
Identification of driver and passenger DNA methylation in cancer
by epigenomic analysis

Satish Kalari and Gerd P. Pfeifer
Department of Cancer Biology, Beckman Research Institute of the City of Hope, Duarte, CA 91010,
USA

Summary
Human cancer genomes are characterized by widespread aberrations in DNA methylation patterns
including DNA hypomethylation of mostly repetitive sequences and hypermethylation of numerous
CpG islands. The analysis of DNA methylation patterns in cancer has progressed from single gene
studies examining potentially important candidate genes to a more global analysis where all or almost
all promoter and CpG island sequences can be analyzed. We provide a brief overview of these
genome-scale methylation-profiling techniques, summarize some of the information that has been
obtained with these approaches and discuss what we have learned about the specificity of methylation
aberrations in cancer at a genome-wide level. The challenge is now to identify those methylation
changes that are thought to be crucial for the processes of tumor initiation, tumor progression or
metastasis and distinguish these from methylation changes that are merely passenger events that
accompany the transformation process but have no effect per se on the process of carcinogenesis.

Introduction
DNA methylation is one of the important epigenetic mechanisms that control gene expression,
chromatin structure, genome stability and X chromosome inactivation (Geiman and Robertson,
2002; Jones and Baylin, 2002). Abnormality in DNA methylation can lead to serious imbalance
in normal function of cells and can promote pathological conditions. In particular, the genome
of cancer cells is known to undergo substantial changes in DNA methylation (Jones and Baylin,
2002). Most notable are genome-wide hypomethylation events that preferentially target
repetitive DNA elements, and gene-specific hypermethylation of CpG islands. CpG islands
are sequences with greater than normal G+C DNA content (Bird, 1986). Although their exact
definition varies, they are usually between 0.2 kb and 2 kb long and contain a relatively high
frequency of CpG dinucleotides. CpG sequences normally are underrepresented in mammalian
genomes, owing to mutational pressure and/or lack of efficient DNA repair at methylated CpGs
(Pfeifer, 2006). However, in normal tissues and in the germ line, the majority of gene promoter-
associated CpG islands remain unmethylated. Accordingly, they are not subject to erosion by
mutational events and retain a close to expected frequency of CpG dinucleotides. Methylation
of CpG islands becomes aberrant in cancer when many hundreds of CpG islands in individual
tumors acquire DNA methylation.

Global DNA hypomethylation and gene-specific hypermethylation are among the prominent
hallmarks of cancer genomes (Ehrlich, 2002; Ushijima, 2005). Studies of aberrant methylation
emphasize the pervasiveness of these changes in tumorigenesis and tumor progression. The
role of DNA hypomethylation is often considered less important due to its global nature, along
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with limited knowledge of specific genes and genomic regions associated with
hypomethylation. However, a cancer-causing role of DNA hypomethylation is clearly
suggested by studies in mice carrying hypomorphic alleles of DNA methyltransferase genes,
i.e. Dnmt1 (Gaudet et al., 2003). These mice develop malignancies, in particular lymphomas
and hepatocellular carcinoma but the effect of Dnmt1 loss can be complicated and may either
support or inhibit tumor development (Laird et al., 1995; Gaudet et al., 2003; Yamada et al.,
2005). The mechanisms how DNA hypomethylation is tumor-predisposing are unknown but
it is conceivable that reactivation of methylation-silenced repetitive DNA elements and
increased genomic instability are involved (Ehrlich, 2002). Most of the literature available on
epigenetic factors in initiation and progression of tumorigenesis is dealing with
hypermethylation of CpG islands or gene promoters and so is this review.

Aberrant DNA methylation in cancer – starting from single gene studies
DNA methylation of promoter CpG islands is strongly associated with gene silencing and is
known as a frequent cause of loss of expression of, for example, tumor suppressor genes as
well as other genes involved in tumor formation. Much of what is known today about the
importance of DNA methylation in cancer was gained earlier through small-and moderate-
scale analysis of gene promoters in different tumor types. The very first methodologies
employed for the analysis of DNA methylation depended on initial digestion of DNA with
methylation-sensitive restriction endonucleases followed by Southern blotting (Bird and
Southern, 1978). Later on, sodium bisulfite sequencing and other methods based on that same
concept became the methods of choice for single gene analysis (Frommer et al., 1992).

Initial focus on DNA methylation in tumors was centered on the question of methylation-
induced silencing of known tumor suppressor genes. During tumorigenesis, both alleles of a
tumor suppressor gene need to be inactivated. This can occur by chromosomal deletions or
loss-of-function mutations affecting the gene's coding sequence. Alternatively,
hypermethylation of CpG islands spanning the promoter regions of tumor suppressor genes
(for example, RB, CDKN2A, VHL, APC, MLH1, RASSF1A and BRCA1) can lead to gene
silencing and thus can be an integral mechanism in tumorigenesis equivalent to gene loss or
mutation (Issa, 1999; Costello et al., 2000; Dammann et al., 2000; Jones and Baylin, 2002;
Herman and Baylin, 2003; Nephew and Huang, 2003). Since hypermethylation generally leads
to permanent inactivation of gene expression, and is thought to be less reversible than altered
histone modifications, this epigenetic alteration is considered a key pathway for long-term
silencing of genes. To give some examples on one particular type of tumor, we focus on lung
cancer. Several specific CpG-island-associated gene methylation events were frequently
observed including, for example, CDKN2A, RASSF1A, RARβ, MGMT, GSTP1, CDH13, APC,
DAPK, TIMP3, along with many other genes (Zochbauer-Muller et al., 2001; Toyooka et al.,
2003; Yanagawa et al., 2003; Franklin, 2004; Topaloglu et al., 2004; Dammann et al.,
2005b; Kim et al., 2005). Genes altered by DNA methylation include those involved in
important cellular pathways such as cell cycle regulation (e.g. CDKN2A, CHFR), proliferation
(e.g. CDKN2A, CXCL12), DNA repair (e.g. MGMT), apoptosis (e.g. DAPK, caspase 8, FAS,
TRAILR1), RAS signaling (RASSF1A, NORE1A), invasion (e.g. cadherins, ADAMTS1, TIMP3,
PTGER2, laminin family) and Wnt signaling (APC, DKK1, SFRP genes). Some of these
pathways affected by epigenetic change are those described as the hallmarks of cancer
(Hanahan and Weinberg, 2000). Other studies of non-small cell lung cancer (NSCLC)
identified many additional hypermethylated genes (e.g., ARPC1B, DNAH9, FLRT2, G0S2,
IRS2, RUNX3, PKP1, SPOCK1, UCHL1, OTX1, BARHL2, MEIS1, and OC2) (Bowman et
al., 2006; Rauch et al., 2007; Rauch et al., 2008; Jin et al., 2009). In the literature, the
methylation frequency (i.e., the percentage of tumors analyzed that carry substantially
methylated alleles) generally ranges from only a few percent for some genes to more than 80%
for other genes. The reported methylation frequencies, even for the same genes, often differ
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substantially depending on the study population, tumor histology, and/or methodology used to
assess CpG island methylation.

The choice of methylation targets analyzed in the numerous single gene studies has often been
based on existing knowledge of the presumed function of a particular gene or gene family
member, or it was the result of a more or less serendipitous discovery of a particular methylation
event. In most cases, CpG islands overlapping the 5' gene ends or promoters of genes have
been analyzed. More recent unbiased genome-wide studies, however, have revealed common
tumor-associated methylation of CpG islands outside of promoter regions, and it is still unclear
whether or not such methylation changes have biological consequences and what exactly these
consequences are for tumor formation. Interestingly, there are often cancer-specifically
methylated CpG islands not associated with any known genes at all. These CpG islands may
represent remote regulatory elements or may represent functionally relevant sequences
associated with non-coding RNAs.

Aberrant DNA methylation in cancer – genome-wide studies
A much better understanding of the role of DNA methylation in cancer, either as a marker of
disease or as an active driver of tumorigenesis, will likely be gained from genome-wide studies
of this modification in normal and malignant cells. This goal has become more reachable with
the recent introduction of large-scale genome analysis methodologies. These techniques have
been adopted in various ways to allow for investigation of DNA methylation of many gene
loci simultaneously (Table 1). In this section, we review several technological advances in
genome-wide methylation profiling.

One of the earliest large-scale methylation profiling techniques developed was methylation-
sensitive representational difference analysis (MS-RDA) (Ushijima et al., 1997; Smith and
Kelsey, 2001; Ushijima and Yamashita, 2009). Genomic DNA is predigested using the
methylation-sensitive restriction enzyme HpaII, and a mixture ratio of tester and driver DNAs
is optimized to detect differences in methylation status of single copy genes between two tissue
samples. Restriction endonuclease digestion-based DNA methylation analysis was modified
by Huang and colleagues and developed as differential methylation hybridization (DMH) on
array platforms by combining restriction endonucleases and microarrays for high-throughput
analysis of the methylation status of CpG islands in human genomes (Huang et al., 1999; Yan
et al., 2001; Wei et al., 2002). This method utilizes a restriction enzyme MseI, which recognizes
TTAA, a sequence that is rarely present within GC-rich regions, and leaves most CpG islands
intact. MseI-generated fragments are ligated to defined synthetic linkers and are further
digested, for example, with BstUI, a methylation-sensitive restriction endonuclease. BstUI
recognizes and digests the sequence 5'-CGCG within CpG islands when they are unmethylated.
CpG islands, which are methylated, resist BstUI restriction digestion, and these methylated
fragments can be subsequently amplified by linker-dependent PCR. The resulting PCR
products are labeled with fluorescent dyes. To compare genome-level CpG island methylation,
equal quantities of BstUI-digested amplicons from two samples (e.g., normal and cancer) are
mixed and hybridized onto a microarray. The resulting ratio between the two dyes represents
the methylation difference between the two samples.

There are several other methods that are based on restriction endonuclease digestion, such as
classical restriction landmark genomic scanning (RLGS) (Hatada et al., 1991; Costello et al.,
2000), or HpaII tiny fragment enrichment by ligation-mediated PCR (HELP) (Khulan et al.,
2006; Figueroa et al., 2009). Nouzova et al (Nouzova et al., 2004) and Lippman et al (Lippman
et al., 2005) developed a DNA methylation profiling technique by replacing BstUI or HpaII
with McrBC, an unusual restriction enzyme that recognizes and cleaves CpG-methylated DNA.
Sites on the DNA recognized by McrBC consist of two half-sites of the form (G/A)mC. These
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half-sites can be separated by up to 3 kb, but the optimal separation is ~50–100 base pairs. This
method was used to identify a number of hypermethylated regions in an acute promyelocytic
leukemia cell line compared to normal peripheral blood mononuclear cells (Nouzova et al.,
2004). Irizarry et al modified the McrBC assay and developed a comprehensive high-
throughput array analysis for relative methylation (CHARM) (Irizarry et al., 2008). The
unmethylated or methylated fractions can be analyzed on microarray or high-throughput
sequencing platforms for genome-wide identification of aberrant methylation. Methylated CpG
island amplification (MCA) coupled to microarrays also is based on methylation-sensitive
restriction enzymes. Target sequences are amplified by PCR using flanking primers followed
by sequence analysis or microarray probing. MCA is a powerful approach for simultaneous
identification of differentially methylated genomic regions (Toyota et al., 1999; Estecio et al.,
2007).

Genome-scale DNA methylation analysis by bisulfite conversion of DNA has now become
possible. In bisulfite conversion of DNA, treatment of DNA with sodium bisulfite converts
unmethylated cytosines to uracils, whereas methylated cytosines are not affected. The bisulfite-
treated samples are then PCR-amplified and unmethylated and deaminated cytosines are
replaced by thymines during PCR. Then, these samples can be hybridized to microarrays for
large-scale analysis of DNA methylation status (Gitan et al., 2002; Hou et al., 2004) or by
Illumina sequencing (Lister et al., 2009; Gu et al., 2010; Laird, 2010). This approach still is
expensive when applied to whole mammalian genomes and requires substantial computational
resources. Variations of bisulfite-based approaches include analysis of sub-areas of the genome
(Meissner et al., 2008; Ball et al., 2009), or a highly multiplexed PCR-based approach using
the Illumina bead platform (Bibikova et al., 2006).

A third general type of high-throughput approach in methylation analysis is based on affinity-
purification of methylated DNA. Methylated DNA immunoprecipitation (MeDIP) utilizes
nonspecific fragmentation of the genomic DNA followed by anti-5mC antibody precipitation
to enrich for methylated DNA fragments (Weber et al., 2005). The immunoprecipitated DNA,
enriched in hypermethylated sequences, and total genomic DNA (as input) are labeled with
fluorescent dyes Cy5 and Cy3, respectively, and cohybridized onto microarray chips or
analyzed by high-throughput sequencing. MeDIP is thus a valuable general fractionation
approach, compatible with different analysis platforms to query the level of methylation in
genomic sequences at a level of resolution of about 100 bp. One of the crucial factors in this
assay is the quality of the anti-5-methylcytosine antibody. Moreover, the MeDIP method is
most sensitive for densely methylated sequences, as DNA fragments with many contiguous
methylated CpGs are more efficiently precipitated. MeDIP requires effective DNA
denaturation before antibody binding.

Affinity purification of methylated DNA by a protein or peptide that can specifically bind to
methylated CpGs was initially reported by Cross et al (Cross et al., 1994). Among the methods
most suitable for genome-wide mapping of DNA methylation, the methylated CpG island
recovery assay (MIRA) represents an approach that is based on a methyl-CpG binding protein
complex. MIRA depends on the fact that the methyl-CpG-binding protein MBD2B specifically
recognizes methylated CpG dinucleotides (Hendrich and Bird, 1998) and that this interaction
is strongly enhanced by the MBD3L1 protein (Rauch and Pfeifer, 2005; Rauch et al., 2006;
Rauch et al., 2007), a heterodimerization partner of MBD2 (Jiang et al., 2004). Among all
methyl-CpG-binding proteins known, MBD2B has the highest affinity for methylated DNA
and displays the greatest ability to distinguish between methylated and unmethylated DNA. It
recognizes a wide range of methylated CpG sequences with little sequence specificity (Fraga
et al., 2003). In our lab, lack of a defined sequence specificity of the MBD2B/MBD3L1
complex was confirmed by cloning and random sequencing of MIRA-enriched DNA
fragments. Pulldown of methylated fragments is most efficient when a minimum of two
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methylated CpG sites are present (Rauch et al., 2006). In the MIRA procedure, sonicated
genomic DNA is incubated with the MBD2B/MBD3L1 protein complex. Unlike the MeDIP
technique, which requires single-stranded DNA for antibody recognition, MIRA works on
normal double-stranded DNA; in fact the complex does not bind to single-stranded DNA. The
CpG-methylated DNA is collected from the binding reaction via the GST-tagged MBD2B and
glutathione beads, linker ligated and then PCR amplified. These PCR amplified MBD-enriched
DNA fractions and total genomic DNA (input) are labeled with fluorescent dyes Cy5 and Cy3,
respectively, and cohybridized onto microarrays. The ratio of fluorescent intensity (Cy5 to
Cy3) indicates the methylation status at each particular sequence analyzed. The MIRA-
enrichment method has been proven to be compatible with several types of microarray
platforms and high-throughput DNA sequencing platforms and is highly sensitive requiring
only 100–200 ng of genomic DNA.

Results from DNA methylation profiling
The importance and widespread occurrence of CpG island hypermethylation in cancer is
becoming increasingly recognized. In initial studies examining a limited number of loci, it has
been estimated that between 0.5% and 3% of all genes carrying CpG-rich promoter sequences
may be silenced by DNA methylation in several types of cancer (Costello et al., 2000; Shiraishi
et al., 2002). Examining all or most CpG islands in the genome, recent reports indicate that
generally several hundred to even more than a thousand CpG islands can be methylated in
individual tumors (Rauch et al., 2006; Rauch et al., 2007; Dudley et al., 2008; Kuang et al.,
2008; Omura et al., 2008; Rauch et al., 2008; Koga et al., 2009; Tommasi et al., 2009). Table
2 summarizes some of the recent studies describing methylation profiling of cancer genomes.

Genome-wide analysis of DNA methylation of lung squamous cell carcinoma (SCC) and
matching normal tissue DNA revealed a large number of lung SCC-specific hypermethylated
genes. Chromosome tiling array analysis has indicated that all of them were CpG islands or
CpG-rich regions, often overlapping or located in close proximity to promoter regions (Rauch
et al., 2008). Islands with different CpG densities can become hypermethylated in tumors. It
is clear that not all of these hundreds of methylated genes can be tumor suppressor genes. For
example, substantial subsets of the methylated genes were represented by a variety of
homeobox genes (Rauch et al., 2007). Homeobox gene-associated CpG islands were among
the most common stage I disease DNA methylation events identified so far, i.e. this methylation
event appears in almost every early stage tumor (Rauch et al., 2007; Rauch et al., 2008).
Genome-wide DNA methylation analysis identified CpG island methylation, for example in
proximity of the OTX1, NR2E1, PAX6, IRX2, OC2, TFAP2A, and EVX2 genes. These genes
are tumor-specifically methylated with very little methylation found in normal lung tissue or
in blood cell DNA (Rauch et al., 2008).

The frequent methylation of homeobox genes and other developmental genes regulated by the
Polycomb complex is a phenomenon observed in many different histological types of human
cancer (Rauch et al., 2006; Ohm et al., 2007; Rauch et al., 2007; Schlesinger et al., 2007;
Widschwendter et al., 2007), as exemplified by several studies, which we will discuss briefly.
Genome wide methylation profiling of ductal carcinoma in situ, a premalignant breast lesion
with a high potential to progress towards invasive carcinoma identified 108 significant CpG
islands that undergo aberrant DNA methylation in ductal carcinoma in situ and stage I breast
tumors, with methylation frequencies greater than or comparable with those of more advanced
invasive carcinoma (50% to 93%) (Tommasi et al., 2009). A substantial fraction of these
hypermethylated CpG islands (32% of the annotated CpG islands) was associated with several
homeobox genes, such as the TLX1, HOXB13, and HNF1B genes. Fifty-three percent of the
genes hypermethylated in early-stage breast cancer overlapped with known Polycomb targets
and included homeobox genes and other developmental transcription factors (Tommasi et al.,
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2009). Interestingly, one-third of the CpG islands identified by microarray analysis (26 out of
the 81 annotated hits) were associated with members of various homeobox superfamilies
(HOX, LHX, NKX, PAX, and so forth) and were preferential targets of de novo methylation in
early-stage breast cancer (Tommasi et al., 2009). These master regulators control vital
functional networks during tissue development and differentiation, and are misregulated in a
variety of malignancies, including breast cancer (Abate-Shen, 2002; Coletta et al., 2004).

Large scale DNA methylation analysis of glioblastoma multiforme (GBM) identified 25
hypermethylated genes in more than 20% of the cases studied (Martinez et al., 2009). The most
frequently hypermethylated genes were HOXA11, CD81, PRKCDBP, TES, MEST,
TNFRSF10A and FZD9 and these were methylated in more than 50% of the samples. HOXA9,
HOXA5, TFAP2C, IGFBP1 and some of the other gene were methylated to a lesser extent
(between 25% and 40%) in GBM compared to controls, but were found to be methylated in
various other cancers (Martinez et al., 2009). Analyzing biological features of these
hypermethylated genes revealed that the group of genes hypermethylated in GBM was highly
enriched (41%) for targets of the PRC2 (Polycomb repressive complex 2) in embryonic stem
cells. Furthermore, this study identified promoter hypermethylation of the transcription factor
gene GATA6 (occurring in 30% of GBM) that was correlated with poor patient survival
(Martinez et al., 2009).

We recently completed a study on astrocytoma/glioma patients and analyzed over 28,000 CpG
islands in 30 patients (Wu et al., 2010). Several hundred CpG islands undergo specific
hypermethylation relative to normal brain with 428 methylation peaks common to more than
25% of the astrocytomas. Genes involved in brain development and neuronal differentiation,
such as BMP4, POU4F3, GDNF, OTX2, NEFM, CNTN4, OTP, SIM1, FYN, EN1, CHAT,
GSX2, NKX6-1, PAX6, RAX, and DLX2, were strongly enriched among genes frequently
methylated in tumors. There was an overrepresentation of homeobox genes and 31% of the
most commonly methylated genes represented targets of the Polycomb complex. We identified
several chromosomal loci in which many (sometimes more than 20) consecutive CpG islands
were hypermethylated in tumors. Seven of such loci were near homeobox genes, including the
HOXC and HOXD clusters, and the BARHL2, DLX1, and PITX2 genes (Wu et al., 2010).

Genome-wide promoter methylation and gene expression analysis of early-passage human
melanoma cell lines or tumor specimens compared with melanocytes identified a number of
new hypermethylated genes on top of already known promoter-methylated genes in melanoma
(e.g. RARB, RASSF1A, and PYCARD) (Spugnardi et al., 2003; Hoon et al., 2004; Furuta et al.,
2006). Another study by Koga et al identified the promoter hypermethylated genes COL1A2,
NPM2, HSPB6, DDIT4L, MT1G, and SOX3 and also the homeobox genes HOXB13 and
HOXA7 in melanoma cells (Koga et al., 2009). This study also points out that the frequency
of promoter methylation of validated hypermethylated gene promoters (COL1A2, NPM2,
HSPB6, DDIT4L and MT1G) increases moderately in early and significantly in advanced-stage
melanomas, using early-passage cell strains and snap-frozen tissues compared with normal
melanocytes and nevi (Koga et al., 2009).

Global evaluation of DNA methylation in prostate cancer revealed a large number of
hypermethylated genes that were significantly hypermethylated compared to reference samples
(Kron et al., 2009). This study found that about 30% of significantly hypermethylated genes
of the top 100 methylated genes in prostate cancer were homeobox or T-box genes (e.g.,
FOXC1, VAX1, SIX6, HOXD3, HHEX, TBX15, HOXD9, GSC, HOXC13, PROX1, TBX4,
TBX3, HOXD8, PAX2, IRX6, ALX4, BARX2, BARX, PHOX2A, LBX1, DLX5, DLX6,
LHX9 and HOXD8), similar to many other such methylation studies in various cancers (Rauch
et al., 2006; Rauch et al., 2007; Tommasi et al., 2009).

Kalari and Pfeifer Page 6

Adv Genet. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



A genome-wide screen for DNA methylation changes in head and neck squamous cell
carcinoma tumors identified five candidate genes, SLC5A8, SEPT9, FUSSEL18, EBF3, and
IRX1, as methylated in 27% to 67% of the HNSCC patient samples tested (Bennett et al.,
2008). Genome-wide analysis of promoter-associated CpG island methylation in acute
lymphoblastic leukemia identified 404 potential targets of methylation (Kuang et al., 2008).
Aberrantly methylated genes identified in this study had methylation frequencies ranging from
23 to 100%. Among the genes validated in primary ALL samples were GIPC2, RSPO1,
MAGI1, CAST1, ADCY5, HSPA4L, OCLN, EFNA5, MSX2, GFPT2, GNA14, SALL1,
MYO5B, ZNF382 and MN1 (Kuang et al., 2008). A study of DNA hypermethylation in
follicular lymphoma also discovered widespread hypermethylation of homeobox genes and
previously identified targets of Polycomb repressive complex 2 (PRC2) in cell lines and
primary tumors, but not in benign follicular hyperplasia (Bennett et al., 2009).

Targeted methylation of genes versus methylation of target genes or
“passenger methylation” versus “driver methylation”

Some of the hypermethylated genes in cancer may be bona fide tumor suppressor genes, but
it is unlikely that all of these numerous methylation changes play a causative role in
tumorigenesis. Rather, many promoter CpG islands are probably methylated as a consequence
of or in association with carcinogenesis (passenger methylation). It is a challenge to pinpoint
those crucial genes that are susceptible to methylation-associated gene silencing and are
functionally important in preventing tumorigenesis (driver methylation). The situation is
perhaps analogous to the one found for mutational changes in cancer. Genome-wide DNA
sequencing of either a large number of coding sequences or entire cancer genomes have
revealed a staggering number of mutational changes (Pfeifer and Besaratinia, 2009). Most
often, mutations in specific genes occur only a single time among a larger number of tumors
sequenced and it is then difficult to determine if that particular mutation is indeed a driver
mutation or just a passenger event (Carter et al., 2009). These large-scale sequencing studies
have confirmed frequent mutations in known tumor suppressor genes or oncogenes, e.g. the
p53 or RAS genes, but have occasionally uncovered the existence of novel and likely important
driver mutations, e.g. in the BRAF gene (Davies et al., 2002) and IDH1 gene (Parsons et al.,
2008).

When methylation occurs at the promoter of a known and well-established tumor suppressor
gene, e.g. CDKN2A, the gene encoding the cyclin-dependent kinase inhibitor protein p16, then
it is of course easy to predict that the methylation event at least has the potential to be tumor
driving. However, much of the altered methylation landscape in cancers may be a phenomenon
linked to “targeted methylation” whereby a particular gene or chromatin environment
predisposes that gene to methylation in cancer and reflects a passenger event.

The mechanisms for aberrant CpG island methylation in cancer are mostly unknown.
Generally, CpG island hypermethylation is closely linked to modification of local chromatin
architecture serving as one already existing mechanism for silencing transcription. It has been
proposed that gene inactivity imposed by changes in chromatin structure or histone
modification predisposes to DNA methylation (Song et al., 2002; Bachman et al., 2003).
Specific DNA sequences within CpG islands may be associated with the methylation process
(Feltus et al., 2003; Keshet et al., 2006). Whether or not these sequences are associated with
DNA binding proteins in vivo that somehow attract methylation is not clear. Feltus et al
developed a method known as Pattern-based Methylation Analysis (PatMAn) based on seven
short DNA sequence patterns (TCCCCCNC, TTTCCTNC, TCCNCCNCCC, GGAGNAAG,
GAGANAAG, GCCACCCC, GAGGAGGNNG) that discriminated methylation-prone (MP)
and methylation-resistant (MR) CpG islands. This classifier predicts CpG islands that are at
higher risk for hypermethylation in cancer (Feltus et al., 2003). PatMAn predicted methylation-
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prone CpG islands associated with embryonic targets of Polycomb-repressive complex 2
(PRC2). McCabe et al further improved PatMAn and developed a second classifier (SUPER-
PatMAn) that combines PatMAn DNA patterns with SUZ12-enriched regions as a marker of
PRC2 occupancy (McCabe et al., 2009). These studies indicated that both local sequence
context and a specific chromatin environment are involved in a large subset of genes
undergoing hypermethylation in cancers (McCabe et al., 2009).

Among the genes targeted by Polycomb complexes are many developmental transcription
factor genes including homeobox genes but also some known tumor suppressor genes, such as
CDKN2A. Aberrant expression of Polycomb group (PcG) and Trithorax group (TrxG) proteins
is a common event in many cancers (Pasini et al., 2004; Valk-Lingbeek et al., 2004; Raaphorst,
2005b; Esteller, 2007). Components of Polycomb repressive complex 1 (PRC1) (such as BMI1
(Valk-Lingbeek et al., 2004) and components of PRC2 (such as EZH2 (Bracken et al., 2003)
are amplified and/or overexpressed in a broad spectrum of cancers. Aberrant expression of
PRC components affects PcG protein complexes (Kuzmichev et al., 2005) thus potentially
influencing target gene affinities (Squazzo et al., 2006). Pharmacological disruption or forced
expression of PRC2 genes induces apoptosis in cancer cells and provides a proliferative
advantage to primary cells, respectively (Sellers and Loda, 2002; Tan et al., 2007). Any change
in function of PcG and TrxG proteins, which occur during aging (Pardal et al., 2005; Sharpless
and DePinho, 2005) or inflammation (Coussens and Werb, 2002; Lu et al., 2006), may
contribute to the development of cancer. However, the mechanism how Polycomb target genes
undergo hypermethylation in cancer is still unknown.

It is difficult to deduce why a large number of homeobox genes become preferential targets of
aberrant CpG methylation during tumorigenesis and whether this extensive methylation event
can shift their finely tuned homeostasis, thus triggering tumorigenesis, or whether this process
is merely associated with the neoplastic event. The widespread and recurrent nature of this
phenomenon, however, seems to suggest that a common mechanistic pathway may exist in
cancer cells, which promotes de novo methylation of these targets at the onset of tumor
development. Paradoxically, however, several homeobox genes are upregulated rather than
downregulated in breast cancer and other tumor types, suggesting that several tiers of
regulation, in addition to promoter DNA methylation, may concur in determining homeobox
misregulation.

Recent data have unraveled the role of Polycomb repressor complexes in targeting and
modulating homeobox genes. At least six independent genome-wide studies have identified
several common Polycomb targets in vertebrates and flies, most of which are represented by
homeobox genes and other developmental transcription factors (Ringrose, 2007). Commonly,
most of the homeobox gene-associated methylated CpG islands are embedded in regions other
than promoters, consistent with the finding that the PRC2 subunit SUZ12 is distributed across
large domains of developmental genes spanning from the promoter up to 2 to 35 kb into the
gene (Lee et al., 2006). SUZ12 is required for the histone H3K27 methyltransferase activity
and silencing function of the EED-EZH2 complex and is upregulated in different tumors
(Kirmizis et al., 2003). EZH2, the PRC2 catalytic subunit exhibiting histone H3 K27
methyltransferase activity, undergoes gene amplification in several tumor types (Bracken et
al., 2003) and is overexpressed in prostate cancer and breast cancer (Varambally et al., 2002;
Raaphorst, 2005a; Ding and Kleer, 2006). EZH2 physically interacts with all three DNA
methyltransferases in mammalian cells, and has been suggested to play a crucial role in
regulating de novo DNA methylation and its maintenance at target sequences (Vire et al.,
2006) although the maintenance methylation aspect is in question (McGarvey et al., 2007).

Further support for a mechanistic connection between Polycomb silencing and tumor-
associated DNA methylation comes from recent studies linking Polycomb occupancy of genes
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in noncancerous cells and tissues (including embryonic stem cells) with cancer-associated
hypermethylation events (Rauch et al., 2006; Vire et al., 2006; Eden et al., 2007; Ohm et al.,
2007; Rauch et al., 2007; Schlesinger et al., 2007; Widschwendter et al., 2007; Hahn et al.,
2008). Both inflammation and aging are associated with methylation of Polycomb target genes
indicating that these cancer predisposing scenarios might have a specific epigenetic basis
(Hahn et al., 2008; Maegawa et al., 2010).

PcG target genes may be composed of `bivalent' chromatin containing both the active histone
mark H3K4me3 and the silencing mark H3K27me3 (Bernstein et al., 2006). Bracken and
colleagues have suggested that, in undifferentiated cells, PcG complexes have the potential to
target genes poised for silencing as well as target genes predisposed to activation (Bracken et
al., 2006). The transition between alternative modes of PcG regulation may require additional
signals upon differentiation (and likewise during tumorigenesis), which may include
recruitment of additional transcriptional activators and/or competition with PcG antagonists,
the TrxG proteins. These signals may have a counteracting effect on PcG-mediated gene
repression (Bracken et al., 2006). In addition, recent studies indicate that gene silencing in
cancer can occur by histone H3 lysine 27 trimethylation independent of promoter DNA
methylation (Kondo et al., 2008).

Specific histone configurations or modifications may either protect from methylation or may
promote DNA methylation at CpG islands (Figure 1). One possibility is that CpG islands that
do not undergo methylation in cancer carry protective factors and that methylation-prone
islands lack these factors (Gebhard et al., 2010). Furthermore, it has been shown that genes
with high levels of binding of RNA polymerase II, regardless of transcription levels, are
resistant to induction of aberrant methylation (Takeshima et al., 2009). Trimethylation of
histone H3 lysine 4 (H3K4me3) is associated with active or potentially active genes and
unmethylated CpG islands (Barrera et al., 2008). This modification interferes with binding of
the de novo DNA methyltransferase DNMT3L/DNMT3A complex (Jia et al., 2007;Ooi et al.,
2007) and is expected to prevent methylation.

Inactivation of important biological pathways by cancer-associated
methylation

One key question is if the widespread methylation of Polycomb target genes seen in many
types of caner is functionally important for tumor development. Expression of these genes is
often required for certain stages of embryonic development and differentiation. However, we
know very little about the importance of these developmental genes in adult somatic stem cells,
the cell types which tumors are most likely derived from. One possibility is that the PcG target
genes in these stem cells, e.g. homeobox genes, are already transcriptionally silent and the
methylation event would have no functional consequence (passenger methylation). If the gene
of interest is expressed and does have a functional role in stem cells, for example it might be
important in differentiation processes, then aberrant methylation of this gene may favor the
transformation process by interfering with tissue-specific differentiation pathways. In a recent
study on astrocytomas, we observed that many of the tumor-specifically methylated genes had
roles in neuronal differentiation supporting a model in which methylation of these genes in
neural stem cells favors proliferation versus differentiation and may contribute to initiation of
the malignancy (Wu et al., 2010). One key step in deciphering the role of methylation of
Polycomb target genes in cancer will be the characterization of the expression and chromatin
structure of these genes in adult somatic tissue stem cells.

There is evidence that methylation of genes within well-defined cellular pathways can
contribute to tumorigenesis. For example, a large body of literature has established aberrant
activation of Wingless-type (Wnt) signaling in various cancers such as colorectal cancer
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(Suzuki et al., 2004; Yue et al., 2008), head and neck carcinoma (Rhee et al., 2002), melanoma
(Weeraratna et al., 2002), gastric cancer (Nojima et al., 2007), hepatocellular carcinoma (Shih
et al., 2007; Takagi et al., 2008), bladder cancer (Urakami et al., 2006) and leukemia (Lu et
al., 2004). The secreted frizzled-related proteins function as negative regulators of Wnt
signaling and have important roles in tumorigenesis. Notably, methylation of Wnt pathway
inhibitory genes, such as secreted frizzled related protein 1 and 2 (SFRP1 and SFRP2), whose
inactivation enhances Wnt signaling, was observed in very early lesions of colon
carcinogenesis, aberrant crypt foci (Suzuki et al., 2004). Aberrant methylation of SFRP
promoters and activation of the WNT signaling pathway with excessive accumulation of beta-
catenin in the nucleus was prominent in colorectal cancer (Suzuki et al., 2004) and gastric
cancers (Nojima et al., 2007). Hypermethylation of SFRP genes, except for SFRP4, is frequent
in hepatocellular carcinoma (HCCs). Re-activation of SFRP1 function by overexpressing
SFRP1 in HCC cell lines blocked Wnt signaling and decreased abnormal accumulation of beta-
catenin in the nucleus leading to arrest of cell growth. Overexpressed SFRPs downregulated
T-cell factor/lymphocyte enhancer factor (TCF/LEF) transcriptional activity in HCCs (Takagi
et al., 2008). siRNA mediated down regulation of SFRP1 in beta-catenin-deficient cell lines
promotes cell growth by activating Wnt signaling (Shih et al., 2007). SFRP domain similarity
with WNT-receptor frizzled proteins allows SFRPs to inhibit WNT receptor binding to
consequently influence downstream pathway signaling during cell proliferation. Methylation
silencing of other Wnt antagonists including Dickkopf 1 (DKK1) and Wnt inhibitory factor-1
(WIF-1) are also observed in different malignancies (Taniguchi et al., 2005; Aguilera et al.,
2006).

SHP1 negatively regulates the Janus kinase/signal transducer and activator of transcription
(Jak/STAT) signaling pathway (Chim et al., 2004a; Chim et al., 2004b). SHP1 in myeloma
showed hypermethylation with constitutive STAT3 phosphorylation. Demethylated myeloma
samples restored SHP1 expression with parallel down-regulation of phosphorylated STAT3
(Chim et al., 2004a). SHP1 methylation leading to epigenetic activation of the Jak/STAT
pathway might have a tentative role in the pathogenesis of myeloma. Similarly frequent
methylation of SHP1 was observed in mantle cell and follicular lymphoma (Chim et al.,
2004c) and also in acute myeloid leukaemia (Chim et al., 2004b). Hypermethylation of SHP1
mediated activation of the Jak/STAT signaling pathway along with upregulation of cyclin D1
and BCL2 could be the basis for tumorigenicity in follicular lymphoma (Chim et al., 2004c).

One emerging cellular growth control pathway is the Hippo pathway, a proapoptotic and anti-
proliferation signaling pathway initially identified in Drosophila. The pathway consists of a
kinase cascade including the Drosophila Hippo kinase orthologues MST1 and MST2 and the
LATS/WARTS serine/threonine kinases as well as several adapter proteins including RASSF
proteins, SAV1, and MOB1 (Guo et al., 2007; Harvey and Tapon, 2007). The kinase cascade
functions to inactivate the gene product of the YAP oncogene, a transcriptional co-activator of
anti-apoptotic and pro-proliferative genes, by phosphorylation and cytoplasmic retention.
Although YAP is overexpressed in some tumors, mutations in other components of the pathway
are rare. However, several of the Hippo pathway genes including RASSF1A, MST1, MST2, and
LATS1 are frequently methylated in human cancers leading to inactivation or partial
dysfunction of the pathway and tumorigenesis (Dammann et al., 2005a; Takahashi et al.,
2005; Seidel et al., 2007). This scenario is supported by several mouse models, in which gene
targeting of Rassf1a, Mst1 and Mst2, or Lats1, leads to tumorigenesis (St John et al., 1999;
Tommasi et al., 2005; Zhou et al., 2009).

The preceding paragraphs illustrate some of the potential tumor driving mechanisms that are
connected to aberrant methylation of genes within specific growth control pathways. On the
other hand, recent evidence also implicates growth-signaling pathways in aberrant DNA
methylation patterns. One example is the significant correlation that has been reported between
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mutated BRAF kinase and the CpG island methylator phenotype (CIMP) in colorectal cancer
(Kambara et al., 2004; Weisenberger et al., 2006). The exact mechanistic basis of this link is
unclear but DNA hypermethylation of unknown targets might create a favorable context for
the acquisition of mutated BRAF(V600E) in CIMP-positive colorectal cancer (Hinoue et al.,
2009). These findings raise the important and unanswered question of whether genetic lesions
are driving DNA methylation, or whether DNA methylation promotes or favors the selection
of genetic lesions.

Methylation of non-coding RNA promoters in cancer
The emerging field of noncoding RNA adds to the complexity of cellular mechanisms that
maintain normal cellular integrity. MicroRNAs (miRNAs) represent a class of small non-
coding RNAs that play important roles in carcinogenesis. Aberrant miRNA expression by
promoter methylation has been illustrated for several human malignancies and tumor
suppressor functions have been recognized for this new class of small regulatory RNAs.
Recently, miRNAs have been shown to play a role as targets in gene hypermethylation and
silencing in malignant cells. Similar to protein-coding genes, an aberrant pattern of methylation
of CpG islands near or within miRNAs genes could result in alterations in the expression of
miRNAs that could lead to tumorigenesis (Davalos and Esteller, 2010).

Studies with myeloid leukemia showed that overexpression of miR-29b in acute myeloid
leukemia cells caused significant down-regulation of DNA methyltransferases DNMT1,
DNMT3A, and DNMT3B at both RNA and protein levels (Garzon et al., 2009). This decrease
in expression of DNA methyltransferases resulted in a decrease of global DNA methylation
and reactivation of several genes via promoter DNA hypomethylation. Yet, this miR-29b
down-regulation of DNA methyltransferase was indirect by targeting Sp1, a transactivator of
the DNMT1 gene (Garzon et al., 2009). A study in bacteria-induced gastric cancers highlighted
the involvement of three miRNAs (miR-124a-1, miR-124a-2 and miR-124a-3). Silencing of
these miRNAs due to aberrant methylation at their promoters, in addition to that of protein-
coding genes, favors gastric tumorigenesis (Ando et al., 2009).

A recent study analyzing miRNAs that are aberrantly expressed in ovarian cancer identified a
number of hypomethylated miRNAs genes (including miR-21, miR-203 and miR-205) with
the encoded miRNAs displaying up-modulated expression (Iorio et al., 2007). Colon cancer
cell line studies revealed hypermethylation of the CpG island of miR-124a in the cancer cell
line but not in the normal tissue (Lujambio et al., 2007). Subsequent studies proved that
miR-124a is also frequently methylated in other colon, breast and lung carcinoma cell lines,
as well as in leukemias and lymphomas. Further studies showed that silencing of miR-124a by
hypermethylation in cancer cells could result in increased expression of its target CDK6, an
important regulator of the Rb protein. Another recent study of methylation of miRNA genes
has shown hypermethylation of mir-9-1, mir-124a3, mir-148a, mir-152 and mir-663 in most
of the human breast cancers tested (Lehmann et al., 2008).

Hypermethylation of CpG islands near the miR-34b, miR-137, miR-193a and miR-203 miRNA
genes in oral squamous cell carcinomas resulted in silencing of these miRNAs in the cancer
setting (Kozaki et al., 2008). miR-137 and miR-193a were found consistently hypermethylated
in tumors, and normal expression of these two miRNAs was responsible for reduction in cell
growth and proliferation factors, suggesting tumor suppressor characteristics for these miRNAs
that are silenced during oral cancer progression.

Hypermethylation of the miR-34b/c CpG islands was commonly observed in colorectal cancer
cell lines and in primary colorectal tumors (Toyota et al., 2008). Both miR-34b and miR-34c
are part of the p53 pathway. Re-introducing miR-34b or miR-34c into colorectal cancer cells
induced changes in gene expression that overlapped (Toyota et al., 2008). Hypermethylation
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of miR-34b/c along with miR-148a and miR-9 was observed in lymph node metastatic cancer
(Lujambio et al., 2008). The reintroduction of miR-148a and miR-34b/c into cancer cells
resulted in inhibition of their motility, reduced tumor growth, and inhibited metastasis
formation in xenograft models, with an associated down-regulation of the miRNA target genes,
such as C-MYC, E2F3, CDK6, and TGIF2 (Lujambio et al., 2008).

Experiments that could distinguish between “driver methylation” and
“passenger methylation” in cancer

In order to identify driver methylation events and to set them apart from passenger methylation
events, it is important to know how to define driver methylation. In simple terms, a methylation
event, which promotes tumorigenesis, can be considered as driver methylation. If a methylation
change is a tumor-driving or initiating event, it is more likely to occur during early stages of
tumorigenesis. Using mouse models or early stage human tumor specimens and premalignant
lesions, one can observe the timing of methylation changes from early, pre-neoplastic tissues
to late malignant disease in established cancer models. This approach has been used
successfully by Chen et al (Chen et al., 2009). Early hypermethylation of a transcription factor
gene, Foxd3, influenced methylation of genes later in disease progression. Early changes are
more likely to be driving the cancer phenotype, whereas later changes may simply reflect the
transformed phenotype.

Driver methylation is not only represented by inactivation of tumor suppressor genes, but may
also be equivalent to activation of oncogenes either directly or indirectly. Moreover,
methylation-silenced genes may be placed into any pathway that is represented by the
hallmarks of cancer (Figure 2) (Hanahan and Weinberg, 2000). Thus, methylation silencing
may enable the cell to acquire properties of increased cell growth, higher potential to invade
tissue, to metastasize or to initiate angiogenesis, or to evade apoptosis. In addition, there are
methylation-associated events that do not immediately lead to altered cellular phenotypes; for
example silencing of a DNA repair or cell cycle checkpoint gene will lead to enhanced genomic
instability and that event might have secondary consequences such as promoting mutations in
genes that counteract any of the hallmarks of cancer. Strong support for a cancer-driving role
of a promoter methylation event will come from cancer genome sequencing data that show
that the gene of interest is also mutated in a significant fraction of the tumors.

When genome-wide screens or other discovery platforms have provided information about
which genes are methylated in specific cancers, the first question to ask is whether the
methylation event indeed is associated with gene silencing. Such a test is of importance
inasmuch as many of the methylation events in cancer occur at genes that are already silenced
in the corresponding normal tissue in which the tumor originates (Song et al., 2002; Hahn et
al., 2008; Takeshima et al., 2009). Methylation-associated gene inactivation will generally be
more likely for genes that are methylated in the 5' promoter region. Expression studies in tumor
and normal tissue and 5-azacytidine reactivation experiments with cancer cell lines are standard
approaches to address this point. Next, gene ontology analysis can be useful to determine if
the gene of interest functions in a particular relevant pathway. Pathways of interest will be
those potentially associated with the hallmarks of cancer or with other important cellular
processes, for example defense against genome instability. If all these criteria are met, then
experiments to test gene function are called for.

Usually, forced over-expression of methylation-suppressed genes in cancer cells or siRNA-
mediated downregulation of the same genes in normal cells might give the first hints to
differentiate between driver and passenger methylation. Forced expression of some of the
frequently promoter-methylated genes in various cancer cell lines often inhibits cancer cell
growth, colony formation and suppresses in vivo tumor growth in mice emphasizing the
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potential importance of these genes in tumorigenesis. Based on these observations it is logical
to propose that genes that are frequently methylated in various types of cancer could be driver
methylation events in tumorigenesis. However, to provide more definitive evidence for the
causative role of a methylation-silenced gene in cancer, in vivo mouse models employing gene
targeting are necessary. This proof of principal has been accomplished for a few genes that are
frequently methylated in human tumors, for example HIC1, RASSF1A, SOCS3, and WIF-1
(Chen et al., 2003; Tommasi et al., 2005; Ogata et al., 2006; Kansara et al., 2009). More studies
of this type should be conducted to assess the overall importance of hypermethylation of gene
promoters in cancer.

In summary, genome-wide methylation profiling studies have begun to portray a much more
complete picture of all the methylation changes that occur in different types of malignancies.
The published data have expanded our view of the extent of these changes and it has now
become a challenge to identify the critical, i.e. driver methylation events that contribute to the
transformed phenotype. In analogy to the cancer genome sequencing projects, the identification
of driver versus passenger events will be of importance for our understanding of cancer
etiology, development of tumor-relevant biomarkers and eventually therapeutic approaches to
target the driver methylation event.
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Figure 1. Targeted methylation or “passenger methylation” events
A. Many genes are resistant to promoter methylation in cancer. Among the causes for this
resistance can be association of a gene promoter with specific transcription factors or
transcription factor complexes or presence of the activating histone mark H3K4me3, which
interferes with DNA methylation.
B. Genes are targeted for methylation by a specific chromatin environment, for example lack
of transcription and presence of the repressive Polycomb complex and the histone mark
H3K27me3. These genes may initially be associated with `bivalent' chromatin characterized
by both activating marks (H3K4me3 catalyzed by the Trithorax complex, TrxG) and repressive
marks (H3K27me3 catalyzed by the Polycomb complex, PcG). In cancer tissue, these genes
undergo DNA methylation and may be associated with other repressive marks (H3K9me3 and/
or H3K27me3). The ball-shaped symbols represent nucleosome core particles over which the
DNA is wrapped. Histone tail modifications are indicated and the open and closed circles
represent unmethylated and methylated CpG sites, respectively.
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Figure 2. “Driver methylation” events
In order to promote tumorigenesis, a driver methylation event should occur in pathways
important to prevent the emergence of any of the hallmarks of cancer, for example increased
cell growth, angiogenesis, metastasis and tissue invasion, evasion of apoptosis, unlimited
replicative potential, or increased genomic instability.
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Table 1

Some characteristics of genome-wide DNA methylation detection techniques

Techniquea Sensitivity nature of mCpGs detected Reference

RLGS 2–5 μg in Not1 sites Costello et al., 2000

MS-RDA 10 μg in restriction sites (e.g., HpaII) Ushijima et al., 1997

DMH 2 μg in restriction sites (e.g. HpaII, SmaI) Huang et al., 1999

MCA 5 μg SmaI restriction sites Estecio et al., 2007

McrBC 10 μg two CpGs separated by 55 bp to 3 kb Nouzova et al., 2004

MeDIP 2–4 μg all, CpG density-dependent Weber et al., 2005

MIRA 0.1–0.2 μg all, CpG-density-dependent Rauch et al., 2006

BS 5 μg all Lister et al., 2009

a
The techniques described are: RLGS, restriction landmark genomic scanning MS-RDA, methylation-sensitive representational difference analysis

DMH, differential methylation hybridization McrBC, McrBC nuclease cleavage of methylated DNA MeDIP, Methylated DNA immunoprecipitation
MIRA, Methylated-CpG island recovery assay BS, bisulfite sequencing
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Table 2

Genome-wide DNA methylation studies in various cancer types

Cancer type Technique used Notable findings Reference

Acute myeloid leukemia Bisulfite Illumina bead
array

Genome-wide promoter associated
hypermethylation associated with improved
patient survival

(Deneberg et al., 2010)

Brain cancer Bisulfite lllumina bead
array

Genes hypermethylated in glioblastoma
were highly enriched for targets of PRC2 in
embryonic stem cells

(Martinez et al., 2009)

Brain cancer MIRA Hypermethylation of neuronal
differentiation genes in astrocytomas

(Wu et al., 2010)

Breast cancer MIRA Methylation of homeobox and other
developmental genes regulated by the
Polycomb complex

(Tommasi et al., 2009)

Breast cancer MeDIP Agglomerative epigenetic aberrations are
frequent events in human breast cancer

(Novak et al., 2008)

Breast cancer MeDIP Interdependence between DNA methylome
alterations and morphological changes

(Ruike et al., 2010)

Chronic lymphocytic leukemia MCA Methylation of LINE and APP was
associated with shorter overall survival

(Kuang et al., 2008)

Chronic lymphocytic leukemia Bisulfite Illumina bead
array

Possible mechanism for pathogenesis (Kanduri et al., 2010)

Colorectal cancer MeDIP Three different methylation epigenotypes
exist in colorectal cancer

(Yagi et al., 2010)

Esophageal squamous cell carcinoma HELP Influence of genetic background on DNA
methylation

(Yang et al., 2010)

Follicular lymphoma MCA Extensive hypermethylation in promoters of
Polycomb target genes

(Bennett et al., 2008)

Haematological malignancies MIRA Methylation status of TFAP2A and EBF2
genes associated with advanced disease in
CML

(Dunwell et al., 2010)

Head and neck cancer RLGS Methylation of genes involved in the
transforming growth factor beta signaling
pathway

(Bennett et al., 2008)

Hematologic neoplasms Bisulfite Illumina bead
array

Methylation of DBC1, DIO3, FZD9,
HS3ST2, MOS, and MYOD1 and their role in
development of different hematologic
neoplasms

(Martin-Subero et al., 2009)

Hepatocellular carcinomas MCA DNA methylation status was correlated with
the cancer-free and overall survival rates of
patients

(Arai et al., 2009)

Lung cancer MIRA Biomarkers for early detection of lung cancer
and extensive hypomethylation of repetitive
sequences in tumors

(Rauch et al., 2008)

Lung cancer MCA Differential methylation between
mesothelioma and adenocarcinoma

(Goto et al., 2009)

Mantle cell lymphoma HELP Methylation-based drug targeting (Leshchenko et al., 2010)

Ovarian cancer Bisulfite Illumina bead
array

Diagnostic or risk-prediction of ovarian
cancer by blood methylation profiling

(Teschendorff et al., 2009)

Pancreatic cancer MCA Identification of aberrantly methylated genes
in pancreatic cancers

(Omura et al., 2008)

Prostate cancer DMH Methylation of homeobox or T-box genes (Kron et al., 2009)
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Cancer type Technique used Notable findings Reference

Skin cancer MeDIP Moderate increases of methylation in early
and significantly in advanced-stage
melanomas

(Koga et al., 2009)

Testicular germ cell tumors MeDIP Function of intergenic and intronic DMRs in
the regulation of ncRNAs

(Cheung et al., 2010)

Urothelial cancer MCA DNA methylation as indicator for
carcinogenetic risk estimation

(Nishiyama et al., 2010)
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