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DNA methylation is an important component of epigenetic modifications, which influences the transcriptional machinery
aberrant in many human diseases. In this study we present the first genome-wide integrative analysis of promoter
methylation and gene expression for the identification of methylation markers in melanoma. Genome-wide promoter
methylation and gene expression of eight early-passage human melanoma cell strains were compared with newborn and
adult melanocytes. We used linear mixed effect models (LME) in combination with a series of filters based on the lo-
calization of promoter methylation relative to the transcription start site, overall promoter CpG content, and differential
gene expression to discover DNA methylation markers. This approach identified 76 markers, of which 68 were hyper- and
eight hypomethylated (LME, P<0.05). Promoter methylation and differential gene expression of five markers (COLIA2,
NPM2, HSPBé, DDIT4L, MTIG) were validated by sequencing of bisulfite-modified DNA and real-time reverse transcriptase
PCR, respectively. Importantly, the incidence of promoter methylation of the validated markers increased moderately in
early and significantly in advanced-stage melanomas, using early-passage cell strains and snap-frozen tissues (=18 and n=
24, respectively) compared with normal melanocytes and nevi (n =11 and n =9, respectively). Our approach allows robust
identification of methylation markers that can be applied to other studies involving genome-wide promoter methylation.
In conclusion, this study represents the first unbiased systematic effort to determine methylation markers in melanoma
and revealed several novel genes regulated by promoter methylation that were not described in cancer cells before.

[Supplemental material is available online at www.genome.org. The microarray data from this study have been submitted

to Gene Expression Omnibus (GEO) (http:// www.ncbi.nIm.nih.gov/geo) under accession no. GSEI3706.]

Aberrant epigenetic modification is frequent in several human
diseases, including cancer. In particular, altered patterns of histone
modifications and DNA methylation have been documented
(Esteller 2007; Feinberg 2007; Goldberg et al. 2007; Jones and
Baylin 2007). These epigenetic changes are the focus of intensive
studies due to their role in chromatin structure and gene ex-
pression, and their potential use as marks for disease onset and
progression. Classification of histone marks, however, remains a
challenge, because histones undergo a variety of post-translational
modifications under different conditions. On the other hand, DNA
methylation is an attractive biomarker candidate due to its stability
and its potential diagnostic value (Esteller 2003).

Methylation of cytosine residues at CpG dinucleotides is a
well-described epigenetic DNA modification known to have pro-
found effects on the regulation of gene expression (Bird and Wolffe
1999). Alterations in tumor DNA methylation include generalized
genome-wide hypomethylation and locus-specific hypermethyla-
tion (Esteller 2007; Jones and Baylin 2007). Genomic hypo-
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methylation occurs early in cellular transformation, a process that
affects genome stability and the expression of imprinted genes
(Feinberg 2004). Locus-specific hypermethylation occurs primarily
in CpG islands that are often associated with gene regulatory
regions. This, in turn, can lead to transcriptional inactivation of
downstream gene(s), followed by changes in cellular functions. In
cancer cells, locus-specific hypermethylation often involves the
promoter of tumor suppressor genes, and therefore, is one of the
key events in tumorigenesis.

Melanoma is a fatal skin cancer that is increasing in incidence.
The 5-yr overall survival rate of 72% (ranging from 10.5% for stage
IV to 92.1% for stage I patients) has not improved over many
decades, despite the recent advances in surgical and adjuvant
therapies (Gimotty et al. 2005; Ross 2006). Genetic alterations,
such as chromosomal deletions/amplifications and mutations, as
well as epigenetic events that promote the malignant phenotype,
have been described (Houghton and Polsky 2002; Dahl and
Guldberg 2007; Rothhammer and Bosserhoff 2007). Among the
aberrantly hypermethylated and silenced genes in melanoma are
known tumor suppressor genes. However, so far, only limited ge-
nomic regions were evaluated in melanoma, and high incidence of
methylation was reported for only a few genes, e.g., RARB (72%),
RASSF1A (55%), and PYCARD (50%) (Spugnardi et al. 2003; Hoon
et al. 2004; Furuta et al. 2006). Moreover, the timing of promoter
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methylation changes and silencing of tumor suppressor genes in
melanoma development remain poorly understood.

Several recent advances in technology, such as DNA tiling
microarray and high-throughput sequencing, allow for an un-
biased genome-wide analysis of epigenomic events (Shames et al.
2006; Weber et al. 2007; Cokus et al. 2008; Meissner et al. 2008). In
our studies we used the methylated DNA immunoprecipitation
(MeDIP) approach, which generates an enrichment of methylated
genomic fragments by means of an antibody specific to 5’-meth-
ylcytosine (Weber et al. 2005) combined with hybridization of the
fragments to a whole-genome promoter array. We then subjected
the hybridization data to the MEDME (modeling experimental
data with MeDIP enrichment) post-processing routine (Pelizzola
et al. 2008) in order to determine the absolute and relative meth-
ylation levels in normal human melanocytes and melanoma cells.
The data revealed potential methylation markers, and using ad-
ditional gene expression experiments, revealed promoter features
that appeared to be relevant for transcriptional regulation. These
features were used to further filter the selected promoters and
identify a set of 76 methylation markers in melanoma.

Results

Determination of genome-wide promoter methylation

We performed comprehensive DNA methylation profiling of gene
promoters in normal newborn and adult melanocytes and eight
melanoma cell strains (Table 1). DNA methylation was determined
using MeDIP (Weber et al. 2005) followed by hybridization to
NimbleGen tiling microarray, which probes 24,103 RefSeq human
promoters. MEDME (Pelizzola et al. 2008) was applied to the
MeDIP hybridization data to determine the absolute and relative
methylation scores (AMS and RMS, respectively). Briefly, AMS is an
estimate of the probe-level absolute number of mCpG, and RMS is
an estimate of the relative probe-level methylation (mCpG/CpG).
Pairwise comparison of genome-wide promoter AMS across all
cell strains showed that normal newborn and adult melanocytes
correlated reasonably well with each other (Spearman’s rank cor-

relation coefficient P = 0.77), but not with the melanoma cells
(Supplemental Fig. S1). The difference between NBMEL and
ADMEL was expected and it is likely to be due mainly to alteration
of epigenetic marks during aging (Fraga and Esteller 2007). We
consider important the inclusion of both normal cell strains in
this study, since the considered melanoma samples are derived
from adult patients. This experimental design will avoid selection
of melanoma markers whose differential methylation can also be
found in adult normal cells and can more easily be explained as an
aging effect. Finally, the eight melanoma cell strains show a good
level of correlation (P > 0.80).

DNA methylation “code” and transcriptional regulation

The correlation between promoter methylation and transcrip-
tional repression of downstream gene(s) has been established by
many studies based on a limited set of loci (Bird and Wolffe 1999;
Eckhardt et al. 2006; Suzuki and Bird 2008). Recently, Weber et al.
(2007) reported that promoters with weak CpG islands unbound
to RNA polymerase II (Pol II) were frequently methylated. How-
ever, the relevance of specific promoter features of DNA methyla-
tion, such as the distance of DNA methylation relative to the
transcription start site (TSS), or the role of absolute and relative
levels of mCpG to the transcriptional repression of downstream
genes(s) remain poorly understood.

Profiling genome-wide promoters is expected to produce
different patterns of DNA methylation. In order to classify these
patterns, we divided each promoter into three regions relative
to TSS: proximal (—200 to +500 bp), intermediate (—200 to —1000
bp), and distal (—1000 to —2200 bp) as presented in Figure 1A. Fach
region was then defined as highly methylated or unmethylated
based on the average probe-level RMS (higher or lower than 0.5,
respectively). Promoters were classified into groups according to
their methylation profiles (for example, 111: fully methylated,
000: extensively unmethylated, and 001: proximally methylated).
We also took into account the overall promoter CpG content as
described (Weber et al. 2007). Promoters were divided into three
groups based on their CpG ratio: low CpG (LCPs), intermediate

Table 1. Normal melanocytes and melanoma cell strains used in the study

BRAF PTEN CTNNBI
Gender/Age Stage Source Passage status status status
Normal melanocytes
NBMEL M/00 — Newborn foreskin pl — — —
ADMEL F/48 — Adult abdominal skin pl — —
Melanoma cells

WW165 F/62 Il Primary melanoma p5 V600K WT WT
(GTG/AAG)

YUGENS F/44 \Y% Brain metastasis p5 V600E WT WT
(GAG/GAG)

YULAC F/65 \% Metastatic melanoma pl1 V600K P38S/LOH NA
(AAG/AAG) (C11437)

YUMAC M/52 \Y% Soft tissue metastasis p10 V600K WT WT
(AAG/AAG)

YURIF M/52 \% Soft tissue metastasis pl V600K LOH S33C
(ATG/AAG) (TCT/TGT)

YUSAC2 M/46 \Y% Soft tissue metastasis p2 V600E LOH WT
(GAG/GAG)

YUSIT1 M/67 \% Metastatic melanoma p2 V600K WT WT
(GTG/AAG)

YUSTE F/65 1] Metastatic melanoma p3 V600E LOH NA
(GAG/GAG)

WT, wild type; LOH, loss of heterozygosity; NA, not available.
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(C,D) The same as B, for ICPs and HCPs.

CpG (ICPs), and high CpG content promoters (HCPs). The number
of promoters with a specific methylation profile within each group
is shown in Figure 1B-D. In general, almost 90% of ICPs and
HCPs were either unmethylated (000 profile) or exclusively dis-
tally methylated (100 profile), while LCPs showed heterogeneous
methylation patterns. LCPs in melanoma cells were hypometh-
ylated compared with those in normal melanocytes, as shown by a
29% decrease in the 111 profile (fully methylated promoter; x> P =
3 X 1072°) and a 62% increase in the 000 profile (fully demeth-
ylated promoter; P = 1 X 1073!). Conversely, ICPs and HCPs meth-
ylated in intermediate and/or proximal regions (X10, X01, and
X11 profiles) were consistently more represented in melanoma
cells than in normal melanocytes (+66% and +613%, on average,
in ICPs and HCPs, respectively; 7 X 1072 < P < 1 X 1073). Taken
together, the results suggested that differential methylation of
promoters in melanoma cells is dependent on overall CpG content
and is enriched in specific regions relative to the TSS.

Gene expression was evaluated for each methylation profile
in order to assess the site of promoter methylation relevant to
transcriptional repression. Figure 2A and Supplemental Figure
S2 show the expression of each gene according to its promoter
methylation profile and CpG content for normal melanocytes and
melanoma cells. The results indicated that the expression of genes
under the control of LCPs is not dependent on the promoter
methylation profile in both cell types (trend P-values 0.01 and 0.3
in normal melanocytes and melanoma cells, respectively). ICPs
with proximal methylation seem to be less transcriptionally active
than those without proximal methylation (NBMEL P = 0.003, and
melanomas P =0.0035). Finally, the location of methylation relative
to the TSS in HCPs significantly correlated with transcriptional
repression of downstream genes (NBMEL P = 0.004, and melano-
mas P = 0.005). These findings suggest that transcriptional re-
pression driven by promoter methylation is inversely related to the

Distribution of promoter methylation in normal melanocytes and melanoma cells. (A)
Diagram showing the three promoter regions relative to the TSS: Proximal (—200 to +500 bp), In-
termediate (—200 to —1000 bp), and Distal (—1000 to —2200 bp). Each region is labeled as highly
methylated (1) or unmethylated (0) if its average probe-level RMS is higher or lower than 0.5, re-
spectively. (B) Number of LCPs for each cell type (NBMEL, ADMEL, and melanomas) and for each
methylation profile. (e.g., 111 fully methylated, 001 proximally methylated, and combination thereof).

3000 4000 5000 6000 1opg and HCPs demonstrated association

with methylation, whereas genes under
the control of LCPs were expressed almost
independently of the methylation status
(Fig. 2C). Taken together, localization and
density of mCpG, as well as overall pro-
moter CpG content, were highly pre-
dictive of the degree of transcriptional
repression. Notably, we did not find the
lack of association between HCPs methylation and transcriptional
repression reported by Weber et al. (2007) based on Poll II binding
data.

Identification of melanoma methylation markers

We compared AMS profiles of normal melanocytes with melanoma
cells in order to identify methylation markers associated with
malignant transformation. The linear mixed effect models (LME)
was applied to identify differentially methylated promoters to ac-
commodate the heterogeneity of DNA methylation across the cell
types. This method identified 3531 differentially methylated
promoters with P <0.05 (2490 hypermethylated and 1041 hypo-
methylated in melanoma cells compared with normal melano-
cytes). As expected from the results shown in Figure 1B, there was
overrepresentation of LCPs in hypomethylated promoters. We
then used proximal methylation level, promoter CpG content, and
gene expression to select methylation markers (Fig. 3A). These
filters increased the likelihood of identifying promoters with dys-
regulated methylation pattern causally related to the differential
expression of downstream genes. As a result, 76 promoters (68
hypermethylated and eight hypomethylated in melanomas) were
selected as methylation markers (Fig. 3B; Supplemental Tables S1,
S2). Analysis of Gene Ontology functional categories for the 68
hypermethylated candidates genes revealed overrepresentation
of functional categories common in cancer progression, such as
skeletal development (P = 1.4 X 10~*) and cell-cell adhesion (P =
3.6 X 107%), although no prominent enrichment was observed
(Supplemental Fig. S3). Also, several genes that were previously
reported as melanoma markers were identified (Supplemental
Tables S1, S2). For example, we previously showed that the ex-
pression of RAB33A, a member of the small GTPase superfamily, is
suppressed in melanoma cells by proximal promoter methylation
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the trend P-value is indicated (see Methods).

in a process that recapitulated silencing of X-linked genes (Cheng
et al. 2006). To check for robustness of the selected markers with
respect to different data processing, we repeated the pipeline dis-
played in Figure 3A based on the Batman methylation scores
(Down et al. 2008). Despite the fact that Batman provides estimates
of the relative rather then the absolute methylation level, 32 of the
67 hypermethylated and one of the eight hypomethylated markers
identified based on the MEDME AMS were confirmed.

Five genes were selected for further validation of promoter
methylation and gene expression (COL1A2, NPM2, HSPB6, DDIT4L,
and MT1G). These genes, except for COL1IA2 and DDIT4L, were
not previously reported to be aberrantly methylated in melano-
mas. Figure 4, A and B show the AMS profiles of COL1A2 and
NPM2 promoters. The methylation estimates were validated by
sequencing of bisulfite (BS) converted DNA (Fig. 4A,B). In partic-
ular, we confirmed the methylation status of promoter regions
expected to be hypermethylated in melanoma cells and unmeth-
ylated in normal melanocytes. Quantitative real-time RT-PCR
validated the inverse correlation between gene expression and
promoter methylation (Fig. 4C). Moreover, these genes were re-
activated after treatment with 0.2 uM 5-Aza-2'-deoxycytidine
(Aza) (Fig. 4D), confirming the causal relationship between meth-
ylation and gene expression. Analysis of HSPB6, DDIT4L, and
MT1G showed similar results (Supplemental Fig. S4). The reactiva-

rTT
10 20 30 0

Promoter methylation and transcriptional repression. (A) Gene expression in normal mel-
anocytes (NBMEL) under the control of promoters with each methylation profile in each promoter
category; red and blue groups indicate promoters with and without proximal methylation (XX1 and
XXO0 profiles, respectively); yellow indicates unmethylated promoters; the groups range from fully
methylated to unmethylated from left to right, and the order is based on the progressive absence of
methylation from distal to proximal regions; smoothing over the median for each group is shown. (B)
Gene expression in normal melanocytes (NBMEL) and five melanoma cell strains as a function of the
probe-level AMS of proximal promoters; smoothing over the median for each group is shown. (C) Gene
expression of WW165 primary melanoma cells for each promoter category as a function of the probe-
level AMS of proximal promoters; smoothing over the median for each group is shown. For each panel

S Finally, to address whether promoter
methylation was not an artifact of culture
conditions and can be detected in clinical
specimens, we examined nine skin sam-
ples (seven normal skin cells and two
nevi), and 24 snap-frozen melanoma tu-
mors (eight early and 16 advanced-stage
tumors) from different individuals. The
data show that promoter methylation
was predominantly detected in advanced-
stage tumors, whereas there was no meth-
ylation in benign tissue samples, consis-
tent with our observations using early-
passage melanoma cell strains (Table 2).
These results suggest that methylation of
COL1A2, NPM2, DDIT4L, and MT1G can be useful for assessing
tumor progression.

10 20 30

Discussion

The goal of our study was to discover, in an unbiased fashion, DNA
methylation markers that contribute to transcriptional dysregula-
tion in melanoma cells. Although several hyper- and hypometh-
ylated candidate genes have been identified in melanomas, few
are suitable for clinical use as methylation markers (Muthusamy
et al. 2006; Rothhammer and Bosserhoff 2007). The reasons for
this shortcoming could be attributed to: (1) artifacts of cell culture
(Catalina et al. 2008; Meissner et al. 2008), and (2) heterogeneity
across individual tumor cells (Eckhardt et al. 2006; Feinberg et al.
2006). Although tissue samples are preferable, the presence of
normal cells and DNA damage typical of formalin-fixed paraffin-
embedded material reduces the quality of the DNA for analysis. To
avoid changes introduced in long-term cell cultures, we used cells
derived from freshly cultured normal or benign skin and tumors,
and went on to validate the results in snap-frozen lesions. Fur-
thermore, we applied a selection pipeline for robust identification
of methylation markers to overcome heterogeneity across in-
dividual tumors. First, we used MEDME methylation estimates
rather than raw MeDIP enrichment values. Second, we integrated
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Figure 3. Selection of promoter methylation markers. (A) Outline of the pipeline used to identify markers. (B) Heat-map of the selected markers;
promoter AMS for newborn melanocytes (NBMEL), adult melanocytes (ADMEL), and eight melanoma cell strains, and CpG ratio in each of six regions is
represented; absolute gene expression as well the expression relative to newborn melanocytes (NBMEL) are displayed; gene symbols of differentially
expressed genes are shown on the right side in order of significance, top to bottom from the left column. Two alternative promoters are displayed for LYNX1

(see Supplemental Table S1).

epigenomics data with gene expression profiling to identify pro-
moters that showed an association between methylation status
and expression of downstream genes. To this end, the localization
of promoter methylation and overall promoter CpG content, two
features that we have shown to be highly predictive of the in-
tensity of transcriptional repression, were considered in the anal-
ysis. In this regard, it is important to compare our findings with
those reported by two recent studies. Irizarry et al. (2009) found
that most of the differentially methylated regions in colon cancer
are located within 2 kb of CpG islands, in regions named CpG
island shores. This supports our decision to focus on a wide region
across the TSS to determine differential methylation expanding
the analysis beyond CpG islands. At the same time, this does not
contradict our finding showing that the methylation levels in
regions proximal to the TSS are strongly associated with tran-
scriptional repression. A second study from Ball et al. (2009)
showed a stronger correlation between DNA methylation levels
and transcriptional repression in ICPs compared with HCPs and
LCPs. Rather, we found a clear association between both ICPs and
HCPs methylation and transcriptional repression of the down-
stream genes. We explain this apparent discrepancy, noting that
we focused here on the absolute rather than the relative methyl-
ation level used in that study. Indeed, similar amounts of variation
in the absolute number of mCpG in ICPs and HCPs (Fig. 2C) can be

obscured in the latter when considering the relative methylation
level because of the their high CpG content.

We identified 76 markers in melanoma cells, of which 68 were
hypermethylated and eight were hypomethylated. Sixteen of these
markers were previously found to be affected by promoter meth-
ylation in human cells, and 12 were reported to be involved in
cancer pathogenesis. Of these, only four were previously described
in melanoma (COL1A2, RAB33A, DDIT4L, and HOXB13) (Cheng
et al. 2006; Furuta et al. 2006; Muthusamy et al. 2006). Epigenetics
control and involvement in cancer have not yet been established
for the remaining 60 markers (Supplemental Tables S1, S2), even if
several functional families related to cancer pathogenesis were over-
represented. Five hypermethylated markers belonging to different
functional groups that may have relevance to cancer pathogene-
sis were selected for further validation. COL1A2 (type I collagen
alpha 2; P =44 X 10~*, ranked second) is a member of a large
family of extracellular matrix proteins that maintain cellular and
tissue integrity and contributes to homeostasis of the human body
(Myllyharju and Kivirikko 2004). DNA methylation in the first
exon of COL1A2, the binding site for regulatory factor X 1 (RFX1),
increases RFX1 binding and decreases COLIA2 transcription
(Sengupta et al. 1999). There is also evidence for COL1A2 aberrant
promoter methylation in genome-wide methylation studies of
cancer cells, such as medulloblastoma (Anderton et al. 2008) and
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Figure 4. Promoter methylation and gene expression for selected markers. (A) Probe-level AMS, CpG ratio, and sequence of BS-modified genomic DNA
for the proximal (P), intermediate (I), and distal (D) promoter regions of COLTA2 in newborn (NBMEL) and adult (ADMEL) melanocytes and eight
melanoma cell strains; gray bars indicate the amplicons of BS sequencing; D, distal, I, intermediate, and P, proximal for each promoter region; 1 kb
upstream region (dashed line), exon (dashed box), and coding sequences (solid black line) for each RefSeq in the locus are displayed; CpGs are repre-
sented as circles, and white, gray, and black shades refer to the average of mCpG/CpG (0 to 1) for each sample. (B) Same as A, for NPM2. (C) COL1A2 and

NPM2 expression levels measured by real-time RT-PCR. Expression levels were

normalized to that of ACTB. (D) Restoration of gene expression (COL1A2,

DDIT4L, NPM2, and MT1G) after treatment with Aza (0.2 uM). Gene transcripts were measured by real-time RT-PCR, and expression levels were nor-
malized to that of ACTB. The histogram shows log; increase after Aza treatment for YUGEN8 and YUMAC melanoma cells.

hepatoma (Chiba et al. 2005). NPM2 (nucleoplasmin 2; P = 0.0020,
ranked seventh), a gene frequently methylated in leukemia cell lines
and in patients with acute myeloid leukemia (Kroeger et al. 2008),
and HSPB6 (heat-shock protein alpha-crystallin-related B6; P =
0.003, ranked 10th), which belongs to a class of proteins function-
ing as molecular chaperones, have been linked to cell malfunction
when perturbed (Sun and MacRae 2005). MT1G (metallothionein
1G; P = 0.033, ranked 54th) belongs to a class of metal-binding
proteins involved in several cellular processes. This gene was im-
plicated as a putative tumor suppressor in thyroid tumorigenesis,
even though its role in this process is not completely understood
(Huang et al. 2003; Morris et al. 2003). Finally, DDIT4L (DNA-
damage-inducible transcript 4-like; P = 0.029, ranked 49th) was
reported to inhibit cell growth and to be up-regulated under con-
ditions of ischemia and oxidative stress (Corradetti et al. 2005).
Aberrant methylation of DDIT4L promoter was previously identi-
fied by a genome-wide search of melanoma cell lines using meth-
ylation-sensitive representational difference analysis (Furuta et al.
2006). In this study we validated its promoter methylation in early-
passage melanoma cell strains and snap-frozen tumors.

We assessed the methylation status of COL1A2, NPM2,
DDIT4L, and MT1G in normal melanocytes, nevi, early-stage and
advanced-stage melanomas in both early-passage cell strains and

snap-frozen tissues. Despite the small number of samples, the in-
cidence of promoter hypermethylation significantly increased dur-
ing melanoma development, implying that these specific markers
could be associated with melanoma progression and be used to
predict melanoma prognosis.

LCP methylation status was independent of downstream
gene expression, although they were extensively hypomethylated
in melanoma cells (Fig. 2A,C). For this reason, we filtered out LCPs
in the marker identification process, selecting only eight hypo-
methylated markers in ICP and HCP promoters. Hypomethylation
of cancer/testis antigens such as MAGE, BAGE, and GAGE has been
shown to be associated with melanoma tumorigenesis (Chomez
et al. 2001; Scanlan et al. 2002). Interestingly, many of these genes
were hypomethylated in only a subset of the melanoma cell strains
used in our study (MAGEA3 P = 0.028, MAGEAG6 P = 0.23, PRAME
P-value from 0.007 to 0.017 for alternative RefSeq promoters;
Supplemental Fig. S5).

In summary, we have shown that integration of high-
throughput data from different omics by means of a pipeline de-
signed to accommodate the expected heterogeneity of methyla-
tion within promoter regions and between samples can identify
new tumorigenic melanoma markers. The proposed methodol-
ogy may be useful for detection of robust markers over highly
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Figure 5. Promoter methylation of selected markers in early-passage
cells results from sequencing of BS. Modified DNA was used to determine
the methylation level of each CpG dinucleotide within each proximal
promoter. The distribution of CpG-relative methylation is displayed in
normal melanocytes (NM, n=5), nevi (NV, n= 6), early-stage melanomas
(EM, n = 8), and advanced-stage melanomas (AM, n = 10). P-values for
each group were determined relative to NM using a two-sample non-
parametric Wilcoxon test. 0.05 < *P = 0.01, 0.01 < **P = 0.001, ***P <
0.001. (A) COL1A2; (B) NPM2; (C) DDIT4L; (D) MT1G.

heterogeneous samples in other disease states. Finally, we provided
the first genome-wide integrative analysis of promoter methyla-
tion and gene expression in melanoma. The aberrant methylated
promoters reported here have the potential to be relevant to the
clinical arena as markers for melanoma progression.

Methods

Cells and tumors

Normal human melanocytes were isolated from newborn foreskins
and adult skins. The cells were grown in OptiMEM with anti-
biotics, 5% fetal calf serum (basal medium), and growth supple-
ments as described (Cheng et al. 2006). Melanoma tumors were
excised to improve patient quality of life. They were collected with
participants’ informed written consent according to Health In-
surance Portability and Accountability Act (HIPAA) regulations
with Human Investigative Committee protocol. A part of the tu-
mor was snap frozen in liquid nitrogen and another part was dis-
sociated and cultured in basal medium (metastatic cells) or in
medium supplemented with 0.1 mM 3-isobutyl-1-methyl xanthin
(Sigma Chemical) (primary melanoma cells), a supplement re-
quired for primary melanoma cells proliferation. The melanoma
cell strains used in the study were from short-term cultures, i.e.,
passage 1-15 (Table 1). All cell strains carried the BRAF activating
mutation, none harbored the NRAS codon 61 mutation, four car-
ried PTEN loss of heterozygosity (LOH), one a known PTEN variant
(Pro38Ser), while one carried inactivating CTNNBI mutation
(Ser33Cys) (Halaban et al. 2009).

Methylation profiling by MeDIP

The MeDIP assay was performed as described (Weber et al. 2005).
Briefly, genomic DNA was extracted by DNeasy Blood & Tissue Kit

(QIAGEN), sheared into 300-1200-bp fragments by sonication,
and aliquots (10 pg) were incubated with 20 pL of anti-5-methyl-
cytidine mAb (Eurogentec) for 12 h at 4°C. Antibody-bound
DNA was precipitated with 50 pL of Dynabeads (M-280 sheep
antibodies to mouse IgG, Dynal Biotech) at 4°C for 2 h on a rotat-
ing wheel. Bound DNA was eluted two times with 200 pL of TE
containing 1.0% and 0.67% SDS, respectively, and DNA was pu-
rified by standard proteinase K/phenol-chloroform procedure. The
eluted DNA fractions and sonicated input DNA were differentially
labeled with fluorescent dyes (Cy3 and CyS5, respectively) and
hybridized to genomic promoter tiling arrays.

The methylation level of each cell strain was evaluated by one
array hybridization. We decided to invest more in the number of
cell strains rather than replicates because of the expected hetero-
geneity in the DNA methylation levels. Also, in order to obtain
replicated hybridizations we would have needed to collect higher
amounts of genomic DNA, likely increasing the number of pas-
sages in culture. This, in turn, would have been problematic be-
cause of the altered methylation patterns determined by cell
culture (Meissner et al. 2008). Application of the same method-
ology for the selection of markers to other cancer types could be
less problematic and take advantage of an increased replication
level.

Array design, data processing, and probe annotation of the
arrays for detection of genome-wide promoter methylation

We used NimbleGen C4226-00-01 promoter-tiling arrays that were
designed based on the HG18 genome release. The array contains
390,000 probes with an average length of 60 bp tiled in 110-bp
steps along the upstream promoter regions. We applied standard
normalization methods for two-channel microarrays: within
(Loess-based) and between (Quantile-based) normalization, avail-
able in the Limma Bioconductor library (Ihaka and Gentleman
1996; Smyth and Speed 2003; Gentleman et al. 2004; Smyth 2005).
The probe-level log ratio was determined as the log, of the cy3/cyS
channels and used as a measure of MeDIP enrichment. The posi-
tion of the center of each probe on the array was compared with
the transcription start site (TSS) of known RefSeqs retrieved from
UCSC human genome annotations (hg18). Multiple annotations
of a probe in association with different RefSeq IDs were allowed.

Array design, data processing, and probe annotation of the
arrays for detection of genome-wide gene expression

We used NimbleGen 2005-04-20_Human_60mer_1in2 genome-
wide human expression arrays that were designed based on the
HG17 genome release. A total of 380,000 probes for almost 30,000
transcripts and 20,000 known genes are represented on this array.
NimbleGen provided design and probe annotation. The QSPLINE
nonlinear normalization method was applied on a data set of
single-channel absolute values (Workman et al. 2002).

Table 2. Incidence of promoter methylation for selected markers
in snap-frozen tissues from normal (normal skin, n = 7 and nevi,
n = 2) and melanoma samples (n = 24)

Normal Early-stage Advanced-stage
Gene tissues melanomas melanomas
COL1A2 0% (0/9) 50% (4/8) 69% (11/16)
NPM2 0% (0/9) 38% (3/8) 56% (9/16)
DDIT4L 0% (0/9) 13% (1/8) 38% (6/16)
MTI1G 0% (0/9) 13% (1/8) 25% (4/16)
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Determination of absolute and relative methylation estimates

Absolute and relative methylation scores (AMS and RMS, re-
spectively) were determined using the MEDME Bioconductor li-
brary (Pelizzola et al. 2008; http://espresso.med.yale.edu/medme/
and Bioconductor repository http://www.bioconductor.org).
MEDME was calibrated on the data as described before (Pelizzola
et al. 2008) using a window size of 1 kb and linear weighting for
smoothing of log ratios and determination of the probe CpG
content.

Determination of trend P-value

Trend P-values in Figure 2 were determined based on the box plot
medians, using the SAGx R library (http://www.r-project.org/).

Identification of biomarkers

Intermediate and proximal promoter regions of each RefSeq were
divided into six regions based on the distance from the TSS (—500
to —350, —200 to —50, —50 to +100, +100 to +250, and +250 to
+500 bp, with respect to the TSS). The AMS for a given region was
determined as the average of the AMS for the probes in that ge-
nomic area. A linear mixed effects model was used in order to select
promoters that are differentially methylated between melanoma
cells and normal melanocytes. The cell type (melanoma vs. normal
melanocytes) was included as a fixed effect; the individual mela-
noma strains were considered as random samples from the type
populations and, thus, included as random effects. Quadratic and
cubic terms for distance were included in the model due to the
nonlinear relationship between the distance of the promoter
regions from the TSS and AMS. The P-value was determined for the
normal newborn and adult melanocytes in comparison to each
possible group of seven out of eight melanoma cell strains, and the
best P-value was retained for subsequent steps. Only promoters
whose P-values were less than « = 0.05 were considered for further
evaluation.

Finally, selected promoters were screened based on three fil-
ters designed to increase the likelihood of differential methylation
and differential expression being causally related: (1) promoters
with proximal RMS higher than 0.5 were retained; (2) promoters
with low CpG content (as defined in Weber et al. 2007) were dis-
carded; (3) only promoters whose downstream gene was differen-
tially expressed at least 1.5-fold in at least six out of eight
melanoma cell strains were considered. For the last filter, methyl-
ation markers in melanoma cells were required to display inverse
relationship to gene expression, i.e., hyper- and hypomethylated
being down- and up-regulated, respectively.

Sequencing of bisulfite modified DNA

Genomic DNA was extracted from normal melanocytes and mel-
anoma cells and subjected to bisulfite (BS) modification (Epitect
Bisulfite Kit, QIAGEN), followed by Sanger sequencing as described
(Jacobsen et al. 2000). The target regions of the relevant genes and
the primers used for amplification are listed in Supplemental Table
S3. The cell strain methylation levels displayed in Figures 4 and 5
were calculated from the amplitude of cytosine and thymine
within each CpG dinucleotide, C/(C+T), using the phred software
(http://www.phrap.com/). Considering the likelihood of contam-
ination from normal cells in clinical samples, the methylation
level of snap-frozen tissues indicated in Table 2 was determined
based on three CpGs that were highly discriminative between
normal melanocytes and melanoma cells. Each promoter was then
defined as methylated or unmethylated based on the presence of

significant amplitude of cytosine or thymine, respectively, con-
sistently on the three CpGs.

Treatment with Decitabine

Decitabine (5-Aza-2’'-deoxycytidine, Sigma Chemical [Aza]) was
dissolved in methanol as 10 mM stock solution, aliquoted and kept
at —20°C. Melanoma cells were seeded in Petri dishes (~5000 cells/
cm?) in regular medium untreated or treated with Aza (0.2 uM) for
2 d, with fresh drug-supplemented medium on the second day. The
cells were harvested after 1-d recovery in drug-free medium.

Gene expression by quantitative RT-PCR

Total RNA was isolated using RNeasy Mini Kit (QIAGEN), and 2-u.g
aliquots were reverse transcribed with Transcriptor First Strand
cDNA Synthesis Kit (Roche Applied Science) according to the
manufacturer’s instruction. Quantitative real-time RT-PCR was
then carried out in triplicate using ABI 7500 Fast Real-Time PCR
Systems (Applied Biosystems). The primers used for each gene
are listed in Supplemental Table S4. The expression of ACTB was
used as a reference to normalize for input cDNA. The relative ex-
pression values were computed by the comparative Ct method
(Pfaffl 2001).
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