru-seq linkers (Illumina;
San Diego, CA) in 50 ul of 1x T4 DNA ligase reaction mix (NEB) containing 1 ul of NEB
T4 DNA ligase (400 U/ul) by incubation for 18 hours at 16°C followed by purification using
QIAquick PCR purification kit (Qiagen). DNA was eluted with 50 pl elution buffer. Five pl
of linker-ligated DNA was saved as a control (input).

Next, methylated DNA fragments were enriched using the methylated-CpG island recovery
assay (MIRA) technique as described previously [21]. In brief, 1.5 ug of GST-tagged
MBD2b protein and 1 pg of His-tagged MBD3L1 protein were pre-incubated in 355 pl of
blocking buffer (40 pl of 10x NEBuffer 2, 1 pl of 10% Triton X-100, and 0.5 ug of sonicated
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E. coli IM110 genomic DNA) for 20 min at 4°C on a rotating platform and added to each
ligated DNA sample, and then the 400 pl of the MIRA reaction mixture was incubated
overnight at 4°C on a rotating platform. To allow selective collection of MIRA-captured
methyl-CpG-rich DNA fragments, 5 ul of MagneGST magnetic beads (Promega, Madison,
WI1), pre-blocked with blocking buffer, were added to the MIRA reaction mixture and
further incubated for 2 hours at 4°C on a rotating platform. The beads were captured on a
magnetic stand and washed three times with 900 pl of cold washing buffer (10 mM Tris-
HCI, pH 7.5, 600 mM NaCl, and 0.025% Triton X-100). Next, to purify DNA fragments, the
beads were resuspended in 500 pl of Qiagen PB buffer (Qiagen) and incubated for 5 min at
room temperature, then purified using MinElute PCR purification kit (Qiagen) according to
the manufacturer’s instructions and eluted twice with 10 pl elution buffer, resulting in a
volume of 20 pl.

To prepare a sequencing library, the MIRA-enriched DNA fragments and input DNA were
PCR-enriched in 100 pl of reaction volume including 50 pl of Phusion High-Fidelity PCR
Master Mix (NEB) with 2 pl of 25 pM PE 1.0 primer and 2 pl of 25 pM index primer
(Illumina), and 1 M betaine, using the following conditions in a thermal cycler; 98°C for 30
sec and 12 cycles at 98°C for 10 sec, 65°C for 30 sec and 72°C for 30 sec followed by 72°C
for 5 min. Next, 100 pl of Ampure XP beads (Beckman Coulter; Brea, CA) was added to the
PCR solution to remove DNA fragments smaller than 200 bp, and double bead selection
(0.65x) was used to remove fragments larger than 500 bp according to the manufacturer’s
instructions. The size-selected sequencing library was sequenced on an lllumina HiSeq
instrument.

4.3. ChlIP-seq

Five million human melanocytes per ChlP reaction were cross-linked with cross-linking
solution (50 mM Hepes pH 7.5, 1 mM EDTA, 0.5 mM EGTA, 100 mM NacCl, and 1%
formaldehyde) for 8 min at room temperature with gentle shaking, followed by an additional
incubation for 5 min with adding glycine to a final concentration of 125 mM. After washing
twice with PBS, the cells were collected and pelleted by centrifugation at 3,500xg for 5 min.
The cells were lysed by incubation in lysis buffer containing 50 mM Hepes pH 7.9, 140 mM
NaCl, 1 mM EDTA, 0.5% NP-40, 0.25 % Triton X-100, 10% glycerol, and 1x complete
protease inhibitor cocktail (Roche) for 20 min on ice. After washing twice with cold
washing buffer (10 mM Tris-HCI pH 8.1, 200 mM NaCl, 1 mM EDTA, and 0.5 mM
EGTA), the nuclear pellet was resuspended in 1 ml of cold shearing buffer (10 mM Tris-
HCI pH 8.1, 1 mM EDTA, and 0.1% SDS) and then sheared to produce chromatin fragments
with a length distribution of 100 to 300 bp using a Covaris S220 sonicator (Covaris) with the
following settings: 12.5 min, 5% duty cycle, 140 Watts peak incident power, and 200 cycles
per burst. After adding 1% Triton X-100 and 150 mM NacCl (final concentrations) to the
sheared chromatin and mixing, the solution was cleared by centrifugation at 14,000xg for 10
min at 4°C. Chromatin fragments were incubated with 8 ug of polyclonal anti-H3K27me3
antibody (07-449; Millipore; Billerica, MA) overnight at 4°C with rotation, and then
immunoprecipitated using Dynabeads Protein G (Invitrogen; Carlsbad, CA). The libraries
for Illumina sequencing of ChIP DNA were prepared and sequenced as described above.
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4.4, RNA-seq

RNA samples matching genomic DNA were obtained from Origene (Table S1). RNA was
isolated from melanocyte cell cultures as controls. RNA quality was confirmed using
Bioanalyzer (Agilent Technologies; Santa Clara, CA). Transcriptome libraries were
constructed using TruSeq RNA Sample Preparation Kit V2 (lllumina). Briefly, poly(A)RNA
was isolated (using oligo-dT) and reverse-transcribed. After fragmentation, cDNA fragments
with sizes between 130-280 bp were isolated from polyacrylamide-urea gels. A 3’ linker
with a barcode and a 5’ linker were added to the isolated cDNA fragments. The ligated
material was amplified by PCR and then run on an lllumina HiSeq 2500 instrument for
parallel sequencing.

4.5. Bioinformatics analysis

Raw data files were deposited into the GEO database (accession numbers GSE71938,
GSE71747 and GSE71692). For RNA-seq, the 40-bp long, single-ended sequence reads
were mapped to the human genome (hg19) using TopHat, and the frequency of Refseq genes
detected was counted with customized R scripts. The raw counts were then normalized using
the trimmed mean of M values (TMM) method implemented in the Bioconductor package
“edgeR”. Heat maps were created by hierarchical clustering using Cluster v3.0. Differential
expression analysis was conducted by “edgeR” and gene functional analysis was performed
using DAVID [32].

For MIRA-seq, reads were aligned to the hg19 genome using Novoalign
(www.novocraft.com). Only uniquely aligned reads were kept for further analysis. Peak
calling was performed using MACS 2.0. Methylation peaks were identified using R scripts
and bioconductor package “edgeR.” Common peak regions were defined as peaks present in
at least 40% of tumor samples. Reads falling into these common peak regions in tumor and
normal tissues were counted and compared using “edgeR.” Peak regions with FC >= 3 in
tumor compared to control and P value <= 0.05 were selected as hypermethylated peaks.
Methylation peaks were annotated using the Refseq annotation database to TSS
(transcription start site +/— 500 bp), extended promoter (500 bp upstream or downstream
from the TSS to 1500 bp upstream or downstream from the TSS), and gene body
(transcription start + 1500 bp to transcription end). Motif analysis was done using Biobase
Transfac.

For ChlP-seq of H3K27me3, peak calling at the TSS was done using Bioconductor package
“chipseq” and in-house developed R scripts. Annotation to the TSS was done as described in
MIRA-seq analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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e We discovered 179 tumor-specific methylation peaks present in all (27/27)

»  We describe 3 gene categories for the interplay between H3K27me3 and DNA

»  We found no relationship between BRAF mutations and the number of

«  Gene expression analysis showed upregulated immune response genes in

»  Melanocyte differentiation factors KIT, PAX3 and SOX10 were methylated and

Highlights

melanomas.

methylation.

methylation peaks.

melanomas.

silenced in tumors.
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Figure 1. Example of MIRA-seq data showing the TP73 gene at chromosome 1p36
The top three profiles are DNA from normal melanocytes (green) and the bottom 14 profiles

are melanoma samples (blue). The red box indicates tumor-specific methylation just
upstream of the TSS. Reduced signal in samples indicated by a black dot indicates potential
deletion of TP73 gene sequences in a few samples but retention of signal at upstream
noncoding sequences.
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Figure 2. Example of MIRA-seq data showing the SOX10 gene at chromosome 22q13.1
The top 3 profiles are DNA from normal melanocytes (green) and the bottom 10 profiles are

melanoma samples (blue). The red rectangle indicates a tumor-specifically methylated

region surrounding the TSS. The blue box shows a CpG island.
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Figure 3. Gene ontology analysis of methylated genes

52.4

5.3
4.8
9.7

8.8E-16
6.0E-14
6.3E-14
1.0€-7

1.9€-12
6.4E-11
4.5E-11
5.4E-5

A. Enriched gene ontology categories for genes with DNA methylation peaks near the TSS
and promoters. Gene ontology analyzing using the DAVID tool [32] was conducted on the
list of genes containing a DNA methylation peak near the TSS or promoter (region covered
-1.5to +1.5 kb relative to the start sites) in at least 40% of the melanoma samples.

B. Enriched gene categories for genes with DNA methylation peaks within the gene body in

at least 40% of the melanoma samples.
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(n = 1238) (n = 845)
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in tumors and H3K27me3
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Figure 4. Patterns of H3K27me3 in normal melanocytes and DNA methylation in melanomas
A. Peak-like and broad distribution patterns of H3K27me3. The H3K27me3 mark is broadly

distributed over the gene ELAVLA4 but there is a distinct peak at the CpG island (indicated by
a blue box) near the TSS.

B. Designation of genes in categories 1, 2 and 3. Green, category 1: genes with H3K27me3
peak in melanocytes and methylated in tumors; yellow, category 2: genes with H3K27me3
peak in melanocytes but not methylated in tumors; blue, category 3: genes without
H3K27me3 peak in melanocytes but methylated in tumors.
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Figure 5. Examples of category 1, 2 and 3 genes
Category 1: Tumor-specific DNA methylation occurs near the TSS marked by H3K27me3

in melanocytes. Example, ESRRG. Category 2: No tumor-specific DNA methylation occurs
near the TSS despite marking with H3K27me3 in melanocytes. Example, PITPNM3.
Category 3: Tumor-specific DNA methylation occurs at the TSS in the absence of
H3K27me3 marking in melanocytes. Example, LAMC2. The blue boxes below the gene

diagrams indicate CpG islands.
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Term Fold Enrichment Count PValue

GO:0006955~immune response 3.752594 187 3.54E-61

G0:0006952~defense response 3.579819 159 1.42E-48

GO:0009611~response to wounding 3.579182 137 1.40E-41

G0:0006954~inflammatory response 4.388265 103 1.75E-39

G0:0002684~positive regulation of immune

system process 4.47974 i 3.95E-30

G0O:0007155~cell adhesion 2.749513 139 4.85E-29

G0:0022610~biological adhesion 2.745591 139 5.64E-29

GO:0050778~positive regulation of immune

response 4.679152 49 3.41E-20

G0:0048584~positive regulation of response

to stimulus 3.696303 63 7.19E-20

GO:0050865 regulation of cell activation 4.114379 52 1.17E-18
Top 10 BP_FAT_down_regulated

Term Fold Enrichment Count PValue

GO:0030318~melanocyte differentiation 17.76261 5 1.35E-04

GO:0048066~pigmentation during

development 11.47738 6 1.45E-04

G0O:0043473~pigmentation 6.743769 8 1.68E-04

G0:0050931~pigment cell differentiation 16.57843 5 1.81E-04

G0:0016311~dephosphorylation 3.229565 10 0.003857

GO:0000079~regulation of cyclin-dependent

protein kinase activity 5.526144 6 0.004415

G0:0032870~cellular response to hormone

stimulus 3.365546 9 0.005317

G0:0006470~protein amino acid

dephosphorylation 3.365546 9 0.005317

GO:0006643~membrane lipid metabolic

process 4.298112 7 0.00566

GO:0048008~platelet-derived growth factor

receptor signaling pathway 10.47059 4 0.006075

Figure 6. Gene ontology analysis of differentially expressed genes in melanoma
A. Gene ontology analysis using the DAVID tool was conducted on the list of upregulated

genes in melanoma versus melanocytes.
B. Gene ontology analysis using the DAVID tool was conducted on the list of

downregulated genes in melan

oma versus melanocytes.
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Table 1

Differentially methylated homeobox genes in melanoma

Gene number  Unmethylated genes  Methylated genes*

Homeobox Genes
Gene Family
ANTP class homeoboxes
HOXL subclass
NKL subclass
CERS class homeoboxes
CUT class homeoboxes
HNF class homeoboxes
LIM class homeoboxes
POU class homeoboxes
PDR class homeoboxes
PROS class homeoboxes
SINE class homeoboxes
TALE class homeoboxes

ZF class homeoboxes

236 99 (42%) 137 (58%)
52 22 (42.3%) 30 (57.7%)
47 7 (14.9%) 40 (85.1%)
6 6 (100%) 0 (0.0%)

7 3 (42.9%) 4 (57.1%)
3 3 (100%) 0 (0.0%)
12 2 (16.7%) 10 (83.3%)
17 9 (52.9%) 8 (47.1%)
50 21 (42.0%) 29 (58.0%)
2 1 (50.0%) 1 (50.0%)
6 0 (0.0%) 6 (100%)
20 13 (65.0%) 7 (35.0%)
14 12 (85.7%) 2 (14.3%)

*

A gene was counted as methylated when methylation was found in at least 5 of 27 tumors.
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