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Abstract

Aberrant DNA methylation is a characteristic feature of cancer including blood malignancies.
Mutations in the DNA methylation regulators DNMT3A, TET1/2 and IDH1/2 are recurrent in
leukemia and lymphoma. Specific and distinct DNA methylation patterns characterize subtypes of
AML and lymphoma. Regulatory regions such as promoter CpG islands, CpG shores and
enhancers show changes in methylation during transformation. However, the reported poor
correlation between changes in methylation and gene expression in many mouse models and
human studies reflects the complexity in the precise molecular mechanism for why aberrant DNA
methylation promotes malignancies. This review will summarize current concepts regarding the
mechanisms behind aberrant DNA methylation in hematopoietic malignancy and discuss its
importance in cancer prognosis, tumor heterogeneity and relapse.
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DNA Methylation Patterning in Normal and Malighant Hematopoiesis

During differentiation, hematopoietic stem cells (HSCs) give rise to multi-potent
progenitors, which subsequently undergo commitment to mature cell lineages of the blood.
The maturation stages are characterized by dynamic changes in gene expression, governed
by transcription factor networks and, at the epigenetic level, via distinct DNA methylation
patterns [1] [2] [3]. Perturbation in DNA methylation status can be both a biomarker of
malignancy or causative in disease progression [4]. Indeed, next-generation sequencing has
revealed that a high percentage of leukemia and lymphoma patients harbor somatic
mutations in enzymes regulating DNA methylation. DNA methylation is one of the oldest

#To Whom Correspondence Should Be Addressed: lannis Aifantis, Ph.D. or Luisa Cimmino, Ph.D., Department of Pathology and
Laura and Isaac Perlmutter Cancer Center, New York University School of Medicine, 521 First Avenue, Smilow 1303, New York,
NY 10016, iannis.aifantis@nyumc.org or luisa.cimmino@nyumc.org.

These authors contributed equally
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Guillamot et al.

Page 2

and best-studied epigenetic mechanisms. Originally, it was considered a relatively stable
epigenetic mark associated with transcriptional repression. In the last years, the study of
diverse and dynamic DNA methylation patterns at single base resolution has generated a
great deal of interest, providing novel insights into the role of DNA methylation in
hematopoietic homeostasis and transformation[1, 5-8]. Differentially methylated regions are
found at promoters in the context of CpG islands (CGls) (See Glossary), CGI shores [8] and
active enhancers [9] (Box 1). In addition, large hypomethylated stretches in the genome
known as “valleys” or “canyons” have been recently identified [10, 11] (Box 1 and Figure
1a). Together these studies underscore the complexity of DNA methylation in the genome.
In this review, we will focus in the recent discoveries elucidating the impact of aberrant
DNA in hematopoietic malignancy with an emphasis on the role of cytosine-modifying
enzymes and their somatic mutations during transformation.

Box 1
DNA methylation dynamics and gene regulation

The development of large-scale DNA methylation mapping has uncovered the dynamic
character of the methylome during cell differentiation and transformation. Approximately
60-80% of CpGs in mammalian cells are methylated and 20% of the CpG methylation is
dynamic [128, 129]. Approximately 70% of gene promoters contain a CpG island [130].
Highly methylated CGls are usually restricted to long term silenced genes whereas
promoter regions of coding genes are usually hypomethylated supporting an open
chromatin state and accessibility to transcription factors. In hematopoiesis, only modest
global CGI methylation changes are observed throughout lineage commitment [2].
Focalized hypermethylation at the promoters of stem cell genes occurs during
differentiation (Meis1, Smad6, and homeobox cluster [131]). Cell cycle genes,
upregulated in progenitors cells become downregulated and hypermethylated in
differentiated cells. Lymphoid cells exhibit increased promoter hypermethylation in key
regulators of myeloid commitment. In contrast, hypomethylated CGls are also
maintained in other genes that are silenced during differentiation suggesting suppression
of expression by mechanisms other than regulation of DNA methylation.
Hypomethylated regions near CpG islands (CGI shores) (Figure 1b) show tissue and
cancer specific methylation patterns [131]. During hematopoiesis, changes in DNA
methylation patterns at CGI shores are inversely correlated with lineage gene expression
more strongly than at CGls [1]. 5-mC and 5-hmC in gene bodies have been positively
correlated to gene expression and alternative splicing [8, 132, 133] (Figure 1b). Recently,
5-caC has been shown to regulate RNA Pol |1 elongation [134]. Consistent with the idea
that DNA methylation abrogates transcription factor binding, several studies have also
highlighted the correlation between DNA hypomethylation, transcription factor binding
and enhancer activity in human cells [7, 135, 136]. Enrichment of 5hmC and TET1
occupancy is also associated with enhancers [7].

Large DNA hypomethylation regions in chromosomal domains have been identified
(Figurela). Conserved hypomethylated regions of more than 5kb (valleys) enriched in
embryonic development genes have been identified in mammalian cells [137]. Jeon et al.,
have also characterized larger hypomethylated regions (canyons) that are also conserved
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through cell types [10]. Canyons show enrichment in H3K4me3 and/or H3K27me3
histone marks (Figure 1a). While an important percentage of the canyons expand upon
DNMT3A depletion, some of them shrink or remain unchanged. Edges of those canyons
enriched in H3K4me3 overlap with 5ShmC marks. This finding suggests a model in which
TET proteins and DNMT3A act concomitantly on canyon borders. The functional role in
chromatin dynamics and epigenetics of the valleys and canyons is unknown.

The Guardians of DNA Methylation

CpG methylation is mediated by a family of DNA methyltransferases (DMNT) that regulate
both maintenance (DNMT1) and de novo (DNMT3A/B) methylation in the genome [12,
13]. During replication, DMNT1 adds methyl groups to the newly synthesized DNA strand
ensuring the preservation of DNA methylation patterns during proliferation [14, 15]. De-
novo methyltransferases, DMNT3A and DMNT3B, establish new DNA methylation
patterns [16]. Antagonists of DNMT function have been identified in recent years that
directly target 5mC for demethylation and have also emerged as key tumor suppressors of
hematopoietic malignancy. The Ten-eleven-translocation enzymes (TET1, TET2 and TET3)
progressively oxidize 5mC to 5-hydroxymethylcytosine (5ShmC), 5-formylcytosine (5fC) and
5-carboxylcytosine (5caC) [17, 18]. The oxidized forms of 5mC promote DNA
demethylation through either active pathways involving base excision repair [19] or
passively, by blocking re-methylation of newly synthesized DNA during replication [20].

Mutation of DNA Methylation Pathways in Leukemia

DNMT3A mutations are found in 30% of acute myeloid leukemia (AML), 7-15%
myeloproliferative neoplasia (MPN) and 8% myelodysplastic syndrome (MDS) [21]. The
majority of these mutations are heterozygous and cluster in the methyltransferase domain
resulting in a truncated protein [22]. Approximately 60% of the missense mutations occur in
the residue R882 causing decreased catalytic activity of the enzyme [23]. DNMT3A
functions as an oligomer and the heterozygous dominant negative mutation R882H inhibits
the wild type enzyme by disrupting its ability to homotetramerize resulting in 80% loss of
methyltransferase activity [24]. Accordingly, the genomes of AML cases with DNMT3A
mutation at R882 show an overall reduction in CpG methylation that was not found in cases
with non-R882 mutation [24]. DNMT3A loss-of-function promotes a progressive expansion
of long-term hematopoietic stem cells, probably due to an inability to properly repress self-
renewal [25]. Moreover, conditional ablation of both Dnmt3a and Dnmt3b in mice result in a
stem cell expansion and block in differentiation [26], indicating that de-novo DNA
methylation is essential for normal HSC self-renewal and hematopoietic lineage
commitment.

Loss-of-function mutations in TET family members are also prevalent in hematopoietic
malignancy suggesting that cytosine demethylation imparts an important tumor suppressive
role [27-29]. TET1 was first identified and cloned as a fusion partner with MLL in AML
leading to the discovery of the gene family. However it is mutated in only 1% of de-novo
AML patients [30]. TET3 mutations are very infrequent in myeloid malignancies and it has
been found occasionally mutated in peripheral T-cell lymphomas and some chronic

Trends Cancer. Author manuscript; available in PMC 2017 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Guillamot et al.

Page 4

lymphoblastic leukemia [31, 32]. TET2 instead is one of the most frequently mutated genes
in myeloid disease comprising AML (7-23%), Chronic Myelomonocytic Leukemia
(CMML) (50%) and MDS (10-20%) [28, 29, 33]. Somatic deletion and loss-of-function
mutations constitute 67% of the TET2 mutations while 33% of the mutations are missense
mutations targeting the catalytic domain. Despite enrichment for heterozygous mutations, no
evidence of a dominant-negative effect from mutation in TET2 has been reported.

TET catalytic activity can also be indirectly impaired by mutation of isocitrate
dehydrogenase enzymes IDH1 and IDH2 [34]. In normal cells the IDH enzymatic activity
converts isocitrate to a-ketoglutarate (a-KG), an essential cofactor for TET proteins and
other epigenetic regulators such as the histone demethylase family of Jumonji proteins [35].
Initially, mutations in IDH genes were identified in glioblastomas. Subsequently, additional
mutations have been identified in other blood tumors, namely 16-19% in AML, 2-5 % in
MPN and 3 % in MDS [36, 37]. Missense mutations in the conserved residues R132 in
IDH1 and R140 or R172 in IDH2 result in 2-hydroxyglutarate (2-HG) oncometabolite
production instead of a-KG, thereby impeding TET protein activity. Indeed, IDH1/2-mutant
AML is associated with more extensive promoter hypermethylation compared to other AML
subtypes, indicating that aberrant cytosine methylation at specific loci may be causative in
leukemogenesis [38].

Fingerprinting Malignant DNA Methylomes in Leukemia

Aberrant DNA methylation patterns are a characteristic feature of many cancers [39].
Hypermethylation of CpGs in the promoters of specific tumor suppressor genes was initially
described as a hallmark feature of many cancer cells (refs) whereas global hypomethylation
has been associated with genomic instability [40, 41]. Interestingly, large-scale genome-
wide promoter DNA methylation profiling has revealed patterns that correlate with specific
genetic and molecular subtypes of AML cases [4, 42]. In AML patients with DNMT3A
R882 mutation there was no significant difference in global methylation levels compared to
AML genomes without DNMT3A mutation when analyzed by mass spectrometry. In
addition, promoter MeDIP-chip studies revealed 182 hypomethylated genomic loci [45].
Hypomethylation at CGI shores [24] and promoter CGls of homeobox transcription factors
have also been identified in AML R882 leukemia [46]. However these hypomethylated loci
did not correlate with changes in expression of neighboring genes. Quantification of global
5hmC levels, by DNA dot blot or mass spectrometry, have shown that TET2 mutations
correlate with a significant reduction in the levels of genomic 5hmC [47]. Figueroa et al.
observed that TET2-mutated de-novo AMLs have 129 hypermethylated promoters
compared with CD34+ bone marrow cells from healthy controls. [38]. Moreover, In TET2
mutant CMML samples, differentially hypermethylated CpG regions are enriched in
enhancers, whereas promoter CGls do not show significant changes compared to non-
mutated samples [48]. Interestingly, IDH1/2 and TET2 mutations in patients tend to be
mutually exclusive and both mutations confer an overlapping DNA hypermethylation
signature [38, 49].

The conclusions from these studies suggest that aberrant methylomes are associated with
leukemic transformation. However, the impact of these epigenetic changes in the
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transcriptome is still unclear. Whole-genome methylation analysis to assess DNA
methylation status in non-coding regions of the genome such us enhancers (Figure 1) and
additional 5-hmC profiling studies may help elucidate the complex role of DNA methylation
in leukemia.

DNMT, TET and IDH Mechanistic Studies In Vivo

In deletion and knock-in mouse models, Dnmt3a ablation [25], Tet inactivation [27, 51-54]
or ldh mutant overexpression [55-57] have all been shown to cause progressive expansion
of long-term hematopoietic stem cells. Dnmt3a-deficient mice do not develop spontaneous
myeloid leukemia. However, mapping of DNA methylation patterns in Dnmt3a-null HSCs
reveals differentially hypomethylated and hypermethylated gene patterns compared to wild-
type cells. Although, a core set of genes crucial for HSC self-renewal (Gata3, Runx1,
Homeobox transcription factors) and malignancy-promoting factors (Prdmi16, Sat1, Ccndl,
Myc, Mn1, Msi2, Menl, Erg) show CGI hypomethylation and increased expression levels,
their role in human AML has not been properly demonstrated. Whole genome bisulfite
sequencing (WGBS) of Dnmt3a-null stem and progenitor cells revealed alterations in the
edges of DNA methylation canyons, specially in those enriched in 5-hmC (Figure 1a) [10].
Expressed canyon-associated genes were significantly enriched for differentially expressed
genes in humans with AML with and without DNMT3A mutation. This finding suggests a
model in which TET proteins and DNMT3A act concomitantly on canyon borders. In
addition, transgenic overexpression of the R882H mutation in mice causes a progressive
MDS-like phenotype characterized by anemia, dysplastic features, and a block in erythroid
differentiation [58]. Lethally irradiated mice transplanted with Dnmt3a-null HSCs develop a
spectrum of leukemias (including MDS, AML, primary myelofibrosis, and T- and B-cell
acute lymphoblastic leukemia within a year. Global hypomethylation was observed in all of
the malignancies [59]. Taken together, these data support the notion that alteration in
DNMTS3A activity causes aberrant DNA methylation patterns contributing to an expansion
of pre-leukemic stem cells.

Several murine mouse models have shown that Tet2 loss of function increases self-renewal
and impairs normal hematopoietic differentiation resulting in a progressive expansion of the
progenitor ckit+ compartment, increased GMP frequency, myeloid and erythroid expansion
and splenomegaly from approximately 6 months of age [27, 51-54]. In addition, Tet2 loss in
an AML1-ETO background originates widespread DNA hypermethylation affecting up to
25% of active enhancer elements associated with down-regulation of neighboring genes [54]
(Figure 1b).

Conditional knock-in of the IDH1 (R132H) mutation in the mouse hematopoietic
compartment causes 2-HG production and expands the hematopoietic progenitor pool. Idhl
mutant knock-in mice develop anemia, splenomegaly, and extra-medullary hematopoiesis
(8-9 months of age) [55]. DNA methylation profiling of progenitor cells from the
hematopoietic compartment confirmed the genome-wide trend towards hypermethylation
seen in IDH1-mutant patients [38]. These functional, epigenetic, and genetic data suggest
that TET2 and IDH mutations drive a similar pathway in pre-leukemic transformation
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Prognostic Relevance of Aberrant DNA Methylation in Leukemia

Although focal DNA hypermethylation in the context of global hypomethylation is
characteristic of AML, this deregulation is not uniform across the spectrum of these myeloid
diseases. DNA methylation patterns strongly correlate with specific genetic and molecular
subtypes of AML. It has been demonstrated that the methylation status of specific genes can
predict the future survival of AML patients suggesting that DNA methylation is a biomarker
for clinical outcome [4, 44, 61]. A microsphere-based multiplex technique called MELP
(microsphere Hpall tiny fragment enrichment by ligation-mediated PCR) has been proposed
as an inexpensive platform for simultaneous evaluation of DNA methylation at multiple loci
[60]. Similarly, the analysis of DNA methylation of as few as 10 genes in patients with
MDS has prognostic significance [62].

In contrast, the mutation status of the enzymes regulating DNA methylation has been
associated to variable prognosis. DNMT3A-mutant AML has been linked to poor prognosis,
anthracycline resistance and clonal tumor relapse in some studies [45, 63, 64]. Initially, the
prognostic significance of TET2 mutations was unclear given contradictory findings [28, 33,
65]. However, in a study incorporating the largest number of patients, TET2 mutations in
cytogenetically normal AML conferred a poor prognosis [63]. In patients with MDS and
secondary AML, TET2 mutation predicted a high response rate to 5-azacytidine compared
to TET2-wild-type [66], however, no overall effect on survival was reported. In contrast,
another study determined that TET2 alterations in a similar cohort of patients might actually
predict for decreased responsiveness to demethylating therapies [67]. Discrepancies in
prognostic significance could be due to heterogeneity in the mutational landscape of patients
[68]. Indeed, IDH mutations have been associated with a favorable prognosis in co-
occurrence with NPM1, while variable prognoses have been associated with co-occurrence
of IDH and FLT3 mutations [69].

DNA Methylation Heterogeneity in Clonal Pre-leukemic Transformation

Mouse models of mutations and loss of function in DNA methylation modifiers have shown
that HSCs acquire an early onset self-renewal advantage and clonal expansion that resemble
pre-leukemic lesions. Acquisition of a secondary mutation may promote transformation and
expansion of a dominant clone generating distinct myeloid neoplasms, (AML, MDS and
MPNSs) [70]. It has been shown that human HSCs purified from patients with AML can
harbor DNMT3A mutations in the absence of other common leukemia-associated mutations.
DNMT3A-mutant HSCs were also found to be resistant to chemotherapy and tumor relapse
correlated with the acquisition of secondary mutations [45, 72]. In this study blood cells of
5-6% of people older than 70 years contain mutations that may represent premalignant
lesions that promote clonal hematopoietic expansion. The order in which mutations are
acquired during AML transformation has been shown to influence the clonal evolution and
clinical features of patients [73]. DNA methylation patterns characterize distinct forms of
AML [4] and that progression from MDS to AML has been associated with increased
aberrant DNA methylation [61]. Therefore, tumor clonal evolution could be explained by
increased DNA methylation heterogeneity. Indeed, in chronic lymphocytic leukemia (CLL),
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disordered methylation plays a similar role to that of genetic instability in that it increases
the likelihood of transformation [74].

Epigenetic Dysregulation in Lymphoma

B and T lymphocytes of various developmental stages and immunophenotype can give rise
to lymphoma, also known as non-Hodgkin lymphoma (NHL) [75-77]. Diffuse Large B-cell
lymphoma (DLBCL), Follicular Lymphoma (FL) and Mantle cell lymphoma (MCL) are the
most common B-cell lymphoma and together comprise over 60% of all Non-Hodgkin’s
lymphoma (NHL). Peripheral T-cell lymphoma (PTCL) constitutes approximately 10% of
NHL and can be further divided into at least 7 subtypes, with anaplastic large cell lymphoma
(ALCL), peripheral T-cell lymphoma-not otherwise specified (PTCL-NOS), and
angioimmunoblastic T-cell lymphoma (AITL) forming the majority of PTCL. Recent
genomic studies in patients with B-NHL [78, 79] and PTCL [31, 80] have revealed that
epigenetic modifiers, including histone modifying enzymes and regulators of DNA
methylation such as TET2, DNMT3A and IDH2, are amongst the most frequently mutated
genes.

DNA Methylation Status as a Biomarker of Lymphoma and Myeloma

B and T cell lymphoma with different histological subtypes are associated with distinct
global DNA methylation states [81, 82]. DLBCL consists of two subtypes, germinal center
B-cell like (GCB) and activated B-cell like (ABC) originally identified based on their gene
expression patterns [83]. Subsequent studies have shown that GCB and ABC lymphomas
can also be distinguished on the basis of differential methylation patterns affecting gene
pathways related to cytokine signaling, germinal center B cell and NFxB signaling known to
be dysregulated in these subtypes [84]. Hypermethylation of key genes involved in cell
cycle regulation, survival signaling and DNA repair can also differentiate FL (germinal
center tumors) from MCL (pre-germinal center) and B-CLL/SLL (pre- or post-germinal
center tumors) [85]. WGBS analysis in Burkitt lymphoma, another germinal center derived
B cell neoplasm, compared to FL showed that all tumor samples were globally
hypomethylated when compared to normal germinal center B cells however the extent and
variability of DNA methylation was distinct between the two tumor groups [86]. DNA
methylation was found to associate specifically with down-regulation of nuclear factor (NF)-
kB, hyper-methylation of JAK-STAT signaling pathway genes and the upregulation of cell
cycle control genes in Burkitt lymphoma [86].

DNA methylation correlates with progression in Multiple Myeloma

Multiple myeloma (MM) is an incurable and aggressive clonal proliferation of plasma cells
in the bone marrow that often arises from a premalignant state known as monoclonal
gammopathy of undetermined significance (MGUS) [87]. MGUS and MM cells can also be
distinguished from normal plasma cells on the basis of DNA methylation patterns. Most
malignant cells display distinct regions of hypermethylation at promoters of tumor
suppressor genes and B cell specific enhancers [88] embedded in global hypomethylation
[89]. The progression from MGUS to MM is associated with increased hypomethylation in
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the absence of additional hypermethylation [88]. These data suggest that a disease-
associated methylation signature can already exist in pre-malignant lymphoid cells.

Whether methylation signatures reflect the stage of normal lymphoid maturation from which
B cell neoplasms arise or etiology of the disease is still under investigation. WGBS and
high-density microarrays were recently used to analyze the DNA methylome of the entire
human B cell differentiation program from stems cells to plasma cells [90]. Normal B cell
differentiation leads to progressive DNA demethylation and is associated with massive
reconfiguration of the DNA methylome during the germinal center reaction [90, 91].
Differentially methylated sites in B cell neoplasms overlapped with those undergoing
dynamic methylation during normal differentiation. Comparing the DNA methylation
profiles of normal B cells and their malignant cell counterparts, hypomethylation in DLBCL
and MM predominantly affected CpGs in heterochromatin in contrast to hypomethylation in
ALL that showed enrichment for CpGs in enhancers [90]. Hypermethyation of Polycomb
repressed regions was also an epigenetic hallmark of most B cell neoplasms except for MM
cells that already share this feature with their normal plasma cell counterpart and instead
show hypermethylation of B cell specific enhancers [88, 90].

DNA Methylation Heterogeneity is a Risk Factor for Lymphoid Malignancies

Epigenetic factors have been shown to contribute to the heterogeneity of lymphoma, both
within (intra-tumor) and between individual (inter-tumor) lymphoma patient samples. DNA
methylation heterogeneity is higher in FL and DLBCL compared to normal mature B cells,
increases with disease severity and a higher degree of heterogeneity is associated with a
poor prognosis [92-94] (Figure 2). In MM, methylation heterogeneity is even greater than in
DLBCL, ranging from global hypo- to hypermethylation when compared to normal plasma
cells or other lymphoid malignancies [88, 95] and MGUS are less heterogeneous than MM
patients [88], again suggesting that an increase in methylation heterogeneity is associated
with disease progression. DNA methylation patterns in DLBCL correlate with distinct
lymphomagenic factors such as BCL6 or EZH2 mutation in a target-specific fashion and
through spreading to neighboring promoters in the absence of insulator elements such as
CTCF [92, 93].

A relapse-associated methylation signature has also been identified in DLBCL. SMADL, a
regulator of TGF-f receptor activity, was found to be hypermethylated in chemoresistant
DLBCL and its reactivation by exposure to low dose DNMT inhibitor, 5-azacitdine, was
required for chemosensitization [96]. By characterizing the DNA methylome of DLBCL at
diagnosis and relapse another study discovered a core set of genes that became aberrantly
methylated at relapse, including SMAD®G and other regulators of the TGF- pathway [93]. In
addition, when intra-tumor methylation heterogeneity was compared at diagnosis and
relapse in DLBCL, a model of evolutionary fithess emerged. Relapsed patients had a higher
degree of methylation heterogeneity at diagnosis but lower heterogeneity at relapse
compared to non-relapsed patients [93]. A greater degree of epigenetic heterogeneity at
diagnosis may increase the probability that a resistant sub-clone will survive upon treatment.
Importantly, intra-tumor methylation heterogeneity did not clearly correlate with genetic
clonal heterogeneity in this study, suggesting there are as yet unknown mechanisms that
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could uncouple epigenetic and genetic clonality in tumors. Further characterization of DNA
methylation patterns in various lymphoma subtypes, chemoresistant or relapsed patients and
monitoring the epigenetic clonal evolution of this disease may help facilitate both diagnosis
and clinical treatment.

TET2, DNMT3A and IDH2 Mutation in Lymphoma

In human lymphoid malignancies, several common mutations have been characterized
linking B and T-cell lymphoma with myeloid cancer that converge on the deregulation of
cytosine methylation. TET2 is mutated or deleted in 6-12% of DLBCL [52, 97], 19-51% of
PTCL [31, 80] and up to 76% of AITL [52, 97-99] making it the most common genetic
lesion associated with this disease. Methylation profiling of DNA from AML patients led to
the first observation that TET2 mutant AMLSs are characterized by a hypermethylation
phenotype [38]. Genome-wide profiling of DLBCL patients has also identified a TET2
mutant hypermethylation signature compared to TET2 wild-type DLBCL [97]. The
prognostic relevance of TET2 mutation in B cell lymphoma is as yet unknown.

Unlike TET2 mutations, which are found in both B and T-cell lymphoma, mutations in IDH
and DNMT3A are strikingly absent in B cell malignancies yet prevalent in T-cell lymphoma.
Mutations in IDH in myeloid malignancy also promote DNA hypermethylation [38, 55] by
generating the oncometabolite 2-HG instead of a-KG, the substrate normally required for
TET catalytic activity [100]. In AITL, IDH2 mutations exclusively at R172 have been found
in approximately 20-45% of patients [98, 101]. DNMT3A mutation occurs in 11-33% of
AITL patients [31, 80, 98, 99], making these epigenetic regulators some of the most
frequently mutated genes along with TET2 in this disease. In T-cell lymphoma, TET2
mutations have been associated with advanced stage disease, and a shorter progression free
survival [102]. However IDH2 mutation alone did not show prognostic value, possibly due
to low numbers in the cohort or heterogeneous treatment regimens in the patients studied
[101].

IDH mutations in AITL have the potential to indirectly inactivate TET enzymatic activity.
However, unlike the mutual exclusivity often seen in AML between IDH and TET2
mutations, AITL patients can accumulate mutations in both genes [31, 98, 101] (Figure 3).
In addition, AITL and PTCL-NOS harbor DNMT3A mutations that co-occur with TET2
mutations at a high frequency (73-100% of cases) [31, 98, 99]. In some cases, mutation in
TET2 and DNMT3A were shown to arise in T-cell lymphoma patients with a previous
history of MDS. In this study DNMT3A was found to be mutated prior to TET2 indicating
that the two diseases may have a common ancestry [99]. Clonal evolution of biallelic
mutations in TET2 has also been described in CD34+ cells of a patient that developed both
B cell lymphoma and AML [52]. Together these studies provide further evidence of stem or
progenitor cell contribution to lymphomagenesis.

Modeling TET Loss of Function in Lymphoma

The impact of TET2 mutation on DNA methylation status in T cell lymphoma has not been
tested rigorously. However, a recent study has reported that loss of Tet2 function in mice
leads to a phenotype resembling T lymphoma after a long period of latency (>1 year) [103].
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The Tet2-deficient T lymphoma cells in mice arise from CD4 T cells that display follicular
T helper cell (Tgp)-like features (CD4+, PD1+, CXCR5+) [103]. This finding is consistent
with the prevalence for TET2 mutation in PTCL of Tgy cell origin such as AITL and a
subset of PTCL-NOS with T-gy-like features [102]. Methylation and hydroxymethylation
analysis comparing normal T cells and Tet2-deficient lymphoma CD4 T cells in mice
revealed greater increases in 5mC across TSS, gene body and CpG islands than losses in
5hmC [103]. An increase in 5mC specifically at an intronic silencer region of Bcl-6 was
associated with upregulation in expression [103]. Bcl-6 is a master regulator of Try
differentiation [104], is oncogenic when overexpressed and drives DLBCL [105]. How
hypermethylation can influence the activity of both enhancer or silencer regions of the
genome has been overlooked in many studies that focus on promoter methylation analysis
and may help shed light on what is often a perplexing lack of correlation between locus
specific DNA methylation changes and gene expression in the literature.

Using genetic models of TET1 deletion, our laboratory has shown that loss of TET1 function
promotes non-Hodgkin-like B cell lymphoma in mice [106]. TET1 mutations have been
reported at low frequency in AML (~1%) [107] compared to T-ALL (~14%) [108] and
translocations involving MLL and TET1 have been detected in AML [109], T cell lymphoma
[110] and B-ALL [111] however TET1 was not found to be mutated in several whole
genome and exome sequencing studies in B-NHL [78, 79]. Instead, it was shown that the
TET1 gene is silenced and its expression is significantly down-regulated in B-cell lymphoma
patients compared to normal mature B cells [106]. Multiple studies in solid tumors have
described a correlation between decreased expression of the TET proteins and loss of 5hmC
in the absence of mutation in these enzymes [112, 113]. Future studies that combine gene
expression and methylation status, specifically of epigenetic regulators, not just mutational
analysis, may help shed light on how epigenetic heterogeneity can become amplified in
lymphoma.

Targeting Aberrant DNA Methylation

Epigenetic treatments that target aberrant DNA methylation and silenced chromatin
approved by the FDA include histone deacetylase inhibitors (HDACIs), such as vorinostat
[114], and DNMT inhibitors (DNMTis), azacitidine and decitabine [115]. Multiple trials are
currently testing the efficacy of using DNA hypomethylating agents alone and in
combination with standard chemotherapy to treat patients with PTCL, MM, DLBCL, MDS
and AML [116-118]. Re-expression of tumor suppressors including apoptotic genes,
differentiation factors and cell cycle regulators, has been the main focus of epigenetic
therapies with the goal of removing aberrant silencing at these loci. However, given the
recent findings that link DNA methylation heterogeneity with a poor prognosis in lymphoma
[92, 94], pre-treating patients with HDACi or DNMTi may help level the epigenetic playing
field for standard treatment regimens. Recently it was shown that treatment of DLBCL with
low-dose DNMTi reprogrammed chemoresistant cells to become sensitive to standard
chemotherapy [96]. Removing epigenetic heterogeneity may provide a means to decrease
clonal diversity thus limiting the possibility that epigenetically resistant sub-clones can
survive treatment and drive relapse. Response rate to DNMTi in TET2 mutant MDS patients
is greater than TET2 wild-type [119] suggesting a dependency of these tumors on aberrant
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methylation for survival. However, it is not clear whether DNMT3A, IDH or TET2 mutation
status and prognosis in AML, MDS or PTCL correlates specifically with increased
epigenetic heterogeneity.

Concluding Remarks

Single-base resolution mapping of DNA methylation has greatly advanced the field of
epigenetics in the last few years. These studies have revealed how patterns in DNA
methylation are dynamic in both coding and non-coding genomic loci, can define leukemia
and lymphoma subtypes and predict disease aggression or therapeutic outcome. Previous
high-throughput studies in patients utilized bisulfite conversion or methylation-sensitive
digestion assays coupled with array technologies to determine DNA methylation changes in
the genome. These studies however were focused primarily on measuring DNA changes at
promoters and CpG islands and did not differentiate between 5mC or 5hmC, as both
residues are protected during the bisulfite-conversion reaction. Recent studies have shown
that enzymatic and chemical treatment of DNA (oxidation or reduction) alone or coupled
with bisulfite conversion can allow for single-base resolution mapping of 5mC, 5hmC, 5fC
and 5caC [120-125], paving the way for future sequencing studies to map these DNA
methylation intermediates in the genome. Given the accumulating evidence of a role for
TET proteins as tumor suppressors in many human malignancies along with DNMT3A and
IDH, these studies will provide essential mechanistic insight into the regulation of cytosine-
modification patterning in normal or malignant hematopoiesis. In addition, DNA
methylation sequencing can now be successfully carried out at the single-cell level [126,
127]. The imperative of single-cell studies should be to track DNA methylation clonal
heterogeneity in leukemia, lymphoma or myeloma at diagnosis and relapse. The ability to
identify epigenetic signatures associated with sub-clonal populations that can harbor cell-
intrinsic treatment resistance will be the goal of these studies (See Outstanding Questions
Box). The collective information from both genetic and epigenetic sequencing studies
should greatly improve our understanding of how to combat these hematopoietic diseases
and provide a rationale for targeting aberrant DNA methylation in combination with
conventional chemotherapy.

Outstanding Questions

*  What is the molecular mechanism behind DNA methylation and chromatin
dynamics?

e Do 5hmC, 5fC and 5caC have unique roles in DNA methylation patterning,
chromatin dynamics and gene transcription?

» How does DNA methylation heterogeneity influence treatment resistance?

»  Can we predict tumor relapse based on the DNA methylation heterogeneity at
diagnosis?

e Should aberrant DNA methylation be targeted in combination with conventional
chemotherapy?

Trends Cancer. Author manuscript; available in PMC 2017 February 01.




1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Guillamot et al.

Acknowledgments

Page 12

This research was supported by the US National Institutes of Health 5SRO1CA194923, 1R01CA169784,
1R01CA133379, R0O1CA149655 and 5R01CA173636), the Leukemia & Lymphoma Society (TRP#6340-11 and
LLS#6373-13), The Chemotherapy Foundation, The V Foundation for Cancer Research, Alex’s Lemonade Stand
Foundation for Childhood Cancer, St. Baldrick’s Cancer Research Foundation and the Howard Hughes Medical
Institute (I.A.). The work was also supported by the New York State Department of Health (#C0030132).

Glossary Box

Canyons

CpG islands
(CGls)

CGl shores

Epigenetic inter-
tumor
heterogeneity

Epigenetic intra-
tumor
heterogeneity

Promoter CGls

Valleys

Whole-genome
bisulfite
sequencing
(WGBS)

References

conserved large (at least 5kb) low-methylated regions of the
genome

DNA regions enriched in cytosine nucleotides followed by guanine
nucleotide. Cytosines in CpG context can be methylated to form 5-
methylcytosine. In mammal genomes around 20% of CpGs are
dynamically methylated

CpG-enriched regions located up to 2kb away from the promoter
CGls

epigenetic variations found in different patient samples of the same
type of tumor

distinct cellular populations showing specific epigenetic patterns
within a tumor

short CpG-enriched regions in the promoter of a gene. 70% of the
mammalian genes harbor CGls in their respective promoters, most
of them unmethylated. Unmethylated promoter CGls correspond to
nucleosome free regions at the transcription start site of the gene.
Hypermethylation of promoter CGls is associated with repression
of gene transcription

large genomic domains that are generally devoid of DNA
methylation that are enriched in developmental genes (see also
“Canyons”)

Bisulfite treatment converts cytosine residues to uracil, but leaves
5mC and 5hmC residues unaffected. Bisulfite-treatment of genomic
DNA coupled with high-throughput sequencing techniques allows
for single-base resolution mapping of methylation patterns
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Trends Box

e Mutations in DNA methylation enzymes (DNMT3A, TET1/2 and IDH1/2) are
frequent in leukemia and lymphoma.

» Dynamic DNA methylation patterns in coding and non-coding regions are found
during hematopoietic transformation.

e Aberrant DNA methylation can define leukemia and lymphoma subtypes,
predict disease aggression and therapeutic outcome.
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Figure 1. DNA methylation dynamics in normal and malignant hematopoiesis
A) Mammalian cells show 70-80% of global methylation in their genome. Large

hypomethylated regions called “canyons” are enriched in H3K4me3 and/or H3K27me3.
Edges of the canyons, especially those enriched in H3K4me3 show 5hmC marks. DNMT3A
has been shown to play an important role in the maintenance of canyons. Dmnt3-null HSCs
show normal global DNA methylated levels but alterations at canyon edges. Canyons
occupying active chromatin (H3K4me3) usually expand and are enriched in hematopoietic
stem cells genes (Meisl, Hox) that are known to be dysregulated in leukemia. Quiescent
canyons (H3K27me3) do not expand with DNMT3A loss and often shrink suggesting that
DNMTS3B activity or other mechanisms drive the hypermethylation phenotype. DNMT3A
mutant AML cells show global hypomethylation and newly formed hypomethylated valleys
in their genome compared to normal cells. B) Hypomethylated areas of the genome are
enriched in active regulatory elements such us enhancers and promoters. Hypomethylated
CGls and shores are enriched in active and poised genes, while hypermethylation of CGls is
related to gene silencing. Proper balance between DNMT3 and TET activity determine the
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DNA methylation status of CpGs. 5mC and 5hmC in genes bodies correlate to active
transcription and exon splicing while 5caC interacts with RNA Pol Il during elongation. C)
DNMT3A mutant HSC and AML cells, display both differentially hypomethylated and
hypermethylated CGls. Hypomethylated CGls are enriched in genes related to hematologic
malignancies like Prdm16, Satl, Ccndl, Myc, Mn1, Msi2, Men1, Erg and Runxl1. Changes
in gene expression do not correlate with differentially methylated CGls. TET2 mutant
CMML patients and Tet2-null HSCs show a global increase in DNA methylation. In an
AML mouse model (AML1-ETO) Tet2 depletion promotes hypermethylation of enhancers
related to tumor suppressor genes. The activity of DNMT3 and TET proteins at the same
genomic sites may suggest that these loci are tightly controlled by the balance of DNA
methylation. The reported poor correlation between changes in methylation and gene
expression in both mouse models and human samples may reflect non-coding and
transcription independent roles for DNA methylation.
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Figure 2. DNA methylation heterogeneity in mature B cell lymphoma
A) DNA methylation heterogeneity increases in germinal center B cells most likely as a

result of sub-clonal expansion during an immune response. B-cell lymphomas display
increased intra-tumor and inter-tumor methylation heterogeneity, ranging from hypo- to
hyper-methylation when compared to normal B cells. MM shows the highest degree of DNA
methylation heterogeneity compared to DLBCL and FL. B) Increased DNA methylation
heterogeneity is associated with disease progression. A higher level of heterogeneity at
diagnosis increases the risk of relapse. Relapsed tumors often display lower methylation
heterogeneity than at diagnosis suggesting clonal evolution. A higher degree of DNA
methylation heterogeneity at diagnosis may increase the probability that treatment-resistant
clones can survive to promote relapse.
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Figure 3. Co-mutation in regulators of cytosine methylation in AML and PTCL
A) In de-novo AML patients, mutation in DNMT3A is more frequent than IDH1/2 or TET2

and co-occurs with both enzymes independently, given that TET2 and IDH mutations are
mutually exclusive. Mutation frequencies are shown per gene outside the venn diagram and
in co-occurrence with DNMT3A within overlapping segments. B) Subsets of PTCL, in
particular AITL and PCTL-NQOS, have a high prevalence of TET2 mutation (>70%) that co-
occurs 73-100% of the time with DNMT3A mutation. IDH1 is never seen to be mutated in
these patients however IDH2 mutations readily co-occur with TET2 mutation and DNMT3A
showing that co-mutation in all three genes is a distinct feature of T-cell lymphoma.
Mutation frequencies are shown per gene and in co-occurrence with each other outside the
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venn diagram, or together in co-occurrence with TET2 mutations within the overlapping
segment. Frequencies are representative of recent sequencing studies in AML [45, 63, 107,
138] and PTCL [31, 80, 98, 99, 102].
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