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Introduction

Hematopoietic stem cells (HSCs) that reside in the bone 
marrow (BM) ensure lifelong blood and BM homeostasis 
by giving rise to all cells of the hematopoietic lineages, 
while maintaining self-renewal capacity. Hematopoiesis 
proceeds in a hierarchical manner, giving rise to progeni-
tors with limited self-renewal ability that differentiate into 
lineage-restricted cells, eventually giving rise to all the 
various cells of the immune–hematopoietic system. The 
balance between HSC self-renewal and differentiation is 
tightly controlled by number of mechanisms that include 
transcription factors, signal transduction pathways, and 
niche factors (Reviews 1–4). In addition, recent studies 
provided overwhelming evidence suggesting that epige-
netic factors, such as DNA methylation, act in concert with 
these transcriptional factors to ensure hematopoietic home-
ostasis. Improper orchestration of epigenetic mechanisms 
that control this balance can cause aberrant HSC function 
and induce a number of hematologic disorders/malignan-
cies, such as leukemias and lymphomas, myeloproliferative 
neoplasms (MPN), myelodysplastic syndromes (MDS), 
and multiple myeloma (MM) (Reviews 1–4).

In the mammalian genome, DNA methylation of CpG 
dinucleotides is one of the most common forms of epige-
netic modifications, and is essential for normal develop-
ment, influencing processes such as, X-chromosome inac-
tivation, genomic imprinting, and chromosome structure 
and stability [5, 6]. DNA methylation is catalyzed at CpG 
sites by at least three different DNA methyltransferases 
(DNMTs) [7]: DNMT1, DNMT3A, and DNMT3B, by 
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transferring a methyl group to the fifth carbon of a cytosine 
residue to form 5-methylcytosine. DNMT3A and DNMT3B 
are known as de novo DNMTs and can establish new meth-
ylation patterns to unmodified DNA [8, 9]. DNMT1 acts 
as a maintenance methyltransferase by recognizing hemi-
methylated DNA and copying the pre-existing DNA meth-
ylation pattern from the parental DNA strand onto the newly 
synthesized daughter strand during replication [10].

The importance of proper orchestration of DNA methyl-
ation throughout mammalian development is made evident 
through mouse models of germline gene deletion which 
show that constitutive loss of Dnmt1 causes developmen-
tal termination at gastrulation [11]. Dnmt3b-null embryos 
exhibit growth impairment and neural tube defects caus-
ing termination of development at E9.5, and Dnmt3a-null 
mice appear normal at birth but shortly thereafter growth 
is severely stunted and mice die at approximately 4 weeks 
of age [9]. Germline Dnmt3a/3b double knockout embryos 
terminate shortly after gastrulation as indicated by a lack 
of somites in mutant embryos [9]. To date, the precise 
mechanism of how DNA methylation patterns influence 
gene expression and how they vary between cell types is 
still poorly understood. However, transcriptional repression 
via DNA methylation is thought to occur through a number 
of mechanisms such as direct inhibition of transcriptional 
activators from their target promoters, the recruitment of 
co-repressor complexes by methyl CpG-binding proteins 
that recognize methylated regions of DNA, and co-opera-
tion with histone modification proteins leading to structural 
changes in the chromatin. In this review, we explore current 
knowledge of the innate functions of the aforementioned 
DNA methyltransferases in hematopoiesis and the conse-
quences of mutations in these proteins that lead to hemato-
logical malignancies.

Role of DNMTs in normal hematopoiesis

DNMT1

The maintenance Dnmt, Dnmt1, has been shown to be 
essential for HSC self-renewal, niche retention and multi-
lineage hematopoietic differentiation [12, 13]. The con-
ditional knockout (KO) of Dnmt1 in the hematopoietic 
system using the Mx1-Cre driver leads to severe genomic 
hypomethylation in HSCs, which is followed by hemat-
opoietic pancytopenia and a rapid death within 10 days 
post-induction by injection of polyinosinic:polycytidylic 
acid (pIpC). Deletion of Dnmt1 in hematopoiesis elimi-
nates HSCs and bone marrow progenitors by the induc-
tion of cell-autonomous apoptosis [12]. There is, however, 
a controversy in the aforementioned effect of conditional 
knockout of Dnmt1 in HSCs of primary mice due to the 

finding by Trowbridge et al. in the same year that Mx1-
Cre:Dnmt1fl/fl mice appear healthy and exhibit normal 
hematopoiesis for at least 12 weeks post-pIpC treatment 
[13]. This difference in overall survival between two stud-
ies may potentially be attributed to discrepancies in pIpC 
dosing regimen.

Based on competitive bone marrow transplant experi-
ments, total engraftment potential of Dnmt1-KO HSCs 
towards peripheral blood contribution was significantly 
impaired over the period of 20 weeks post-transplant [13]. 
The lack of Dnmt1 in HSCs leads to a greater reduction in 
myeloid lineages as opposed to lymphoid lineages. It has 
been proposed that acute loss of the mature myeloid line-
ages caused by increased cycling coupled with defects in 
differentiation of Dnmt1-KO HSCs to replace these cells 
may be the major mechanism by which the myeloid pool is 
lost acutely [13]. In contrast with complete loss of Dnmt1 
in HSCs, mice with hypomorphic expression of Dnmt1 are 
viable and exhibit a milder impairment of hematopoiesis 
[12]. These data reveal that a critical threshold of DNA 
methylation is required to maintain HSC self-renewal, dif-
ferentiation and proper lineage distribution.

DNMT3A

Initial retroviral-based studies suggested that conditional 
deletion of Dnmt3a or Dnmt3b in adult HSCs had no major 
impact on self-renewal and differentiation [14]. How-
ever, given the high prevalence of DNMT3A mutations in 
hematopoietic disorders and malignancies, the roles of both 
Dnmt3a/3b in HSCs were more recently re-evaluated [15, 
16]. Conditional deletion of Dnmt3a (henceforth referred to 
as Dnmt3a-KO) in hematopoiesis using the Mx1-Cre driver, 
expands adult HSC numbers upon serial transplantation 
while impairing their ability to differentiate on a per HSC 
basis. Although the ability of Dnmt3a-KO HSCs to differ-
entiate is relatively impaired, their self-renewal potential is 
drastically increased with an average of tenfold enhance-
ment after secondary transplantation that is persistent even 
after four rounds of transplantation. This increased self-
renewal potential of Dnmt3a-KO HSCs allows them to 
significantly outcompete their wild-type counterparts and 
accumulate in the bone marrow. In addition, most Dnmt3a-
KO HSCs in bone marrow are quiescent similar to wild-
type HSCs, leading to notion that their competitive advan-
tage arises from defects in cell fate decisions that control 
self-renewal vs differentiation [15]. Analysis of DNA meth-
ylation together with gene expression changes in Dnmt3a-
KO HSCs and their progeny suggested that the stem cell-
specific genes were unable to be repressed in the absence of 
Dnmt3a, allowing the HSC self-renewal to be sustained and 
thereby inhibiting differentiation [15]. Some of the genes 
involved in HSC self-renewal, which might partly account 
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for this phenotype, include Runx1, Gata3 and Nr4a21 [5]. 
It has been previously shown that overexpression of Runx1 
[17] and Gata3 [18] in normal HSCs inhibits differentia-
tion, whereas Nr4a2 overexpression forces HSCs into qui-
escence [19]. Although this work underlines the importance 
of Dnmt3a in HSC function, there are still several enig-
matic aspects which remain unclear. For example, loss of 
Dnmt3a induced both hypo- and hyper-methylation within 
different promoters and there was little correlation between 
changes in methylation and differential gene expression in 
the mutant HSCs. It has been hypothesized that increase in 
methylation might be due to abnormal activity of Dnmt3b, 
suggesting that both de novo methyltransferases might 
function in synergy to regulate hematopoiesis [16].

DNMT3B

The function of Dnmt3b in hematopoiesis and its syner-
gistic role with Dnmt3a is made available by the condi-
tional inactivation of Dnmt3b (henceforth referred to as 
Dnmt3b-KO) in adult HSCs either alone or combination 
with Dnmt3a [16]. Loss of both Dnmt3a and Dnmt3b 
(henceforth referred to as dKO) in HSCs suggested a 
cooperative mode of action, which resulted in enhanced 
HSC self-renewal and a more severe block in differentia-
tion than in Dnmt3a-KO HSCs, although loss of Dnmt3b 
alone did not produce a phenotype compared to control 
HSCs. When Dnmt3b-KO and dKO HSCs are forced dif-
ferentiated in a transplant experiment, Dnmt3b-KO HSCs 
performed similarly to the control group in establishing 
peripheral blood chimerism, whereas dKO HSCs exhib-
ited marked reduction in all lineages. The same transplant 
setting also revealed that dKO HSCs underwent extensive 
self-renewal, approximately fivefold higher in HSC num-
bers compared to Dnmt3a-KO HSCs on a per-cell basis. 
These phenotypes were distinct compared to Dnmt3a-KO 
HSCs, and these data reinforce the notion that Dnmt3a and 
Dnmt3b functionally cooperate in hematopoiesis to enable 
HSC differentiation. Transcriptome analysis of dKO HSCs 
suggested upregulation of the β-catenin signaling pathway 
via twofold upregulation of Ctnnb1, and increased expres-
sion of its target genes including Ccnd1, PparϬ, Vegfα and 
Jag1 [16]. Constitutive activation of the β-catenin signal-
ing pathway has been previously implicated in HSC func-
tion [20], and has similar phenotypes to dKO HSCs, such 
as up to a 15-fold increase in HSC numbers and a sharp 
differentiation block [20]. These data suggest that activated 
β-catenin signaling may be partly responsible for the dif-
ferentiation deficit of dKO HSCs. Indeed, downregulation 
of Ctnnb1 in dKO HSCs can partly restore the differentia-
tion potential of dKO in vitro, suggesting that the β-catenin 
pathway contributes to HSC fate determination through 
potential epigenetic regulation via DNA methylation.

Based on these findings, it can be concluded that hemat-
opoietic homeostasis is at least partly regulated by DNA 
methylation-dependent control mechanisms, and all DNMTs 
are required for HSCs to undergo proper functional develop-
ment. For the sake of simplicity, we also summarized effect 
of most KO animal models available for DNMTs to date on 
normal and malignant hematopoiesis (Table 1).

Role of DNMTs in malignant hematopoiesis

DNMT3A

Since the early reports of DNMT3A mutations in AML and 
MDS patients in 2010 [21–23], mutations in DNMT3A 
have been frequently reported across a range of hemat-
opoietic diseases. Somatic mutations in DNMT3A occur 
in approximately 22 % [21, 24], 10 % [25, 26], and 8 % 
[27, 28], of patients with AML, MDS, and MPN, respec-
tively, and are associated with poor prognosis. Although a 
variety of mutations including missense, frame-shift, non-
sense, and splice-site mutations were identified through-
out the gene [29], the most prevalent mutation (or a muta-
tional hotspot) involved a substitution at residue 882 in the 
methyltransferase domain, generating the R882H variant 
(Fig. 1). This mutation acts as a dominant negative result-
ing in reduced catalytic activity [30, 31]. The functional 
relevance of most alternative mutations across this gene 
on promoting leukemogenesis are yet to be explored. 
Although it is widely accepted that DNMT3A loss in 
hematopoiesis is considered detrimental, there is still no 
consensus on the exact molecular pathways involved with 
reduced DNMT3A activity in AML patients. A correla-
tion has not yet been found between DNA methylation and 
gene expression in DNMT3A-mutant AML cells, which 
contributes to pathogenesis. A number of studies reported 
that there is no clearly defined cohort of genes or micro-
RNA expression signatures which are aberrantly regulated 
in between AML patients with DNMT3A mutations [32, 
33]. Due to the aforementioned lack of clarity in the role of 
DNMT3A mutations in AML, it has been challenging thus 
far to design and develop rationale for targeted therapies 
for DNMT3A-mutant AML patients. However, with the 
increasing availability of novel mouse models, research-
ers may soon be able to overcome these conflicts and gain 
a better understanding of role of DNMT3A mutations in 
hematological malignancy in the near future.

DNMT3A mutations in clonal hematopoiesis 
of indeterminate potential (CHIP)

Although molecular programs are tightly regulated dur-
ing hematopoietic homeostasis, cells exhibiting the CHIP 
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phenotype arise from hematopoietic and stem progenitor 
cells (HSPCs) due to genetic and epigenetic alterations, 
giving rise to a pool of malignant cells that are character-
ized by uncontrolled proliferation and/or abnormal dif-
ferentiation (Fig. 2). Sequencing studies of hematological 
malignancies indicated that DNMT3A mutations are typi-
cally found at higher variant allele frequencies than other 
accompanying mutations [34, 35]. This ratio of allelic vari-
ance suggests that DNMT3A mutations arise early in leu-
kemic evolution of HSPCs, potentially in HSCs, leading 
to a pool of dominant clones from which AML evolves. 
A number of xenograft transplantation studies suggested 
that HSCs with DNMT3A mutations obtained from AML 
patients exhibit a marked advantage compared to wild-type 

HSCs [35, 36], similar to Dnmt3a-KO murine models [15]. 
In the absence of common leukemia-associated mutations, 
these clones can still contribute to multiple blood lineages, 
while existing in a pre-leukemic state prior to acquisi-
tion of secondary co-operating mutations that induce leu-
kemia [36]. Over the past few years, in vivo KO animal 
models greatly improved our understanding of the role of 
DNMT3A mutations in hematopoietic malignancies. In this 
section, we will summarize recent studies supporting the 
notion that HSCs which lack Dnmt3a can exist in a state 
of pre-leukemic potential. These clones can further acquire 
leukemia-associated mutations in other genes which can 
cooperate with DNMT3A mutations to drive multiple types 
of hematological malignancies [37, 38].

Fig. 1  Distribution of somatic mutations in DNMT3A in hemato-
logical malignancies. Schematic representation of DNMT3A pri-
mary structure with values along the bottom representing amino 
acid residues. Highlighted along the top are mutation frequencies 
from the Catalogue of Somatic Mutations in Cancer (COSMIC) for 
AML, MDS, and combined PTCL/T-ALL as T cell neoplasms. Scale 
to the right indicates percent of patients out of the data set with a 
given mutation. The AML data set represents the 19 most frequently 
mutated residues in a cohort of 1532 AML patients with mutations 
in DNMT3A (selected based on occurrence of five or more mutation 

instances at a given residue). The MDS data set represents all muta-
tions occurring with a frequency of two or more in a data set of 143 
MDS patients with mutations in DNMT3A. The PTCL/T-ALL data 
set represents 14 and 17 patients with PTCL and T-ALL, respec-
tively, which included 20 distinct DNMT3A mutations. Frequencies 
of all 20 different DNMT3A mutations were calculated. The major-
ity of mutations in all diseases are clustered into two domains along 
the gene, the ADD and the methyltransferase domains. The most 
frequent mutation found in all data sets represented for patients with 
DNMT3A mutations falls within this domain at residue R882
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Co‑operating mutational patterns of DNMT3A

The mutational profiling of large AML patient cohorts 
has revealed that the most frequently co-mutated genes 
in DNMT3A-mutant AML are NPM1, FLT3 and IDH1. 
Approximately, 60 % of AML patients with DNMT3A 
mutations also bear mutations in the NPM1 gene, whereas 
only 13 % of non-DNMT3A-mutant AML patients carry 
NPM1 mutations [21, 24, 39]. These data suggest that 
co-operating mutations that associate with DNMT3A 
mutations occur in a non-random and selective fash-
ion. In contrast, despite their high prevalence in AML, 
DNMT3A mutations are almost never found or negatively 
correlated with mutations that involve MLL, ASXL1 [40–
42], or the chromosomal translocations involving t(15;17), 
inv(16) and t(8;21) [21, 23, 24, 43]. In addition to AML, 
DNMT3A mutations are also present in other hematologi-
cal disorders such as MDS, MPN, T-ALL and peripheral T 
cell lymphoma (PTCL) (Fig. 2). Mutations in DNMT3A 
can cooperate with secondary mutations in splicing factor 
genes such as SF3B1 and U2AF1, or IDH1/2 to drive MDS 
and MPN, respectively [32, 44–46]. Mutations in TET2, 
IDH2, and RHOA or in RUNX1 and NOTCH1 in combi-
nation with DNMT3A mutations are also often found in 
PTCL and T-ALL patients, respectively [47–50].

Identification of mutations in human patient sam-
ples using genome sequencing studies does not establish 
whether genomic alterations are a cause of the leukemia 
due to complexity of mutational spectrum. The contribu-
tion of these alterations is often experimentally validated in 
murine models by studying their co-operativity in HSPCs 
with a Dnmt3a mutant genetic background. Two of the most 
recent studies suggested that irradiated mice transplanted 
with Dnmt3a-KO HSCs in the absence of whole BM sup-
port succumbed to BM failures and died within a year [37, 
38]. These animals were diagnosed with a spectrum of 
hematological diseases similar to those seen in patients har-
boring DNMT3A mutations, including MDS, MPN, AML 
and T cell acute lymphocytic leukemia (T-ALL). Some 
animals acquired secondary mutations which likely deter-
mined the lineage of the malignancy including co-operating 
mutations similar to those identified in patients including 
Npm1, Nras, Notch1 and c-Kit. In these studies, co-opera-
tivity of some of these mutations were experimentally vali-
dated using ectopic expression of NrasG12D in Dnmt3a-KO 
background, which led to the development of AML-like 
phenotype [38], whereas c-KitV750M expression in Dnmt3a-
null HSPCs produced leukemias of various lineages [37]. 
The use of these mouse models will allow us to under-
stand genetic processes associated with the progression of 

Fig. 2  Mutations in DNMT3A may cooperate with secondary muta-
tions to promote variety of hematopoietic diseases. Mutations in 
DNMT3A are thought to be acquired at the level of hematopoietic 
stem or progenitor cells (HSPCs), possibly in HSCs, giving rise to 
pool of dominant clones leading to clonal hematopoiesis of indeter-
minate potential (CHIP). In the absence of common leukemia-asso-

ciated mutations, these clones can still contribute to multiple blood 
lineages, while existing in a state of CHIP. Once additional novel 
mutations are acquired, these clones may give rise to number of dif-
ferent hematopoietic diseases. There are several co-operating muta-
tional patterns that have tendencies to give rise to specific hematopoi-
etic diseases as shown
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AML and may help guide research avenues for targeted 
therapeutics.

Prognostic potential of DNMT3A mutations

Numerous studies have been carried out to determine 
whether DNMT3A mutations hold prognostic potential in 
a clinically relevant context. Most of these studies looked 
at age, overall survival (OS), impact on complete remission 
(CR) rate, and relapse-free survival (RFS) status between 
the patients with and without the DNMT3A mutations 
[21, 32, 33, 39, 51, 52]. However, it is challenging to com-
pare these studies due to large variations between patient 
populations, treatment regiments and type of the methods 
used to investigate. Most of these studies agree that there 
is no statistically significant difference between CR, RFS 
between the patients with or without the DNMT3A muta-
tions. However, most studies found that the median OS of 
DNMT3A-mutant AML patients is significantly lower com-
pared to those with wild-type DNMT3A regardless of age 
(12.3 vs. 41.1 months with a p value of <0.001) [32, 33, 39, 
52], even though OS rate varies depending on the study due 
to varying cohort size. These data clearly suggest that pres-
ence of DNMT3A mutations is an independent unfavorable 
prognostic factor for OS. In addition, the most commonly 
mutated amino acid residue in DNMT3A-mutant AML, 
R882, appears to be inconclusive in terms of the prognostic 
impact relative to patients with non-R882 DNMT3A muta-
tions [33, 53]. Despite the lack of consensus between each 
study, some found that there may be some prognostic value 
when DNMT3A-mutant AML is analyzed in the presence 
and absence of the most commonly mutated co-operating 
events. Several groups have shown a strong positive cor-
relation between occurrence of DNMT3A mutations and 
mutations in NPM1 or FLT3, most commonly the FLT3ITD 
variant which harbors internal tandem duplication (ITD) 
of the juxtamembrane domain leading to constitutive acti-
vation [21, 43]. Interestingly, Ribiero and colleagues have 
shown that patients with DNMT3A-mutant AML in com-
bination with wild-type NPM1 and/or wild-type FLT3 have 
a significant inferior OS and RFS [39]. In contrast, patients 
with DNMT3A-mutant AML together with mutant NPM1 
and wild-type FLT3 or with mutant NPM1 and FLT3ITD 
have no prognostic value. This is one of the largest compre-
hensive studies to date indicating prognostic implications 
of these combinations of mutations [39].

Therapeutic implications

Therapeutic resistance of DNMT3A-mutant AML to stand-
ard first-line chemotherapy remains largely enigmatic due 
to their lack of efficacy. Recent studies have indicated 
that wild-type DNMT3A acts as a pro-apoptotic switch in 

response to genotoxic stress [54, 55], giving rise to hypoth-
esis that loss of DNMT3A may protect cells from apoptosis 
in response to DNA damage caused by possible alterations 
in mechanisms such as DNA-damage sensing, response and 
repair. For most AML treatment regiments, DNA-damaging 
anthracyclines appear to be an effective line of therapy. 
Studies suggest that DNMT3A-mutant AML patients have 
better therapeutic outcome when they undergo high-dose 
DNA-damaging anthracycline therapy compared to stand-
ard dose regiments [24, 56]. However, use of high-dose 
DNA-damaging regiments comes at the cost of increased 
somatic toxicity and do not completely cure the disease.

Other therapeutic agents, such as DNA methyltrans-
ferase inhibitors (5-azacytidine and its derivative decit-
abine) have been in use for the treatment of MDS and 
recently being tested for the treatment of AML [33, 57, 
58]. These inhibitors are thought to work by inhibiting the 
function of DNMT1, and ultimately inducing hypometh-
ylation of leukemia-associated genes, which are aberrantly 
silenced in disease. Although studies with a large num-
ber of patients with DNMT3A mutations are necessary 
to define exact therapeutic outcomes of these inhibitors, a 
number of small-scale studies indicated that treatment of 
DNMT3A-mutant AML patients with decitabine resulted 
in a higher RFS and a slight increase in OS [33].

AML is complex and heterogeneous disease with a num-
ber of potential genetic factors being involved in its pro-
gression. Regardless of the treatment regimens available to 
DNMT3A-mutant AML patients, there is no clear impact 
of these treatments to achieve complete remission. Rather 
than using a “one size fits all” treatment approach for 
these patients, improved mechanistic understanding of the 
mutations present in DNMT3A-mutant AML may lead to 
advances of therapeutics in the field of personalized cancer 
treatments.

DNMT1

It was not clear until recently with the use of an MLL–
AF9-induced AML mouse model that some DNA meth-
ylation patterns unique to leukemia stem cells (LSCs) 
required for their survival are established by the mainte-
nance methyltransferase DNMT1 [59]. Trowbridge and 
colleagues have demonstrated that the ablation of Dnmt1 
in the MLL–AF9 model completely hindered AML trans-
formation while the control group with wild-type Dnmt1 
developed fully penetrant AML with a median survival 
of 81 days [59]. These data clearly suggested that MLL–
AF9 LSC survival is dependent on methylation patterns 
established by Dnmt1. To further evaluate the effect of 
Dnmt1 ablation on the maintenance of pre-existing AML, 
Trowbridge and colleagues transplanted leukemic granu-
locyte–macrophage progenitors (L-GMPs) into recipients 
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to establish AML. Once established, they conditionally 
deleted Dnmt1 in recipients. Data indicated that loss of 
Dnmt1 in L-GMPs induced a significant delay in the pro-
gression of pre-existing AML, while doubling the survival 
time compared to control cohorts. Moreover, when AML 
cells that lacked Dnmt1 were transplanted into second-
ary recipients, their ability to re-establish the disease was 
also significantly hindered with a survival time extended 
by twofold. The authors hypothesized that Dnmt1 haploin-
sufficiency or pharmacologic inhibition of Dnmt1 activity 
can be made available in a clinically relevant context and 
in fact, ablation of one Dnmt1 allele or pharmacologic inhi-
bition of Dnmt1 activity using decitabine and zebularine 
(DNA methylation inhibitors) provided similar data impair-
ing LSC maintenance and function. To further elucidate 
the molecular programs associated with the LSC depend-
ence on Dnmt1, authors performed genome-wide expres-
sion profiling approach, which revealed that Dnmt1 hap-
loinsufficiency induced derepression of multiple genes in 
MLL–AF9 LSCs including Dusp6, Klf4, Tgfbi, and Timp2, 
all of which are cancer-related tumor suppressors and their 
downregulation is likely to contribute LSC survival [59]. 
Peters and colleagues also provided evidence suggesting 
that Dnmt1-mediated DNA methylation is crucial for the 
survival for lymphoid malignancies. Using a mouse model 
of MYC-induced T cell lymphomagenesis, ablation of 
Dnmt1 in primary lymphoma cells impaired tumor cell pro-
liferation by inducing rapid apoptosis in vivo [60].

Together, these data indicate that Dnmt1-mediated DNA 
methylation provides epigenetic control of genes involved 
in leukemia self-renewal and progression and targeting 
DNMT1 could provide therapeutic index for patients with 
lymphoid and myeloid malignancies. However, the depend-
ency of leukemias with different genetic backgrounds 
remains to be defined.

DNMT3B

While specific mutations in DNMT3B have not yet been 
indicated as a causal factor in hematological malignancies, 
aberrant expression of DNMT3B and its various isoforms 
has been associated with poor prognosis in AML and the 
acceleration of lymphomagenesis in T and B cell lym-
phomas. It has recently been reported that high DNMT3B 
expression is significantly correlated with poor prognostic 
outcomes in cytogenetically normal AML in older patients 
[61]. Although high expression of DNMT3B is linked with 
poor prognosis in AML, caution is required in interpreting 
these data due to the existence wide array of catalytically 
inactive DNMT3B isoforms that have been reported to have 
pathogenic qualities [62]. DNMT3B4 and 3B2 are isoforms 
of DNMT3B belonging to a group of DNMT3B isoforms, 
termed DNMT3Bs. Expression of these two DNMT3Bs 

was shown to be strongly correlated with tumor suppres-
sor promoter methylation in non-small cell lung carcinoma. 
91 % of tumors containing methylated RASSF1A pro-
moters expressed DNMT3B4 and the remaining 9 % not 
expressing DNMT3B4, expressed DNMT3B2 [62]. There 
has been no report of DNMT3B expression in hemato-
logical malignancies to date, but this family of DNMT3Bs 
may provide insight into differentiation defects and clonal 
expansion in leukemias and lymphomas. One truncated 
DNMT3B isoform, DNMT3B7, has been indicated as 
a potential dominant negative, leading to an accelerated 
rate of lymphomagenesis in Eµ-Myc mice [63]. This same 
study also suggested that DNMT3B itself acts as a haplo-
insufficient tumor suppressor, in that DNMT3B ± mice 
had an increased rate of lymphomagenesis [63]. The role 
of DNMT3B as an indirect tumor suppressor was also indi-
cated in a mouse model of MYC-induced T cell lymphoma 
by its function in methylation of the lymphoma prolifera-
tion gene Ment. Complete loss of DNMT3B caused a step-
wise demethylation in the gene Ment and an acceleration of 
lymphomagenesis [64]. As indicated in the aforementioned 
studies, the role of DNMT3B and its isoforms in hemato-
logic malignancies has yet to be definitively elucidated. 
While some isoforms appear to have oncogenic properties 
due to tumor suppressor promoter methylation, others indi-
cate DNMT3B as having indirect roles as a tumor suppres-
sor itself. Due to the contradictory results and ambiguity of 
the regulation of DNMT3B and its isoforms, further inves-
tigation is needed to clarify its role in the context of hema-
tological malignancies.

Concluding remarks

Epigenetic regulation in hematopoiesis has been a field of 
rapid expansion in recent decades, aided by the advances in 
sequencing technologies and development of novel mouse 
models. Literature reviewed here demonstrates our current 
knowledge of the overlapping and distinct roles that the 
DNA methyltransferase enzymes DNMT1, DNMT3A, and 
DNMT3B play in normal and malignant hematopoiesis.

While the maintenance methyltransferase DNMT1 and 
the de novo methyltransferase DNMT3B have been shown 
to exhibit important roles in normal hematopoiesis, there 
still remains much to be elucidated about their functions 
in hematological malignancies. In contrast, mutations in 
DNMT3A are frequent events in hematological diseases 
and mouse models have indicated that DNMT3A controls 
the balance between HSC self-renewal vs differentiation 
in normal hematopoiesis. When this balance is disrupted, 
DNMT3A-mutant hematopoietic stem and progenitor cells 
are potentially predisposed to development of hemato-
logical diseases, including AML. What remains is to gain 
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improved mechanistic understanding of how co-operating 
mutations collaborate with DNMT3A to cause the spec-
trum of diseases. This will allow scientists to design and 
develop effective treatments for patients, rather than using 
“one size fits all” treatment approaches, which are inef-
fective and comes at the cost of increased toxicity. Future 
research will seek to fill these gaps in knowledge and surely 
improve our understanding of epigenetics in hematopoiesis.
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