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Abstract
Epigenetics encompasses heritable changes in gene expression without alterations in genetic sequence. Among 

the multiple epigenetic regulators of gene expression, methylation of cytosine in genomic DNA is amongst the most 
stable and best studied. Expanding knowledge of aberrant methylation in hematological malignancies has increased 
its applicability in diagnosis, classification, prognostication and prediction of treatment response. Genome-wide 
methylation profiling can differentiate between clinically relevant subtypes of non-hodgkin’s lymphoma (NHL) as 
well as distinguish monoclonal gammopathy of unknown significance (MGUS) from multiple myeloma (MM). New 
subcategories of normal karyotype acute myeloid leukemia (AML) with distinct canonical pathways and different 
disease behavior have also been identified by methylation studies. Methylation scores can predict outcomes in chronic 
lymphocytic leukemia (CLL). Genes with tumor suppressor function are frequently silenced by methylation and may be 
amenable to therapeutic intervention. DNA hypomethylating agents azacitidine and decitabine have been approved 
by the FDA for treatment of myelodysplastic syndrome (MDS). Clinical trials of newer agents including histone 
deacetylase inhibitors (HDAC-i) are showing great promise in different hematological malignancies. High-resolution 
methylation analysis using massively parallel sequencing (MPS) is likely to further improve our understanding of 
disease pathogenesis and identify novel therapeutic approaches in hematological malignancies. In this review article 
we will describe recent advances in methylation studies and the current and potential future impact of this knowledge 
on management of hematological malignancies.
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Introduction
Conrad Waddington introduced the term epigenetics in the early 

1940s, defining it as ‘the branch of biology which studies the causal 
interactions between genes and their products which bring the 
phenotype into being’ [1]. This definition has evolved with epigenetics 
now referring to stable heritable alterations in chromatin organization 
and gene expression without underlying modification in the genetic 
sequence [2]. Epigenetic changes that modify gene expression include 
DNA methylation, post-translational histone modifications including 
lysine acetylation, arginine and lysine methylation and serine 
phosphorylation as well as micro-RNA mediated regulation [2,3]. The 
best-studied epigenetic modification, DNA methylation, is one of the 
most stable epigenetic modifications and can be detected in preserved 
tissue samples [4].

DNA methylation most frequently occurs as a covalent modification 
of the cytosine ring at the 5’ position of a CpG dinucleotide with 
S-adenosyl methionine as the methyl donor. There are CpG dinucleotide
rich regions in the human genome called CpG islands that are usually
situated in the 5’ end of the regulatory region of various genes [5].
Differential methylation of these CpG islands in the DNA plays an
important role in physiologic processes such as cell differentiation,
embryogenesis and imprinting [6]. Hypermethylation of CpG islands
have been correlated with gene repression and hypomethylation has
been associated with gene expression [7]. Methylation may inhibit
gene expression by directly inhibiting protein or transcription factor
binding to the promoter site as well as by methyl-CpG binding proteins
attached to these sites that indirectly inhibit transcription factor binding
[2]. Large portions of the genome comprising non coding regions are
frequently hypermethylated facilitating maintenance of these genes in
an inactive state [8]. However the impact of aberrant methylation on
gene regulation has emerged to be more complex, with several recent
studies demonstrating a locus and context specific association with gene
expression. CpG shores have been identified which are important loci
for differential methylation and variable gene expression. CpG shores
are regions of lower CpG density than CpG islands that are typically

located close to the CpG islands. About 76% of the tissue differential 
methylation regions (T-DMRs) are located in these CpG shores. These 
T-DMRs are evolutionarily conserved and contain both hyper and
hypomethylated segments that determine tissue differentiation and
phenotypic expression [9,10]. Methylation also occurs within the gene
body or coding regions, which may facilitate transcription. High levels
of gene body methylation have been correlated with highly expressed
genes [11].

In addition to controlling normal growth, differentiation and 
development, there is a large body of data supporting the role of 
abnormal differential methylation in carcinogenesis [12,13]. DNA 
from malignant cells frequently has global hypomethylation [14] 
with foci of hypermethylated tumor suppressor genes [15]. Global 
hypomethylation may lead to chromosomal instability with deletions 
and gene rearrangements, reactivation of transposable elements and 
loss of imprinting [16-18]. Repression of tumor suppressor genes by 
methylation also promotes malignant transformation [19,20]. Recently 
cancer specific differentially methylated regions (C-DMRs) have 
also been identified involving the CpG island shores and sometimes 
extending to involve the CpG islands themselves. These C-DMRs 
overlap with reprogramming DMRs (R-DMRs) in 16% of cases but 
methylation patterns are opposite in C-DMRs and R-DMRs, suggesting 
that defective reprogramming may contribute to carcinogenesis [9]. 
Such aberrant DNA methylation occurs in a non-random, tumor-
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type specific manner. The methylation patterns of a set of 12 genes 
having important roles in tumor suppression, cell cycle regulation, 
apoptosis, DNA repair and metastastic potential was studied on DNA 
from over 600 primary tumors of 15 different tumor types including 
various solid tumors, leukemias and lymphomas [21]. Each cancer 
was characterized by a unique profile of methylation changes.  Some 
genes were tumor specific whereas others like the cell cycle regulator 
p16INK4A were commonly methylated across different malignancies. 
Hematologic malignancies had markedly different methylation profiles 
with high frequency of p73 and p15INK4b hypermethylation compared to 
epithelial solid tumors that did not have such alterations. This profile of 
CpG hypermethylation or the ‘Methylotype’ is an epigenetic signature 
unique for each type of malignancy. 

The identification of aberrant methylation in carcinogenesis has 
led to its study in pathogenesis, diagnosis, development of targeted 
therapies, predicting response to therapy and prognosis. This review 
article will focus on aberrant methylation in various hematological 
malignancies.

Enzymatic Regulation of DNA Methylation 
Two processes predominantly control normal methylation patterns, 

namely de novo DNA methylation and maintenance methylation. 
De novo DNA methylation occurs in a programmed fashion during 
embryogenesis facilitating tissue development, differentiation and 
genomic imprinting. Maintenance methylation occurs during DNA 
replication transmitting methylation patterns during mitosis. DNA 
methyl transferases (DNMT) DNMT3A and DNMT3B regulate de 
novo methylation patterns [22]. DNMT1 facilitates maintenance 
methylation by acting at the replication fork during the S-phase of the 
cell cycle copying the methylation patterns onto the daughter strand 
[7, 23]. 

Considerable crosstalk exists between histones and DNA 
methylation. DNMTs recruit histone deacetylases (HDAC), which are 
transcriptional repressors, to promoters of genes [24, 25]. Conversely 
trimethylated H3 Lysine 4 (H3K4) histone, an activator of transcription, 
binds to CpG islands and inhibits methylation by inhibiting recruitment 
of DNMT3a and DNMT3b to these islands [26,27]. EZH2 (Enhancer 
of Zeste Homolog 2) is a polycomb repressive protein that acts as a 
histone methyltransferase contributing to a repressive chromatin state. 
EZH2 has been shown to recruit DNMTs to EZH2 repressed genes, 
again demonstrating a mechanistic linkage between the two systems 
[28].

Other enzymes involved in DNA and histone chromatin 
demethylation include Isocitrate Dehydrogenase (IDH 1 and 2), Ten 
Eleven Translocation 2 (TET2) and Activation induced Cytidine 
Deaminase (AID/APOBEC). IDH catalyzes the conversion of isocitrate 
to 2-oxyglutarate (2OG), which demethylates histones resulting in gene 
expression. Mutations of IDH result in gain of function and abnormal 
conversion of 2OG to the R-enantiomer of 2-hydroxyglutarate (2HG). 
R-2HG inhibits 2OG dependent histone demethylase causing abnormal 
hypermethylation phenotypes [29,30]. TET2 catalyzes conversion of 
5-methyl cytosine to 5-hydroxymethyl cytosine. Mutations of TET2 
result in loss of function and hypermethylation. TET2 is dependent on 
2OG for activation and mutations of IDH 1 and 2 also reduce activity 
of the TET2 enzyme resulting in hypermethylation [31]. The AID/ 
APOBEC family of enzymes also contribute to DNA demethylation as 
demonstrated in zebrafish and mouse models [32,33].

Knowledge of enzymatic regulation of methylation has been an 
important tool in development of targeted therapies for hematological 

malignancies. DNMT inhibitors (DNMTi) such as azacitidine and 
decitabine have revolutionized therapy of MDS and are also emerging 
as important agents in managing certain subtypes of lymphomas. 
HDAC-i include several subclasses of drugs that are derivatives of 
hydroxamic acid, aliphatic acids, cyclic tetra peptides and benzamides. 
Suberoylanilide hydroxamic acid (SAHA) and other HDAC-i have 
shown promise in combination with DNMTi for therapy of MDS and 
AML [34]. Targeting TET2, IDH 1 and 2 mutations are directions for 
future exploration in therapy of hematological malignancies. 

Assays for DNA Methylation
Studies of DNA methylation on a genomic scale primarily rely on 

two processes. These include enrichment of differences in methylation 
followed by interrogation of these differences using a suitable platform 
[35-37] (Table 1). Enrichment of the differentially methylated DNA 
fragments can be achieved by different techniques including bisulfite 
conversion, digestion by methylation-sensitive restriction enzymes 
and affinity purification of methylated DNA [38]. Bisulfite conversion 
is the gold standard and is based on bisulfite treatment selectively 
deaminating all unmethylated cytosine residues to uracil leaving the 
methylated cytosines unchanged [39]. PCR amplification of converted 
DNA replaces the uracil with thymine, which can then be analyzed 
for extent of cytosine methylation. Methylation sensitive restriction 
enzymes cleave methylated or unmethylated DNA at their restriction 
sites. For example in the HELP assay (HpaII tiny fragment Enrichment 
by Ligation-mediated PCR), the HpaII enzyme is methylation sensitive 
whereas Msp1 enzyme is methylation insensitive. The DNA is digested 
independently by both enzymes, amplified by PCR and the digested 
products compared to study the methylation sites [40]. By using an 
affinity matrix column containing methyl binding domain proteins 
(MBD) that bind to a single symmetrically methylated CpG pair, it is 
possible to separate DNA fragments on the basis of degree of methylation 
[41]. Another technique is chromatin immunoprecipitation, where a 
monoclonal antibody that specifically recognizes methylated cytosine 
can be used to immunoprecipitate methylated DNA [42].

These isolated differentially methylated fragments can be further 
analyzed on a global genomic scale using microarray and high 
throughput sequencing [43]. DNA microarrays are based on enrichment 
of differentially methylated segments, amplification of these segments 
followed by hybridization to oligonucleotide or SNP probes. High 
throughput MPS involves actual sequencing of methylated DNA. This 
process eliminates variability due to amplification and hybridization 
strength as well as quality of the genome sequence on the array. MPS 
based methods such as HELP-tagged sequencing, Methyl-Sensitive Cut 
Counting (MSCC) and Reduced representation bisulfite sequencing 
(RRBS) can interrogate >1.5 million CpGs across the genome, allowing 
study of intra and intergenic areas beyond the gene promoter [44].

Aberrant Methylation in Specific Hematological 
Malignancies

Locus-specific and genome-wide methylation studies in various 
hematological malignancies have revealed specific methylated genes 
and distinct epigenetic profiles as summarized in Table 2. 

Non-Hodgkin’s lymphoma

B cell NHL comprises a spectrum of lymphomas with varying 
malignant potential. Epigenetic studies have facilitated understanding 
of the genetic and phenotypic variability of this group of malignancies. 

Low-grade lymphomas such as follicular (FL) and marginal zone 
lymphomas have distinct epigenetic signatures compared to normal B 
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cells and high-grade lymphomas. Genome wide methylation studies 
using bisulfite treated and sequenced DNA fragments from FL cell lines, 
FL patient samples and normal B cells showed distinct methylation 
patterns in the FL cells which would explain the survival advantage of 
malignant lymphocytes in this low grade lymphoma. IRF4, a tumor 
suppressor gene that inhibits BCL6 transcription, was repressed by 
methylation in FL resulting in over expression of the BCL6 oncogene 
[45]. FL also shows methylation and down-regulation of the SHP1 
gene that inhibits proliferation of B cells and the androgen receptor 
that facilitates maturation of lymphocytes. Death-associated protein 
kinase (DAPK) mediates IFN-γ induced apoptosis and is inactivated 
by methylation in mucosa-associated lymphoid tissue lymphomas 
(MALTomas) and FL [46,47].

Intermediate to high-grade lymphomas like Diffuse Large B cell 
Lymphoma (DLBCL) show aberrant methylation of genes that control 
cell division, proliferation and cell cycle progression. The p16INK4A 

tumor suppressor gene codes for Cyclin dependent Kinase inhibitor 
2A (CDKN2A) that arrests the cell cycle at G1 phase. Methylation 
of p16INK4A is correlated with high grade histology, more aggressive 
phenotype and greater risk of high grade transformation in NHL [48]. 
In a study of p16INK4A protein expression in 153 NHL samples, loss of 
expression was detected in 37% of cases, all of which corresponded to 
high-grade tumors [49]. Progression from MALTomas (31 of 37) or FL 
(4 of 4) into DLBCL also correlated with loss of expression of p16. The 
p16INK4A promoter CpG island was hypermethlyated in 6 of 23 cases with 
associated decrease in protein expression. In another study of 25 NHL 

tumor samples, p16INK4A inactivation by methylation was seen in 83% 
of high grade NHL samples in contrast to only 9% of low grade NHL 
cases. Loss of CDKN2A expression has also been correlated with poor 
outcomes after RCHOP therapy for DLBCL [50]. Hypermethylation 
of CDKN2A can also be used as a marker for relapse risk following 
therapy [51]. The Activated B cell (ABC) subtype of DLBCL has poorer 
prognosis compared to the Germinal Center B cell subtype (GCB) and 
has a distinct epigenetic signature. The TNFα network is dramatically 
suppressed in ABC and decreased TNFα signaling in ABC may be 
associated with decreased cytokine response to tumor infiltration as 
well imbalances in downstream nuclear factor κB (NFκB) signaling and 
apoptosis regulation [52-54].

Mantle cell lymphoma (MCL) arises from naïve B cells and is 
associated with a median survival of 4-5 years [55]. Comparison of 
array-based methylation profiles of MCL patient samples to normal 
naïve B cells showed 4110 differentially methylated genes involving key 
cellular proteins such as HDAC1 and NFκB1 transcription factor. The 
B-cell surface antigen CD37 was hypomethylated and over expressed in 
MCL and a small-modular immunopharmaceutical to CD-37 showed 
potent cytotoxicity in MCL, suggesting a novel therapeutic strategy for 
this disease [56]. Protein arginine methyltransferase (PRMT5) is over 
expressed in primary MCL and in concert with HDAC2, MBD2 and 
DNMT3a silences genes with anti-cancer and immune modulatory 
activities. The growth arrest and apoptosis in MCL cell lines from 
siRNA-mediated knockdown of PRMT5 suggests another therapeutic 
target [57].

Method Mechanism Additional information Limitations Assays
Enrichment of differences in Methylation

Bisulfite conversion

Converts unmethylated cytosines 
to uracil (and eventually thymine 
following PCR amplification), while 
leaving methylated cytosines 
unconverted.

PCR product may be analyzed 
by direct sequencing or mass 
spectrometry to quantify cytosine 
methylation

-Conversion needs to be 
complete for accurate results.
-Labor intensive & high 
cost prohibits genome-wide 
application. Partially overcome 
by combining with MS-PCR, 
microarrays & high-throughput 
sequencing.

Pyrosequencing
 MassARRAY

Methylation-Sensitive 
Restriction Digestion 
Assays

Uses restriction enzyme that 
identifies methylated DNA.

Often used in initial genome-wide 
screening

Limited to the analysis of CpG 
sites located within the enzyme 
recognition site HELP, McrBC 

Immunoprecipitation-
Based Enrichment Assays

Uses antibodies that recognize 
methylated CpG to enrich methylated 
DNA

In combination with DNA 
microarrays (ChIP-chip) & 
massively parallel sequencing 
(ChIP-Seq), has made genome-
wide analysis easier 

Lack of specificity in low CpG-
dense regions due to noise MeDip

Analysis of Methylation
High Throughput Interrogation 

Bead arrays Uses two primers each recognizing 
methylated Vs unmethylated cytosine

Provides less coverage than 
other array-based methods Illumina

Short oligonucleotide 
arrays

Millions of 25-mer probes per chip in 
a tiling design Good specificity Decreased sensitivity, noise Affymetrix

Long oligonucleotide 
arrays

60-mer probes, can analyze test and 
control DNA on the same array

Better balance between 
sensitivity, specificity and noise Nimblegen, Agilent

Massively Parallel 
sequencing

Involves direct sequencing of 
enriched DNA

-Best-possible resolution 
and quantitative methylation 
information (using bisulfite 
converted DNA)
-Data can be re-analyzed if 
needed

Fluorescent nucleotide-
based system (Illumina), 
MethylC-seq, SMRT (Pacific 
Biosciences)

PCR – Polymerase chain reaction
MS-PCR – Methylation specific PCR
HELP - HpaII tiny fragment enrichment by ligation-mediated PCR
McrBC - an endonuclease which cleaves DNA containing methylcytosine on one or both strands
MeDIP - Methylated DNA immunoprecipitation
SMRT - Single molecule real time sequencing

Table 1: Common Assays for Methylation Analysis.
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Traditional therapy for lymphomas is alkylator based and 
methylation analyses may help predict response to therapy. MGMT 
functions as a DNA repair enzyme, removing alkyl groups from 
guanine (G) base of the DNA and it’s silencing by methylation has been 
correlated with improved responses to alkylating agents [58,59]. The 
methylation status of MGMT promoter was retrospectively evaluated 
in 84 tissue samples from patients with non-HIV associated DLBCL 
treated with non-rituximab containing alkylator and anthracycline 
based regimens [60]. MGMT hypermethylation was found in 30 (36%) 
of the 84 samples and was associated with significantly increased OS 
and PFS. In a more recent retrospective study of patients receiving 

RCHOP for DLBCL, MGMT promoter methylation did not retain its 
prognostic significance, suggesting that rituximab may overcome the 
reduced efficacy of alkylators in the setting of MGMT over expression. 

Epigenetic changes in lymphomas have been targeted using 
HDACi and DNMTi either alone or in combination with traditional 
chemotherapy. The HDACi SAHA has shown synergism with 
bortezomib in treatment of MCL [61]. SAHA has also shown efficacy 
as a single agent in advanced hematological malignancies including 
transformed DLBCL and Hodgkins lymphoma [62]. Hypomethylating 
agents have strong synergism with HDACi in DLBCL mouse models, 

Methylated Epigenetic 
biomarker Clinical Impact Details Supporting literature

Follicular lymphoma
IRF-4 Pathogenesis Overexpression of BCL-6 Choi et al[45]
SHP-1 Pathogenesis Proliferation of B-cells Hayslip et al[47]
Androgen receptor gene Pathogenesis Release of immature B-cells Hayslip et al[47]
DAPK Pathogenesis Protection from apoptosis Hayslip et al[47]
p16INK4A Grade Progression to high grade lymphoma Villuendas et al[49]
Genome-wide methylation 
profiling Prognosis and Biology 263 genes differentially methylated between ABC and GCB-DLBCL Shaknovich et al[52]

Diffuse Large BCell Lymphoma
p16INK4A Grade Correlated with high grade histology, more aggressive phenotype Herman et al[48]
p16INK4A Prognosis Poor outcomes after RCHOP chemotherapy Jardin et al[50]

p16INK4A Prognosis Marker for relapse risk following therapy Martinez-elgado et 
al[51]

MGMT Prognosis Hypermethylation associated with improved OS and PFS, Improved responses 
to alkylator therapy Esteller et al[60]

Mantle Cell Lymphoma

Genome-wide methylation 
profiling Biology

Differential methylation of several genes including CDKN2B, MLF-1, PCDH8 
and HOXD8 Leshchenko et al[56]

CD-37 Therapy Hypomethylated and overexpressed in 13/14 patients. Targeting cytotoxic in cell 
lines. Leshchenko et al[56]

Myelodysplastic Syndromes
DAPK Pathogenesis Protection from apoptosis Voso et al[70]
p15INK4B Prognosis Associated with high risk MDS and progression to AML Tien et al[73]
p15INK4B, CDH1, HIC1, and 
ER Prognosis Hypermethylation more frequent in advanced stages and associated with 

shorter survival Aggerholm et al[74]

Multi-gene score Prognosis Combined methylation score predicts OS and PFS Shen at al[76]

SOCS1 Prognosis Methylated in 54/114 (47.4%) MDS. Associated with higher grade MDS. 
Correlated with remission/relapse. Wu et al[75]

Acute Myeloid Leukemia
Genome-wide methylation 
profiling Prognosis/Classification/Biology Can differentiate prognostic groups. May shed more light on biology of AML. Figueroa et al[79]

Chronic Lymphocytic Leukemia
Genome-wide methylation 
profiling Prognosis Several tumor suppressor genes including ABI3, VHL and IGSF4 were 

hypermethylated in poor prognostic unmutated IgHV CLL Kanduri et al[92]

DAPK1 Biology Hypermethylated and poorly expressed in sporadic and familial CLL Raval et al[95]
ZAP-70 Prognosis Hypomethylated and expressed in IgHV CLL Corcoran et al[94]
CD38, BTG4, HOXA4 Prognosis Combined methylation score predicts prognosis independent of other factors. Irving et al[98]
Multiple Myeloma
Genome-wide methylation 
profiling Prognosis/Classification Differential methylation between normal plasma cells/MGUS –Myeloma – 

Plasma cell leukemia Walker at al[102]

p16INK4A Prognosis Methylation associated with poorer OS Guillerm et al[103]

MRD – Minimal residual disease
OS – Overall survival
PFS – Progression free survival
DAPK – Death associated protein kinase
MGMT – O6-methylguanine DNA methyltransferase

Table 2: Aberrant methylation and impact in various hematological malignancies.



Citation: Thirukonda VK, Raghupathy R, Parekh  S (2012) Aberrant Methylation in Hematological Malignancies. Translational Medic S1:004. 
doi:10.4172/2161-1025.S1-004

Page  5  of 9

Translational Medic       Discovering Novel Biomarkers               ISSN: 2161-1025 TM, an open access journal

with the combination producing a unique gene expression profile 
compared to the samples treated with single drugs [63]. This is an 
area for exploration in clinical trials. Azacitidine is being studied in 
combination with conventional chemotherapy for refractory DLBCL 
and other low-grade lymphomas. 

Myelodysplastic syndromes

MDS includes heterogeneous clonal hematopoietic disorders 
characterized by bone marrow failure, dysplasia of one or more of 
the hematopoietic cell lineages, and frequent transformation to AML 
[64]. The important role of epigenetic changes and methylation in 
MDS pathogenesis is evident from the survival benefit provided by 
hypomethylating agent azacitidine in therapy of this disease [65-67]. 
Multiple genes including tumor suppressors, genes regulating cell 
adhesion, cell division and motility are methylated and suppressed in 
MDS [68]. 

Genome wide studies of marrow samples of patients with MDS and 
secondary AML revealed significantly increased aberrant methylation 
patterns in these diseases compared to patients with de novo AML 
and normal controls. Genes of the WNT signaling pathway and MAP 
kinase pathway as well as specific genes like CDKN2A were frequently 
hypermethylated. These are genes controlling normal hematopoietic 
stem cell division and maturation, under expression of which would 
explain the aberrant and dysplastic marrow proliferation in this disease 
[69].

Single locus studies have provided further insight into pathogenesis. 
In a study of 34 marrow samples of patients with MDS, methylation of 
the proapoptotic DAPK promoter was seen in 47% (16 of 34) specimens 
[70]. DAPK silencing may confer survival advantage to dysplastic 
precursors. Suppression of cell cycle inhibitors is associated with 
progression of MDS to high risk disease. p15INK4B (CDKN2B) arrests 
the cell cycle at G1 phase [71,72]. In a study of 50 patients, 13 with 
FAB low-risk MDS, 32 with high risk MDS and five with AML, p15INK4B 

promoter methylation was found in 0% of low-risk MDS, 23% of high-
risk MDS and 60% of AML evolved from MDS. With progression of 
time, methylation remained at 0% in low risk MDS but increased to 30% 
in high risk MDS and 75% in AML evolved from MDS [73]. Among five 
patients who acquired methylation during the course, all had disease 
progression. The methylation status of different cell cycle and growth 
regulators, p15INK4B, CDH1, HIC1, and the ER promoters was studied 
in 37 MDS patients using the bisulfite reduction method [74]. For all 
four genes, hypermethylation was more frequent in advanced stages 
than in early stages of MDS. Concurrent hypermethylation of three or 
more genes was also more frequent in advanced than in early stages 
of MDS. Patients with hypermethylation of one or more genes had a 
significantly shorter survival than patients without methylation of any 
of the four genes (median 17 vs. 67 months; p 0.002).

The gene for SOCS1, a member of suppressor of cytokine signaling 
family of proteins, is inactivated by hypermethylation in various 
hematological neoplasms. SOCS1 negatively regulates the proliferation 
signals from different cytokine receptors including JAK, IFNγ and 
different interleukins. The methylation status of SOCS1 was studied 
in marrow cells from 114 patients with primary MDS [75]. Fifty-four 
patients (47.4%) showed SOCS1 hypermethylation. Patients with 
SOCS1 methylation had a higher percentage of marrow blasts and 
higher risk MDS by FAB or IPSS than those without methylation. 
On follow-up, two patients who acquired new SOCS1 methylation 
had disease progression and two patients with disease remission after 
hematopoietic stem cell transplantation lost SOCS1 methylation. 
Patients with SOCS1 methylation also had a cumulative higher risk of 
leukemic transformation. 

DNA methylation profiling of 10 genes selected from previous 
reports (E-cadherin/CDH1, N-cadherin/CDH13, estrogen receptor/
ER, NOR1, nucleoplasmin 2 (NPM2), oligodendrocyte lineage 
transcription factor 2/OLIG2, p15INK4B, progesterone receptors A & 
B and PDZ and LIM domain 4) in 317 patients with MDS identified 
concordant methylation at multiple gene promoters [76]. The author 
used averaged methylation scores from all genes and showed that 
overall methylation score was associated with significantly shorter OS 
and PFS in MDS. They validated these findings in two independent 
cohorts and were successful in predicting PFS in both cohorts and OS 
in one of the cohorts. The other cohort had more patients with low-
risk MDS and relatively shorter follow-up that may have contributed 
to the variability in results. Methylation at baseline did not correlate to 
decitabine response, although decrease in methylation during therapy 
was associated with clinical responses. 

Acute myeloid leukemia

AML is a heterogeneous disease with several subtypes and 
varied outcomes. Currently used prognostic indicators include age, 
morphology, cytogenetic findings, the white-cell count, and the 
presence or absence of an antecedent hematologic disorder with 
cytogenetics being the most important [77]. 35-50% of patients 
with AML have normal cytogenetics (CN-AML) with no uniformly 
accepted prognostication markers [78]. Methylation status has been 
studied as a prognosticator in AML. However data remains conflicted 
regarding the correlation of clinical phenotype, cytogenetics and 
methylation profile in this disease. Genome-wide DNA methylation 
profiling of leukemic blasts from 344 patients with AML with array-
based HELP technique identified 16 clusters with unique methylation 
signatures different from normal marrow CD34+ cells [79]. Three 
of these patient clusters corresponded to good prognostic AML 
subtypes as defined by the World Health Organization classification. 
Of interest was that 9 patients who did not have t (8:21) also fell into 
this methylation cluster and had identical survival curves to those 
who carried the translocation. Eight clusters were enriched for cases 
harboring specific genetic or epigenetic lesions including NPM or 
CEBPA mutations. The remaining five clusters could not be explained 
by any known morphologic, cytogenetic, or molecular features and 
included patients of different FAB classifications, normal and abnormal 
karyotypes. Using integrative pathway analysis of the combined 
aberrantly methylated and aberrantly expressed genes, each cluster 
was found to have deregulation of different canonical pathways. These 
clusters also had significant differences in survival. Another study 
was unable to recapitulate this correlation between cytogenetics and 
methylation profile. In this study, genome-wide methylation profiling 
using the Illumina Human Methylation27 Bead Chip in 20 cases of 
AML analyzing 27,578 promoter CpG sites corresponding to 14,495 
individual genes showed an independent positive correlation between 
the degree of genome wide promoter hypermethylation and OS [80]. 
Further an increased CR rate was observed in patients with global 
DNA hypomethylation. However mutational status or karyotype was 
not significantly associated with promoter-wide or global methylation. 

Gene specific methylation patterns may also be helpful in 
prognostication. Methylation and repression of the cell cycle inhibitor, 
Deleted in bladder cancer 1 (DBC1) is associated with worse OS in CN-
AML [81]. However correlation of methylation of cell cycle inhibitor 
p15 with AML prognosis remains controversial. While some studies 
have shown that p15 methylation is associated with poor prognosis, 
others have contradicted this finding [84,86]. More data appears to 
favor the poor prognostic impact of p15 methylation, and repression 
of this gene has been correlated with decreased OS and increased 
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risk of tumor recurrence in AML [82]. Combining ERα methylation 
status with p15 methylation status may be more powerful in predicting 
disease recurrence [83]. Decitabine treatment of AML cell lines 
results in partial re-expression of p15 suggesting another possible 
mechanism of action of hypomethylating agents in acute leukemias 
[71]. Hypermethylation of the transcription factor CEBPA gene has 
also been shown to be a useful prognostic biomarker. In the absence 
of CEBPA or NPM mutations, CEBPA hypermethylation predicts 
improved DFS and OS in AML [84]. 

Mutations in genes involved in methylation regulation have also 
been correlated with AML prognosis. Hematopoietic stem cells (HSCs) 
depend on constitutive DNA methylation for their self-renewal. 
DNMT3A mutations studied by whole-genome sequencing technology 
have been reported in 17.8% to 20% of patients with AML younger 
than 60 years of age, with the incidence in cytogenetically normal AML 
being slightly higher at 27.2% [85,86]. DNMT3A mutations typically 
occur in the methyltransferase domain and are associated with 
unfavorable outcomes [86]. Conversely, interplay between oncogenic 
fusion proteins in AML such as PML-RARa, MLL and RUNX1/MTG8 
and the epigenetic machinery also affects gene expression contributing 
to leukemogenesis. PML-RARα leads to aberrant gene silencing in 
RARβ2, a Retinoic Acid Receptor (RAR) target gene by recruiting 
DNMTs [87].

In elderly patients with AML with multilineage dysplasia and 
blasts 20-30%, azacitidine improves OS and quality of life compared to 
conventional therapy (low-dose cytarabine, induction chemotherapy 
for AML or best supportive care) [65,88]. In addition azacitidine 
therapy results in higher rates of complete remission, partial remission, 
hematological improvement and transfusion independence. The use 
of azacitidine in combination with the HDACi SAHA also yielded 
promising initial results in a phase I/II study in patients with MDS or 
AML [89].

Chronic lymphocytic leukemia

CLL results from clonal proliferation and accumulation of neoplastic 
B-cells. Although no pathogenic mutation has yet been identified in 
CLL, several molecular alterations including immunoglobulin heavy 
chain (IgVH) mutation status, CD-38 expression, ZAP-70 status and 
certain cytogenetic abnormalities with prognostic significance have 
been described [90].

The first genome wide methylation assessment in CLL was 
performed using the Restriction Landmark Genomic Scanning with 
two restriction enzymes [91]. Over 3000 CpG islands were studied 
and 2-8% were aberrantly methylated in a non-random distribution 
compared to normal CD19+ cells. Genome-wide methylation in 
CLL was evaluated using Illumina Infinium HumanMethylation27 
Bead Chip array (Illumina) that interrogated upto 27,578 CpGs, 
covering 14,495 genes [92]. 64 genes were identified as significantly 
differentially methylated between IgVH mutated and unmutated CLL. 
Several tumor suppressor genes including ABI3, VHL and IGSF4 were 
methylated in poor prognostic unmutated CLL. Other genes with 
important functions in apoptosis, tumor proliferation, and prognosis 
were also aberrantly methylated. Treatment with DNMTi and HDACi 
could induce expression of methylated tumor suppressor genes in 
unmutated CLL primary samples. In contrast another study using 
methylated CpG island amplification (MCA) coupled with a promoter 
microarray technique, found no differences in methylation profiles 
regardless of IgVH mutational status or ZAP-70 expression [93]. Using 
combined bisulphite restriction analysis (COBRA) technique to study 
the methylation status of ZAP-70 in CLL, the majority of patients 

expressing ZAP-70 protein showed lack of methylation in the intron 
1-exon 2 boundary region of the ZAP-70 gene and had unmutated Ig 
VHgenes [94]. Patients with MCL or splenic marginal zone lymphoma 
with unmutated IgVH genes had neither unmethylated ZAP-70 genes, 
nor expressed ZAP-70 protein, suggesting ZAP-70 expression is 
independent of IgVH status. 

DAPK-1 gene is a positive mediator of apoptosis, which has been 
shown to be hypermethylated and poorly expressed in sporadic and 
in familial CLL, possibly allowing leukemic cells to escape cell death 
mediated by apoptotic pathways [95]. The HOX family protein 
HOXB7, which can be aberrantly methylated in CLL can interact with 
DAPK-1 gene repressing transcription [93]. 

Methylation of p16INK4A [96] and p15INK4B [97] genes have also been 
described in small proportion of CLL patients, however the clinical 
significance from these small studies are yet undefined.

On evaluation of the utility of using the methylation status at three 
loci namely CD38, BTG4 [which are associated with improved time 
to first treatment (TFT)] and HOXA4 (associated with reduced TFT) 
to prognosticate CLL, the combined overall methylation score was a 
strong predictor of outcome and was independent of other known 
prognostic factors in multivariate analysis [98]. 

Given the success with DNA hypomethylating therapy in MDS 
and AML, decitabine was used in a phase-I trial of 20 patients with 
relapsed/refractory CLL (n=16) and NHL (n=4) [99]. Global DNA 
methylation (GDM) was assessed before and after therapy. At doses of 
10mg/m 2 Days 1-10 and 15mg/m2 Days 1-5, there was no complete/
partial responses and no change in GDM before and after therapy 
(days 3, 5, 15, and 22), however the higher doses were associated with 
dose limiting hematological toxicity in 2/6 patients with CLL. The 
mechanisms as to why the methylated tumor suppressor genes could 
not be derepressed needs further exploration.

Multiple myeloma

Multiple myeloma is a neoplastic plasma-cell disorder that is 
characterized by clonal proliferation of plasma cells in the bone 
marrow, a monoclonal protein in the blood or urine, and associated 
organ dysfunction [100]. It may be preceded by a premalignant state 
termed the MGUS which progresses to myeloma at a rate of 1% per 
year. About 20,520 cases of myeloma are estimated to occur in 2011, 
with 10,610 deaths [101]. 

Genome-wide methylation profiling of plasma cells (PCs) from 
myeloma cell lines and from patients with MGUS, myeloma and plasma 
cell leukemia (PCL) were compared to that of normal plasma cells and 
B-cells using Infinium humanmethylation27 BeadArray (Illumina) 
[102]. The malignant cells showed more heterogeneous methylation 
profiles and the overall methylation patterns in these cell types could 
accurately distinguish between premalignant and malignant cells. There 
were few methylation changes between normal PCs and the MGUS 
phenotype, however 1428 genes underwent hypomethylation and 82 
probes underwent hypermethylation from MGUS to myeloma with 
80% of hypomethylation occurring outside of CpG islands and 58.5% 
of hypermethylation within CpG islands.  Hypermethylation involved 
three main groups of genes involving developmental processes, cell 
cycle processes, and transcriptional regulation. In the transition from 
myeloma to PCL, there was remethylation of previously demethylated 
genes (between MGUS and myeloma) including CALCA, ONECUT2, 
GATA4, and CDKN2B. Genes with CpG island hypermethylation were 
involved in cell-cell signaling, cell development or differentiation and 
cell adhesion, possibly contributing to release of malignant plasma cells 
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from the marrow. Patients with t (4,14) over expressed two potential 
oncogenes, MMSET and FGFR3 and had a similar methylation profile 
to PCL suggesting the methylation profile could contribute to the 
aggressiveness of this subgroup. The authors also identified two specific 
subgroups of hyperdiploid myeloma on the basis of their methylation 
profile with significant differences in overall survival (OS).

Some of the genes commonly affected by epigenetic silencing in 
myeloma include p16INK4A, E-Cadherin, Estrogen receptor (ER), SHP 
and SOCS, DAPK and DNA damage repair genes including MGMT 
and hMLH-1[27]. In an analysis of 61 myeloma patients followed for a 
median 8.6yrs, using methylation specific PCR (MS-PCR), methylation 
of p16INK4A was associated with a significantly poorer OS (p=0.035). The 
authors found no prognostic impact of p15INK4B methylation in their 
study [103]. It has also been shown using a MS-PCR assay that patients 
with a methylated p16 gene had three times higher number of plasma 
cells in S-phase than those with unmethylated p16 gene, suggesting 
its important role in cell-cycle regulation in myeloma [104]. However 
another study using MS-PCR found no apparent effects on either gene-
expression level or the cell cycle with p16 methylation in different 
stages of myeloma questioning its role in pathogenesis [105]. 

Conclusions and Future Directions
Genome-wide and locus-specific analyses of methylation changes 

have yielded insights into the pathogenesis and prognosis of different 
hematological malignancies. However, results of correlation of 
gene-specific methylation studies with clinical outcomes have been 
somewhat discordant and further research is needed in this area. 
Current technologies exist for the confirmation of methylation status 
of individual genes setting the stage for prospective correlative studies 
incorporating methylation in future clinical trials. Unlike changes in 
DNA sequence, aberrant DNA methylation is amenable to therapeutic 
targeting. Advances in the understanding of the mechanisms 
contributing to the generation and maintenance of aberrant 
methylation patterns have identified families of enzymatic targets for 
therapy. Although the currently available drugs are still non-specific, 
newer drugs with well-defined impact on the epigenetic machinery are 
being developed.
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