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Abstract

The malignant transformation of normal cells is driven by both genetic and epigenetic changes.
With the advent of next-generation sequencing and large-scale multinational consortium studies, it
has become possible to profile the genomes and epigenomes of thousands of primary tumors from
nearly every cancer type. From these genome-wide studies, it became clear that the dynamic
regulation of DNA methylation is a critical epigenetic mechanism of cancer initiation,
maintenance, and progression. Proper control of DNA methylation is not only crucial for
regulating gene transcription, but its broader consequences include maintaining the integrity of the
genome and modulating immune response. Here, we describe the aberrant DNA methylation
changes that take place in cancer and how they contribute to the disease phenotype. Further, we
highlight potential clinical implications of these changes in the context of prognostic and
diagnostic biomarkers, as well as therapeutic targets.

1 Cancer and Epigenetics

Classic hallmarks of cancer, as described by Hanahan and Weinberg, include maintenance of
cell proliferation, evasion of growth suppression and cell death, promotion of angiogenesis,
invasion, and metastasis (Hanahan and Weinberg 2011). Both genetic and epigenetic
alterations underlie these processes. Genetic changes contributing to tumorigenesis have
been well studied and include missense mutations, copy humber variations, insertions,
deletions, and recombination of DNA. Complementary to these genetic events, it is now
accepted that oncogenic traits also accumulate through epigenetic disturbances (Baylin and
Jones 2011; Sandoval and Esteller 2012).

DNA methylation, histone tail modifications, nucleosome positioning, and noncoding RNA
are the epigenetic mechanisms crucial for the maintenance of heritable changes in gene
expression potential and chromatin organization over cell generations. Epigenetic regulation
of transcription allows genetically identical cells to establish distinct cellular phenotypes.

Recent next-generation sequencing studies of cancer genomes have revealed frequent and
recurrent mutations in a wide variety of epigenetic modulators, including mediators of DNA
methylation, covalent histone modifiers, and genes encoding subunits of chromatin
remodelers (You and Jones 2012; Shen and Laird 2013). Aberrant activity of these key
epigenetic players results in the deregulation of gene expression and has been implicated in
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many malignancies, including numerous cancers (Sharma et al. 2010; Hanahan and
Weinberg 2011).

2 DNA Methylation and DNA Methyltransferases

Mammalian DNA methylation primarily occurs as a covalent addition of methyl group to the
carbon-5 atom of cytosine in a cytosine-guanine (CpG) dinucleotide. This enzymatic
reaction is catalyzed by three DNA methyltransferases (DNMTs). DNMT3A and DNMT3B
show equal preference to hemimethylated and unmethylated DNA molecules and are
essential for the creation of initial DNA methylation marks (Okano et al. 1999). DNMT3A
and DNMT3B are highly expressed in embryonic stem (ES) cells and, though
downregulated, continue to be expressed in somatic cells (Sharma et al. 2011). After
replication of the DNA, the newly synthesized strand does not carry the methylation
modification. DNMT1 preferentially catalyzes the covalent addition of the methyl group
onto the unmethylated strand of the hemimethylated DNA molecule. While DNMT1 carries
out the majority of the DNA methylation in a dividing cell, DNMT3a/3b strongly associate
with nucleosomes to permit efficient propagation of DNA methylation by modification of
those sites missed by DNMT1 (Okano et al. 1999; Liang et al. 2002; Rhee et al. 2002; Jones
and Liang 2009; Sharma et al. 2011).

DNMTs are responsible for laying down methyl groups, whereas the recently identified ten-
eleven translocation (TET) family of dioxygenases provide a paradigm for DNA
demethylation. These enzymes, through successive enzymatic reactions, can oxidize 5-
methylcytosine (5mC) to 5-hydroxymethylcytosine (5ShmC) and 5-formylcytosine (5fC) to 5-
carboxylcytosine (5caC) (Ko et al. 2010; Pastor et al. 2011, 2013). The oxidization of 5mC
contributes to the passive loss of DNA methylation over cell replication. In addition, the
oxidized intermediates can be restored to cytosine by iterative oxidation followed by base
excision repair mediated by thymine DNA glycosylase (TDG) (Kohli and Zhang 2013).
Together, with DNMTSs, these enzymes provide a model for the dynamic regulation of DNA
methylation.

3 CpG lIslands

Methylated cytosine residues are susceptible to spontaneous deamination resulting in the
poorly repaired cytosine to thymine transition. As a result, nearly a third of all disease-
causing familial mutations and single-nucleotide polymorphisms are found in methylated
CpG sites. Similarly, in somatic cells, CpG residues in the gene body or coding regions
habitually contribute to mutational hot spots, such as in the case of inactivating Cto T
transitions at the tumor suppressor gene p53 (Pfeifer 2000; Jones and Baylin 2002).

Another consequence of this phenomenon is that there is a reduced representation of the
CpG palindrome globally in the human genome, except in genomic regions designated as
CpG islands (CGls). CGls were first defined by Gardiner-Garden and Frommer as a 200-bp
DNA with a C + G content of 50 % and an (observed CpG)/(expected CpG) in excess of 0.6
(Gardiner-Garden and Frommer 1987). While the majority of CpGs are methylated, CpG
sites located in CGls remain overwhelmingly unmethylated (Meissner et al. 2008). These
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islands are often, but not exclusively, found in the nearly half of all gene promoters
(Mikkelsen et al. 2007; Meissner et al. 2008). Non-CGI promoters, on the other hand, are
predominantly methylated and silent. These genes are more likely to be tissue specifically
expressed; therefore, only a small subset of non-CGI promoters remain unmethylated and
accessible for transcription factors in each tissue type (Eckhardt et al. 2006).

4 DNA Methylation in Normal Mammalian Tissue

Under normal physiological conditions, DNA methylation is vital to the maintenance of
genome integrity, as methylation of repeat regions prevents retrotransposon activity. It is also
involved in suppressing genes in a tissue-specific context and in facilitating allelic
expression through genomic imprinting, and it is required for the inactivation of the
additional copy of the X-chromosome in females (Smith and Meissner 2013).

Over evolutionary times, the mammalian genome has accumulated a large number of
parasitic transposable, retroviral, repeat elements. These elements make up more than a third
of the human genome (Cordaux and Batzer 2009). CpG methylation of transposable
elements silences the elements and prevents their transcription. DNA methylation of these
repeat elements is central to the maintenance of genomic integrity (Yoder et al. 1997).

The epigenetic phenomenon of genomic imprinting results in the unequal contribution of the
chromosomes inherited from each parent to the embryonic development. Imprinted genes
are expressed in a parental-origin-specific manner rather than from both chromosomes. DNA
methylation is the key mechanism, by which the allele-specific expression is established and
maintained. For example, if the maternal allele is imprinted by DNA methylation, then it
becomes silenced, and only the gene inherited from the father is expressed (Li et al. 1993;
Ferguson-Smith 2011).

X-chromosome inactivation is a developmentally necessary process, by which the dosage of
X-linked genes in females is equalized to the dosage of those genes in males (Pessia et al.
2012). In mammals, the choice of the X-chromosome to be inactivated is random. The
process is initiated and propagated by the increased expression of the noncoding RNA X/ST
on the X-chromosome that is going to be inactivated (Xi). This then triggers a cascade of
events that finally result in the exclusion of RNA polymerase, as well as the recruitment of
repressive histone marks to Xi (Pontier and Gribnau 2011). Once the inactive X has been
established, DNA methylation of CpG islands is necessary for the maintenance of the
silenced state (Bestor et al. 2015).

5 DNA Methylation in Cancer

Broad changes of the epigenome accompany cancer initiation and progression. It has been
known for decades that cancer cells display a global loss of CpG methylation, including
regions with low density of CpG sites, repeat elements, retrotransposons, and laminin-
associated domains (LADs). This phenomenon occurs juxtaposed with concomitant locus-
specific hypermethylation at CpG islands and CpG island shores (Weisenberger and Liang
2015).
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5.1 Hypermethylation

5.1.1 Promoters—Epigenetic processes such as DNA methylation serve as a secondary
mechanism for the inactivation of tumor suppressor genes (TSGs) in addition to genetic
changes (Jones and Laird 1999; You and Jones 2012). The hypermethylation of CGI
promoters in cancer cells is inversely correlated with gene expression and results in the
silencing of many known tumor suppressor genes (Fig. 1b) (Jones and Baylin 2007; Irizarry
et al. 2009; Ehrlich and Lacey 2013; Shen and Laird 2013). Silencing of cell cycle regulators
and DNA repair genes through DNA methylation has been reported in many different cancer
types and is often mutually exclusive with the genetic inactivation of the gene (Sakai et al.
1991; Costello et al. 1996; Alvarez-Nufiez et al. 2006; Chiang et al. 2006). Sporadic breast
and ovarian cancer display a loss of BRCAI expression due to promoter hypermethylation.
Similarly, epigenetic silencing of tumor suppressor VHL via promoter methylation
predisposes individuals to several malignancies including clear cell renal cell carcinoma
(Herman et al. 1994; Esteller et al. 2000; Esteller 2001; Chiang et al. 2006; Creighton et al.
2013).

Silencing of DNA repair genes contributes to a greater burden of genomic instability and
genetic mutations. O6-Methylguanine-DNA methyltransferase (MGMT), a DNA repair
enzyme responsible for clearing out alkylation adducts on DNA, is frequently
hypermethylated in many cancer types including gliomas and colorectal cancer.
Consequently, MGMT was one of the first cancer DNA methylation biomarkers to be
discovered. The suppression of MGMT due to promoter hypermethylation results in
increased susceptibility to genetic mutations in essential genes such as p53and KRAS.
Interestingly, loss of MGMT makes the cell more vulnerable to treatment by
chemotherapeutic agent temozolomide (TMZ). Clinical studies in glioblastoma multiforme
(GBM) suggest that treatment with TMZ is most beneficial in cases where the tumor
presents MGMT promoter hypermethylation (Donson et al. 2007; Silber et al. 2012; Zarnett
et al. 2015).

Similarly, promoter hypermethylation of the mismatch repair gene MLHI is frequent in
cancers. Studies have confirmed that the hypermethylation leads to an increased promoter
nucleosome occupancy and decreased expression of MLH1 (Lin et al. 2007). MLH1
inactivation due to promoter methylation is strongly associated with hypermethylation of a
subset of CpG islands, and it is the primary mechanism for microsatellite instability,
contributing to the pathogenesis of many cancers including colorectal and endometrial
carcinomas (Weisenberger et al. 2006; Hitchins et al. 2007; Hinoue et al. 2012; Li et al.
2013).

Hypermethylation of CpG islands can also contribute to the loss of imprinting. When the
imprinted locus ZGF2/H19becomes aberrantly methylated, the expression of the growth
factor IGF2 is increased (Ravenel et al. 2001; Kaneda and Feinberg 2005). Sustained
overexpression of IGF2 has been noted to contribute to the development and progression of
cancers such as colorectal and gastric, and the loss of imprinting at this locus is the most
common alteration in Wilms’ tumor (Li et al. 1993; Taniguchi et al. 1995; Wu et al. 1997;
Cui 2007; Bjornsson et al. 2007).
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Aberrant DNA methylation is a widespread phenotype in cancer, and identifying the specific
alterations driving the tumor phenotype can guide therapeutic strategies. In a recent study;,
our group applied the concept of DNA methylation addiction to identify epigenetic drivers
of tumorigenesis. We hypothesized that cancer cells depend on the methylation of a few vital
regions for survival, and these regions would be more likely to maintain DNA methylation
when methylation levels were reduced artificially. Because these regions contribute to the
fitness of the cancer cell, they are likely to be driving the tumor condition. To test this
hypothesis, global DNA methylation of colorectal line HCT116 was compared to its lowly
methylated derivative line lacking one or more of DNMTSs (Rhee et al. 2000, 2002).
Epigenetic drivers were ascertained by recognizing genomic regions that maintain
methylation preferentially and in a cancer specific manner in the HCT116 derivative line.
One of the candidate epigenetic drivers identified by this approach was interleukin-1
receptor-associated kinase 3 (/RAK?3). The /IRAK3 promoter is specifically hypermethylated
in cancers, and this correlates with the reduced expression of the gene in many cancers
including colon adenocarcinoma relative to normal tissue. Importantly, IRAK3 indirectly
inhibits multiple pathways essential for cancer survival, including the STAT3, NF-kB, and
MAPK pathways. Therefore, downregulation of /RAK3 s greatly beneficial for cancer
progression. Knocking down /RAK3in a non-tumorigenic cell line was sufficient to increase
colony formation in vitro. /RAK3is silenced in HCT116 by DNA methylation, and
overexpression of /RAK3in this line accounted for a decreased cell viability (De Carvalho
et al. 2012).

5.1.2 Noncoding RNAs—Aside from canonical gene promoters, methylation also plays
an important role in the regulation of noncoding RNA (ncRNA), such as microRNA
(miRNA), small nucleolar RNA (snoRNA), vault RNA (vtRNA), and long noncoding RNA
(IncRNA). These elements are critical regulators of cellular processes including
proliferation, differentiation, and development (Esteller 2011). Aberrant hypermethylation
can result in deregulation of microRNAs and contribute to cancer development. In bladder
cancer cells, treatment with the DNMTi 5-Aza-2’-deoxycytidine (5-Aza-CdR) leads to the
upregulation of miR-127 and the subsequent downregulation of the proto-oncogene BCL-6
(Saito et al. 2006; Ehrlich 2010; Kulis et al. 2013). Likewise, when the microRNA miR-124a
becomes silenced due to hypermethylation in acute lymphoid leukemia (ALL), it activates
the CDK6-RB1 oncogene pathway, contributing to poor patient survival (Agirre et al. 2009).
It has also been observed in ALL that the CpG islands upstream of snoRNAs SNORD123,
U70C, and ACA59B endure a cancer-specific hypermethylation resulting in their
transcriptional silencing (Ferreira et al. 2012). Gastric cancer and acute myeloid leukemia
(AML) patients with CpG hypermethylation of the ncRNA nc866, also known as viRNA2-1,
show poor survival (Treppendahl et al. 2012; Lee et al. 2014). /n vitro knockdown of nc866
in gastric cell lines leads to the induction of known oncogenes, and overexpression of the
ncRNA reduces cellular proliferation (Lee et al. 2014). In myelodysplastic syndrome
(MDS), both vtRNA1-2 and vtRNA1-3 can be silenced by promoter methylation, and the
hypermethylation of the viRNAZ1-3 promoter is associated with a decreased survival in
lower-risk MDS patients (Helbo et al. 2015). Finally, a recent study has detected epigenetic
silencing of a partially annotated IncRNA MORT via DNA hypermethylation to be highly
significant for the immortalization of human mammary epithelial cells. Deficient MORT
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expression is also common in most cancers and can be reactivated by 5-Aza-CdR treatment,
suggesting a role for this INcRNA in immortalization during oncogenesis (Vrba et al. 2015).
These findings and many others make it clear that aberrant methylation of ncRNAs with
tumor suppression effects is a fundamental feature of cancer and has a vital role in the
disease progression.

5.2 Hypomethylation

Although CpG hypomethylation was the first methylation change discovered in cancer, the
implication of this dysregulation in tumorigenesis has often been overlooked. Feinberg and
Vogelstein, as well as Gama-sosa et al., identified a global decrease in 5mC content across
numerous cancer types (Gama-sosa et al. 1983; Feinberg and Vogelstein 1983).
Hypomethylation can be an early event in tumorigenesis and is frequently detected in benign
hyperplasia. Loss of methylation is more prominent with tumor progression, and metastatic
lesions possess greater demethylation than primary tumors (Li et al. 2014b).

The majority of the decrease in CpG methylation occurs in intergenic and intragenic regions.
These genomic areas are replete with repetitive and transposable elements. DNA
methylation suppresses these elements and their hypomethylation can contribute to ectopic
gene expression. Long interspersed nuclear element 1 (LZNEI) retrotransposons are mobile
genetic elements responsible for much of the endogenous mutagenesis in humans. LINEI
insertions can greatly affect gene expression and DNA methylation is key to the silencing of
LINE1. The hypomethylation of the CpG island at the promoter of LZNEI stimulates the
adoption of a permissive chromatin architecture at the alternative MET promoter, thereby
activating the oncogene (Wolff et al. 2010). LZNEI hypomethylation has also been
recognized as an indicator of tumor progression and prognosis in several cancer types
including prostate, melanoma, bladder, and renal cancer (Yegnasubramanian et al. 2008;
Ecsedi et al. 2013; Andreotti et al. 2014; Su et al. 2014; Karami et al. 2015). Another class
of repeat elements known as short interspersed nuclear elements (SINESs) is also similarly
regulated by methylation, and studies have observed loss of methylation at these repeats in
acute myeloid leukemia (AML) (Saied et al. 2012).

Although hypomethylation of non-CGI promoters is much less frequent than
hypermethylation of promoter CGls, it can result in the upregulation of oncogenes and
proto-oncogenes (Feinberg and Vogelstein 1983; Sges et al. 2014). In metastatic non-small
cell lung cancer tumors, for example, the putative oncogene engulfment and cell motility 3
(ELMOS3) gene is significantly overexpressed as a result of its promoter hypomethylation
(Swes et al. 2014). In osteosarcoma, Iroquois homeobox 1 (/RXZ) is upregulated and is pro-
metastatic. The increase of /RX1 gene expression is found in both metastatic osteosarcoma
cell lines and primary patient samples (Lu et al. 2015). In both cases the gain in expression
is associated with hypomethylation of the gene promoter.

5.3 DNA Methylation at Intergenic and Intragenic Regions in Cancer

For decades, much of the research efforts in cancer epigenetics had been concentrated on the
regulation of DNA methylation at gene promoters. Advances in next-generation and high-
density array sequencing have allowed researchers to expand their studies of DNA
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methylation to a genome-wide context. In doing so, it has become increasingly evident that
non-promoter intragenic and intergenic regions are also dynamically regulated and
contribute to physiological changes as well as to the development of disease states.

5.3.1 DNA Methylation Changes in Transcribed Regions—Unlike promoters,
where methylation contributes to a “closed” chromatin architecture resulting in gene
repression, the methylation level in transcribed regions (bodies) of genes is often positively
correlated with gene expression. A recent investigation of glioblastoma samples revealed
functional roles for gene body methylation in affecting MGMT expression (Moen et al.
2014). The study found that tumors with unmethylated MGMT promoter and high gene
body methylation maintained a high MGMT expression. As previously mentioned, MGMT
expression confers resistance to TMZ therapy. Consequently, pretreating glioblastoma cell
lines with DNMTi decitabine to reduce MGMT body methylation significantly sensitized
them to the temozolomide treatment (Moen et al. 2014).

Gene bodies are mostly CpG poor, contain numerous repetitive and transposable elements,
and are extensively methylated. While DNA methylation inhibits initiation of transcription,
it enables transcription elongation (Kulis et al. 2013; Lou et al. 2014). Furthermore,
methylation in the gene body can also add to transcription efficiency by regulating the usage
of alternate start sites. Global methylome analysis of GBMs purports a role for gene body
hypomethylation in stimulating the transcription from alternate promoters resulting in an
increased expression of alternative transcripts and expression of oncogenic protein isoforms
(Nagarajan et al. 2014). Finally, loss of methylation in gene bodies can reveal distal
regulatory elements (enhancers) that might have been muted tissue specifically. A recent
large-scale analysis comparing DNA methylation profiles of normal B cell and chronic
myeloid leukemia revealed widespread gene body hypomethylation targeting particularly
enhancer sites (Kulis et al. 2012).

5.3.2 DNA Methylation and Enhancers—Along with promoters, enhancers play a
significant role in regulating the expression and activity of target genes. Enhancers serve as a
platform for transcription factors (TFs), which bind the DNA through sequence recognition.
The presence of multiple TFs at the enhancer is usually necessary for enhancer activation.
Additionally, functional enhancers are decorated with active histone marks including
H3K4mel and H3K27ac. Through long-range interactions such as “looping,” these distal
elements are able to deliver the bound accessory proteins to promoters and stimulate robust
transcription. Of note, each enhancer can regulate the activity of multiple promoters (Bulger
and Groudine 2011).

Although methylation of DNA has been noted to be inversely correlated with the presence of
active histone marks, such as those that delineate active enhancers (Lay et al. 2015; Jones
2012; Kelly et al. 2012), expression-related methylation sites colocalizing with enhancers
have also been observed. Not only is methylation at these sites inversely correlated with
gene expression, similar to promoters, but they are often better predictors of expression
levels than the promoter methylation (Aran et al. 2013; Aran and Hellman 2013).
Furthermore, enhancers can regulate gene expression in a cell-type-specific manner even
when the promoter is continually unmethylated (Aran et al. 2013).
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TF recognition sequences and other DNA-binding elements are mostly situated in
unmethylated DNA. DNA methylation can thwart the association of TF to DNA, and
conversely, the presence of TFs can promote DNA hypomethylation by preventing DNMTs
from accessing DNA (Calo and Wysocka 2013). Thus, subtle modulation of DNA
methylation at enhancers can greatly affect gene expression of multiple target genes.

In cancer, hypomethylation of intergenic and intragenic enhancers can reveal binding motifs
for TFs and induce downstream expression changes (Kulis et al. 2013; Aran et al. 2013). On
the other hand, DNA hypermethylation at enhancers can decommission them, resulting in a
loss of active histone marks and loss of transcription factor binding. Such alterations can
modulate gene transcription independent of promoter methylation fluctuations (Kulis et al.
2013).

6 Tumor Stratification and DNA Methylation Marker Discovery Accelerated
by TCGA

6.1 Consortium Data

Recent technological advancements in DNA sequencing have made it feasible to generate
genome-wide genetic and epigenetic profiles for numerous tumor and normal samples.
Integrating all the various datasets allows us to construct a more complete picture of how the
different constituents of the tumor machinery contribute to the initiation and progression of
malignant tumors. Moreover, large sample sizes and available patient information make it
feasible to stratify tumors into subgroups that can be tackled as unique entities for more
personalized and effective treatment options. However, numerous bioinformatics and logistic
challenges arise with such large datasets. To address these challenges, many research groups
have come together to work in multinational consortia, such as Encyclopedia of DNA
Elements (ENCODE), NIH Roadmap Epigenomics Mapping Consortium, and The Cancer
Genome Atlas (TCGA). The ENCODE project has surveyed a number of cell lines to
extrapolate functional and regulatory elements of the genome, and the NIH Roadmap has
focused its resources on interrogating various tissue types to identify tissue-specific
regulation of the epigenome, while TCGA has comprehensively collected data from 10,000
tumor samples across 30 cancer types (ENCODE Project Consortium 2004; Birney et al.
2007; Bernstein et al. 2010; Chadwick 2012; ENCODE Project Consortium 2012; Weinstein
et al. 2013; Tomczak et al. 2015). Molecular profiles generated by TCGA include whole-
exome sequencing for mutational information, RNA sequencing of the transcriptome, single-
nucleotide polymorphism (SNP) arrays to determine somatic copy number variations, and
Illumina Infinium Bead Array analysis of global methylation status (Tomczak et al. 2015).
Along with the molecular information, TCGA also gathers details on tumor grade, stage, and
prognosis. Researches, therefore, have been able to take advantage of the vast treasure trove
of molecular data generated by these consortia to stratify cancer types into subgroups, gain
insights into the mechanisms specific to these subgroups, and identify subgroup-specific
therapeutic targets (Weisenberger 2014).
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6.2 CpG Island Methylator Phenotype (CIMP) Stratifies Tumor Subclass

In 1999, Toyota et al. noted that a subset of colorectal cancers showed cancer-specific
hypermethylation of specific CpGs. Moreover, this subset of tumors displayed a concordant
hypermethylation of p16, THBS1, and AMLH/promoters. The group coined this
phenomenon as CpG island methylator phenotype (CIMP). They further postulated that
CIMP contributes to tumorigenesis by concurrently incapacitating multiple tumor suppressor
genes through hypermethylation of their respective CGI promoters (Toyota et al. 1999). In
2006, Weisenberger and colleagues utilized methylation data from CRC samples to identify
a panel of markers that identified the CIMP-positive tumors. This subset of CRC tumors
robustly correlated with the Y600E BRAF mutation and microsatellite instability
(Weisenberger et al. 2006). While the molecular basis for the onset of CIMP in CRC is still
unclear, several studies have now unequivocally proven its existence.

One of the first mechanistic insights into CIMP generation in cancer came from
investigating promoter-associated hypermethylation in gliomas. Using TCGA data,
Noushmehr et al. comprehensively characterized DNA methylation of GBM tumor and
identified a CIMP type that defines a subset of gliomas. Interestingly, G-CIMP tumors were
tightly associated with a high frequency of isocitrate dehydrogenase 1 (IDHI) somatic
mutations (Noushmehr et al. 2010; Brennan et al. 2013). Somatic mutations of /DHZ confer
gain of function activity in the mutant isoform allowing the mutated protein to produce 2-
hydroxygluterate (2-HG). This oncometabolite is an inhibitor of the TET family
dioxygenases and Jumonji-C domain containing histone lysine demethylases. Thus,
production of 2-HG results in the accumulation of DNA methylation along with aberrant
histone methylation (Dang et al. 2009). More recent studies have shown that the IDH1
mutation alone is sufficient to establish a hypermethylator phenotype in gliomas and that this
hypermethylator status is retained in both early and late tumor of the same patient,
suggesting that CIMP phenotype is an early event that is likely driving the tumorigenesis
(Turcan et al. 2012; Hill et al. 2014).

Similar to GBMs, AML tumors bear /DHI and /DHZ mutations as well as TET mutations.
IDH1 and /DHZ2 mutations are mutually exclusive, while 7£72 mutations are mutually
exclusive with all /DH mutations, suggesting redundant activity of the proteins. TCGA and
others have shown that AML tumors with mutations in IDH proteins or TET enzymes show
substantial DNA hypermethylation (Figueroa et al. 2010; Shih et al. 2012).

To date, several reports have described CIMPs in many additional cancers including gastric,
breast, bladder, melanoma, prostate, hepatocellular, and endometrial cancer. Stratifying
cancers into subsets according to DNA methylation can provide valuable prognostic,
diagnostic, and therapeutic insights. In the case of GBMs, G-CIMP patients tend to be
younger in age and have better survival outcomes than the non-G-CIMP patients. Similarly,
Fang and colleagues found that B-CIMP+ breast tumors were associated with estrogen
receptor (ESR1)-/progesterone receptor (PGR)-positive tumors, and the CIMP status was a
strong prognosis indicator. B-CIMP+ patients had a lower risk of metastasis and better
clinical survival (Fang et al. 2011). Recognizing and understanding the onset of the
methylator phenotype can thus help researchers to better strategize therapeutic options.
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6.3 DNA Methylation-Based Biomarkers

DNA methylation is an extremely stable mark, and the methylation status of loci can be
readily obtained from blood, urine sediments, and even highly processed tissues. Thus,
markers based on the DNA methylation status of CpG sites are convenient prognostic and
diagnostic tools (Laird 2003; Levenson 2010).

Being able to integrate DNA methylation data with gene expression profiles of hundreds of
tumor and nonnal samples pennits the discovery of individual tumor suppressors and
oncogenes, as well as the identification of methylation signatures such as CIMP. In addition,
this vast data trove can be mined for biomarker identification and validation. Using TCGA
high-grade serous ovarian cancer datasets, researchers have been able to identify promoter
methylation events in 168 genes, including BRCAL. Inactivation of BRCAI due to promoter
methylation and mutations of the locus are mutually exclusive. While high-grade serous
ovarian patients carrying genetic mutations in BRCA1 show better overall survival than
patients with BRCA wild-type gene, interestingly, patients with epigenetic silencing of
BRCAZ1 do not carry this survival advantage (TCGA 2011).

Comprehensive examination of 446 clear cell renal cell carcinomas (ccRCC) led to the
recognition of UQCRH as a putative tumor suppressor in ccRCC. Hypennethylation of the
locus was observed in 36% of the tumors and it correlated with higher stage and grade.
Additionally, by correlating clinical outcomes with protein signatures, it became evident that
a glycolytic shift similar to the “Warburg effect” occurs in ccRCC. One of the drivers of this
shift was the promoter hypomethylation of M/R21, a negative regulator of the tumor
suppressor PTEN. The loss of promoter methylation correlated with increased expression of
MIR21 and was associated with a worse patient outcome (Creighton et al. 2013).

Researchers outside the consortium have also been able to use repository to discover and
validate biomarkers. For example, using methylation data of 194 AML patients collected by
TCGA, arecent study identified a CpG site in the complement component 1 subcomponent
R (C1R) to be a strong predictor of overall survival. Patients with high levels of cytosine
methylation at this site showed a significantly longer overall survival than those with low
levels of methylation (BoZi¢ et al. 2015).

7 DNA Methylation as a Therapeutic Target

Epigenetic aberrations in cancers including differential DNA methylation can be used to
distinguish tumor subtypes, indicate treatment responsiveness, predict clinical outcomes, and
detennine therapeutic strategies. Epigenetic profiles can reveal molecular pathways most
vulnerable to chemotherapeutic agents, and methylation changes can often serve as a
barometer for treatment efficacy (Kelly et al. 2010). Unlike genetic modifications, DNA
methylation is both somatically heritable and reversible. Thus, DNA methylation changes
affected through phannacological intervention can have long-lasting impact. In addition,
cancer cells can become addicted to the advantages rendered by the atypical methylation
landscape making them increasingly vulnerable to epigenetic therapy (Mair et al. 2014). To
this end, DNMT inhibitors have been successfully employed in preclinical and clinical
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settings with the goal of eliminating aberrant methylation (Yamazaki and Issa 2013; Juo et
al. 2015).

DNA methyltransferase inhibitors (DNMTi), such as the cytidine analogs 5-Aza-2’-
deoxycytidine (5-Aza-CdR) and decitabine, become incorporated into DNA during
replication and are recognized as natural substrate by DNMTs. The DNMT initiates the
methylation reaction by covalently binding DNA. The resolution of this covalent bond is
impeded by Aza-cytosine, and the covalent sequestering of DNMTs to DNA concedes the
integrity of the DNA molecule and elicits DNA damage response. This triggers proteomic
degradation of the bound DNMT contributing to the subsequent loss of methylation marks
(Christman 2002; Stresemann and Lyko 2008).

5-Azacytidine is currently FDA approved to treat high-risk MDS patients and has resulted in
successful clinical outcomes (Fenaux et al. 2009). Preclinical data are also available for
other cytidine analogs, such as S110 which shows better stability and activity relative to 5-
Aza-CdR (Yoo et al. 2007; Chuang et al. 2010). Treatment by DNMTi can sensitize cancers
to other chemotherapeutic agents such as in the case of administrating SGI-110 to
hepatocellular carcinoma cells. SGI-110 significantly synergized with oxaliplatin and
resulted in greater cytotoxicity (Kuang et al. 2015).

DNMTi can also prove to be immunomodulatory. The hypomethylation induced in epithelial
ovarian carcinoma cells upon treatment with SGI-110 results in the increased expression of
cancer-testis antigens, thereby, enhancing the recognition of EOC cells by antigen-specific
CD8+ T-cells. This contributes to restricted tumor growth and better survival in a xenograft
setting (Srivastava et al. 2015).

Additionally, numerous tumor suppressor gene promoter targets of DNMTi have been
identified, including p16, MYOD1, RASSFIA, and TIMP3 (Toyota 2001; Christman 2002).
The chromatin remodeler protein CHD5 is considered a tumor suppressor in many cancer
types and is frequently silenced through multiple epigenetic mechanisms including promoter
hypermethylation (Fujita et al. 2008; Gorringe et al. 2008; Wang et al. 2011). A study
performed in a colorectal cancer model found that treatment with 5-Aza-CdR partially
restored CHD5 protein expression (Fatemi et al. 2014). In AML cells, researchers have
found that DNMTi can initiate apoptosis in a p53-independent manner. Here, 5-Aza-CdR
administration can demethylate the promoter of p73, a member of the p53 family of
transcription factors. The expression of TP73 induces p21 protein expression, which in turn
renders the cell more sensitive to chemotherapeutics and mediates the cytotoxicity of the
drug (Schmelz et al. 2005).

Better understanding of the role of intergenic methylation in the recent years has led
researchers to realize that in addition to promoter methylation, gene body methylation might
also serve as a therapeutic target for demethylating chemotherapeutic agents such as 5-Aza-
CdR (Fig. 1b, c). In our recent study, genome-wide methylation levels were assayed at
various time points after a short treatment of the colorectal cell line HCT116 with 5-Aza-
CdR. The study not only confirmed that loss of methylation from the gene body correlated
with loss of gene expression, but importantly, the rate of re-methylation after drug
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withdrawal determined the strength of reexpression. By taking advantage of HCT116
derivative lines lacking various DNA methyltransferases, the study was able to conclude that
the re-methylation was dependent on DNMT3B. Moreover, clustering the genomic regions
into groups according to the rates of re-methylation, researchers noticed that rapidly re-
methylating genes are enriched for oncogenic genes such as c-MYC targets and metabolic
pathway genes. Thus, a potential mechanism of action for DNA methyltransferase inhibitors
could be through mitigating the effect of deregulated c-MY C (Kasinathan and Henikoff
2014; Yang et al. 2014). This study defined a causal link between gene body DNA
methylation and gene expression and recognized that gene body methylation can be targeted
to lower gene expression of oncogenes critical to cancer progression.

The effects of DNMT inhibitors are diverse, and therapeutic responses have a slow onset.
Additionally, low doses of DNMTi are sufficient for long-lasting loss of tumorigenicity and
self-renewal with minimal cytotoxic effect. All of this indicates that supplementary to acute
reexpression of tumor suppressor genes or downregulation of crucial oncogene, other
mechanism(s) must exist by which DNA methyltransferase inhibitors can target methylation
(Oki et al. 2007; Tsai et al. 2012; Licht 2015). Recent investigations, including a study from
our group, have shown that the demethylating agents might be mediating therapeutic
response by rendering the cell more visible to the immune system (Chiappinelli et al. 2015;
Roulois et al. 2015). Specifically, demethylating agents are able to trigger the induction of
an antiviral immune response by permitting the expression of endogenous retroviruses that
had previously been silenced by DNA methylation (Fig. 2).

Stimulation of immune response has been long recognized as a function of DNMTi. Early
studies have noted that 5-Aza-CdR can demethylate and activate tumor antigens (De Smet et
al. 1996; Shiohama et al. 2014). In non-small cell lung cancer (NSCLC), it has been
observed that upon treatment of 5-Aza-CdR, some of the patients have a robust response to
immune checkpoint blockade therapy, suggesting that the DNMTi might have sensitized this
cohort to the immune checkpoint inhibition (Wrangle et al. 2013). In NSCLC and others,
treatment with Aza has been shown to stimulate a strong upregulation of interferon pathway
genes along with increased expression of endogenous retroviral (ERV) transcripts.
Moreover, interferon genes and genes involved in antigen presentation accounted for the
majority of genes commonly upregulated in solid tumor cell lines upon Aza treatment (L.i et
al. 2014a).

To better understand the underlying mechanism of DNMTI, a study from our group
following up on our previous work (Yang et al. 2010) focused on the effect of transient low-
dose 5-Aza-CdR treatment of colorectal cell lines. Through gene expression profiling, the
study determined that the majority of the late occurring expression changes (24 days past
initial exposure) were of interferon-responsive genes. These genes showed little modulation
of methylation at their promoters or coding region, and in fact, many of them displayed low
DNA methylation levels pretreatment. Thus, it can be interpreted that the change in gene
expression upon treatment with 5-Aza-CdR is independent of the drug’s capacity to
demethylate the respective gene promoters. A series of genetic experiments provided
sufficient evidence to the claim that the activation of these genes occurred through the RIG1/
MDAS5/MAVS/IRF7 signaling pathway. RIG1 and MDADS are cytosolic pattern recognition
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receptors whose primary role is to recognize viral RNA (RIG1 recognizes single- and
double-stranded RNA (dsRNA), while MDAGS recognizes double-stranded RNA) and initiate
a signaling cascade dependent on the mitochondrial antiviral signaling (MAVS) adaptor
molecule. This leads to the activation of downstream targets, such as IRF7, and culminates
in a strong antitumor response. The study found that 5-Aza-CdR induced a significant
increase of dsRNAs including a robust induction of endogenous retrovirus RNA
transcription (Roulois et al. 2015). Another group working with ovarian cancer cell lines
came to a similar conclusion that treatment with 5-Aza-CdR triggered the upregulation of
interferon signaling mediated by downstream activity of IRF7. Furthermore, the strength of
interferon response to the drug treatment was reflective of how well the tumor would
respond to the immune checkpoint therapy (Chiappinelli et al. 2015). Thus, a major mode of
action of DNMT inhibitors such as 5-Aza-CdR is the loss of DNA methylation at previously
silenced repetitive elements, such as ERVS, and the subsequent induction of dsSRNA
transcription triggers a strong antiviral response. As a consequence, there is an overall
antitumoral effect including interferon induction, reduced cell proliferation, and loss of self-
renewal capacity upon treatment (Fig. 2). Furthermore, the incorporation of DNMTi will be
dependent on cell doubling time (Bender et al. 1999). Cancer cells tend to have shorter
doubling times and higher rates of metabolism than normal cells (Cheng et al. 2004). Thus,
the cancer cells will be more affected by the treatment and show a stronger production of
dsRNA and subsequent immune response.

8 Concluding Remarks

DNA methylation is a complex epigenetic mechanism crucial to regulating gene expression
in normal and tumor cells. Methylation of CpGs at the promoters of genes attenuates their
expression, while gene body methylation levels positively correlate with expression. By
modulating gene expression, DNA methylation is able to alter signaling pathways that affect
cellular processes such as cell cycle, DNA repair, cell growth, and proliferation.
Dysregulation of DNA methylation can, therefore, lead to inappropriate silencing of tumor
suppressors or expression of oncogenes, thus contributing to the development of disease
states including cancer. However, unlike genetic changes, DNA methylation alterations can
be potentially reversed with the help of methylation inhibitors. This can achieve therapeutic
effects by reactivating silenced tumor suppressor genes, downregulating overexpressed
oncogenes, and stimulating immune response toward cancer cells. Genome-wide screens can
be efficiently used to identify genes that are influenced by the pathways being affected by
aberrant methylation. Furthermore, with improved access to next-generation sequencing,
large-scale multinational consortia led research that has resulted in a wealth of genomic and
epigenomic data. Integrating this information with patient profiles will enable researchers to
validate putative therapeutic epigenetic targets, as well as stratify tumors into clinically
relevant subgroups according to their methylation status, thereby, allowing to design more
effective therapeutic strategies.
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DNMT DNA methyltransferases
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Fig. 1.

DNA methylation equilibrium between the promoter and gene body modulates gene
expression. In this diagram, methylated CpG sites are represented by red circles,
unmethylated CpG sites are represented by white circles, and green arrows are indicative of
active expression, while red arrow marks the absence of expression. (a) In normal
mammalian tissue, genes that are actively transcribed have unmethylated promoters and
some methylation in the gene body. (b) With the onset of cancer, however, promoter
hypermethylation can turn off the expression of genes, and gene body hypermethylation can
permit a more robust expression of some genes. (c) Treatment with DNA methyltransferase
inhibitors such as 5-Aza-CdR can restore gene expression by removing aberrant methylation
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Fig. 2.
DNMTi exert antitumoral effect by eliciting immune response in cancer cells. Treatment

with DNA methyltransferase inhibitors induces transcription of endogenous retroviral (ERV)
elements. These double-stranded RNASs are recognized by viral recognition proteins such as
RIG1 and MDADS, which in turn interact with the mitochondrial antiviral signaling (MAVS)
proteins. MAVS-mediated IRF7 activation leads to the translocation of IRF7 from the
cytoplasm to the nucleus where it initiates transcription of interferons (IFNs) and interferon-
stimulated genes (ISGs), which then contribute to reduced proliferation (Modified from
Chiappinelli et al. 2015; Licht 2015; Roulois et al. 2015)
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