
PROGRESS IN HEMATOLOGY Leukemia Stem Cell

Role of DNMT3A, TET2, and IDH1/2 mutations in pre-leukemic
stem cells in acute myeloid leukemia

Steven M. Chan • Ravindra Majeti

Received: 25 June 2013 / Accepted: 31 July 2013 / Published online: 15 August 2013

� The Japanese Society of Hematology 2013

Abstract Aberrant changes in the epigenome are now

recognized to be important in driving the development of

multiple human cancers including acute myeloid leukemia.

Recent advances in sequencing technologies have led to the

identification of recurrent mutations in genes that regulate

DNA methylation including DNA methyltransferase 3A

(DNMT3A), ten-eleven translocation 2 (TET2), and iso-

citrate dehydrogenase 1 (IDH1) and IDH2. These muta-

tions have been shown to promote self-renewal and block

differentiation of hematopoietic stem/progenitor cells.

Acquisition of these mutations in hematopoietic stem cells

can lead to their clonal expansion resulting in a pre-leu-

kemic stem cell (pre-LSC) population. Pre-LSCs retain the

ability to differentiate into the full spectrum of mature

daughter cells but can become fully transformed with the

acquisition of additional driver mutations. Here, we review

the effects of mutations in DNMT3A, TET2, and IDH1/2

on mouse and human hematopoiesis, the current under-

standing of their role in pre-LSCs, and therapeutic strate-

gies to eliminate this population which may serve as a

cellular reservoir for relapse.
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Introduction

Acute myeloid leukemia (AML) is a stem cell disease in

which only a small fraction of leukemia cells possesses

unlimited self-renewal capacity and the ability to serially

transplant leukemia in immunodeficient mice [1]. The

precise events that give rise to the founder leukemic stem

cell (LSC) are unclear, but recent experimental evidence

supports a model in which the step-wise accumulation of

mutations in hematopoietic stem cells (HSC) and progen-

itor cells eventually leads to a fully transformed cell with

impaired differentiation potential and unlimited self-

renewal capacity [2, 3]. Pre-leukemic stem cells (pre-LSC)

refer to the population of HSCs that harbor the early

mutations, but not the entire complement of mutations

necessary to become frank leukemia. Pre-LSCs by defini-

tion retain the ability to differentiate into the full spectrum

of mature myeloid and lymphoid cells (Fig. 1).

Recent efforts in whole-genome and exome sequencing

have greatly accelerated the identification of the underlying

driver mutations in AML and other myeloid malignancies.

Somatic mutations in genes that encode proteins involved

in epigenetic regulation are now known to play a critical

role in transformation [4]. Mutations of these epigenetic

modifiers presumably lead to abnormal gene expression

that ultimately promotes malignant transformation. The

mechanism by which alterations in the epigenome con-

tribute to the generation of pre-LSCs and LSCs is an area

of intense investigation. A detailed understanding of these

mechanisms may lead to novel therapies that selectively

target LSCs as well as pre-LSCs which may contribute to

relapse if not eradicated.

Epigenetic regulators that are recurrently mutated in

AML can be classified into two main groups based on their

primary target of action. The first group affects post-
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translational histone modifications and includes additional

sex combs-like 1 (AXSL1), enhancer of zeste homologue 2

(EZH2), and mixed-lineage leukemia (MLL). The second

group regulates DNA methylation of cytosines in the

context of CpG dinucleotides and includes DNA methyl-

transferase 3A (DNMT3A) and ten-eleven translocation 2

(TET2). Mutations in isocitrate dehydrogenase 1 (IDH1)

and IDH2 have been shown to affect both histone modifi-

cations and DNA methylation. Here, we review the current

understanding of the effects of DNMT3A, TET2, and

IDH1/2 mutations on hematopoiesis, their role in pre-LSCs

in humans, and therapeutic strategies to target this

population.

DNMT3A mutations

Methylation of cytosine at the 5-position [5-methyl cyto-

sine (5mC)] in the context of CpG dinucleotides is gener-

ally associated with a transcriptionally silent chromatin

configuration often referred to as heterochromatin [5]. The

family of DNA methyltransferases that catalyzes this

modification is comprised of three members: DNMT1,

DNMT3A, and DNMT3B. DNMT1 is primarily a main-

tenance enzyme that copies the methylation marks of

hemimethylated DNA after replication [6]. Mutations in

DNMT1 have been reported in colorectal cancer [7].

Recently, the Cancer Genome Atlas (TCGA) Research

Network reported a DNMT1 mutation in one AML sample

[8]. Whether mutations in DNMT1 are recurrent and play a

role in driving leukemogenesis requires further investiga-

tion. In contrast to DNMT1, DNMT3A and DNMT3B are

able to act on unmethylated DNA substrates and are

referred to as de novo methyltransferases [5] (Fig. 2). A

somatic mutation in DNMT3A was initially discovered by

Ley and colleagues [9] by whole-genome sequencing of an

AML sample with normal karyotype. They subsequently

found that 22 % of de novo AML cases harbored mutations

in DNMT3A, which are enriched in patients with inter-

mediate-risk cytogenetics [9]. Mutations in DNMT3A have

also been reported in about 10 % of patients with myelo-

dysplastic syndrome (MDS) [10] and myeloproliferative

neoplasms (MPN) [11]. Although a variety of missense,

nonsense, frame-shift, and splice-site mutations were found

along the gene, the most common mutation was located at a

single amino acid residue (arginine 882) [9]. Mutant

enzymes with an amino acid substitution at this location

have been shown to have reduced DNA methylation

activity [12]. The remaining mutations generally result in

Fig. 1 Model of step-wise acquisition of mutations in the develop-

ment of pre-leukemic stem cells (pre-LSCs) and fully transformed

leukemic stem cells (LSCs) from hematopoietic stem cells (HSCs).

Acquisition of mutations in genes involved in regulation of DNA

methylation (TET2, DNMT3A, and IDH1/2) in HSCs leads to

enhanced self-renewal and clonal expansion of a pre-LSC population.

By definition, pre-LSCs do not cause overt disease and retain the

ability to differentiate into lymphoid and myeloid lineages. However,

they may skew towards myeloid development in some circumstances

(e.g. TET2 mutations). Acquisition of additional cooperating muta-

tions (e.g. FLT3-ITD) converts a pre-LSC into a fully transformed

LSC with unlimited self-renewal potential and impaired differentia-

tion. The eradication of both pre-LSCs and LSCs may be required to

prevent disease relapse as both populations may serve as a cellular

reservoir for relapse
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the premature truncation of the protein product. Therefore,

mutations in DNMT3A appear to disrupt the function of

the enzyme.

To investigate the effect of mutant DNMT3A in a cell

line, Yan and colleagues [12] overexpressed DNMT3A

Arg882 mutants in 32D cells (an interleukin-3 dependent

murine myeloid cell line) and found increased cell prolif-

eration even in the absence of IL-3. The mechanism by

which the mutant enzyme conferred a proliferative

advantage and growth factor independence was not inves-

tigated in this study. To examine the effects of DNMT3A

deficiency on hematopoiesis in vivo, Challen and col-

leagues [13] generated inducible conditional DNMT3A

knock-out mice and transplanted purified HSCs (defined as

side population?/c-kit?/lineage-/Sca-1?) from these mice

along with competing wild-type control HSCs into lethally

irradiated wild-type recipients. The effect of DNMT3A

deficiency on the HSC contribution to peripheral blood cell

generation was not apparent in primary recipients, but with

subsequent serial transplantations there was a progressive

increase in peripheral blood cell generation from

DNMT3A-deficient HSCs compared with wild-type HSCs.

Examination of the bone marrow revealed a striking

expansion of the HSC compartment that was not associated

with increased cell cycling or resistance to apoptosis.

Importantly, the degree of HSC expansion was out of

proportion to the increase in peripheral blood contribution,

indicative of impairment in differentiation. It is worth

noting that none of the recipients of DNMT3A-null HSCs

developed overt myeloproliferative disease indicating that

additional collaborating mutations are required for devel-

opment of disease.

The global 5mC level in HSCs was unaffected by

DNMT3A ablation, but analysis at specific genomic

regions identified sites of hypomethylation and unexpect-

edly, hypermethylation [13]. The genes associated with

hypomethylation were found to be frequently overexpres-

sed in leukemias. Furthermore, global transcriptional pro-

filing of DNMT3A-deficient HSCs showed upregulation of

genes that were previously reported to be highly expressed

in normal HSCs (e.g. Gata3, Runx1) and down-regulation

of genes involved in differentiation (e.g. Ikaros, PU.1).

Intriguingly, there was a poor correlation between differ-

ential DNA methylation and gene expression.

An important caveat of this mouse model is that the

complete deletion of both copies of DNMT3A may not

recapitulate the biology of the heterozygous mutations

found in the vast majority of AML cases [9]. Furthermore,

recurrent mutations at a single amino acid position gener-

ally suggest a gain-of-function mechanism or the acquisi-

tion of a neomorphic activity. Although there is currently

no experimental evidence to support this, heterozygous

Fig. 2 Mechanism of dysregulated gene expression induced by

DNMT3A mutations. DNMT3A catalyzes de novo methylation of

DNA at the 5-position of cytosine in the context of CpG dinucleo-

tides. DNA methylation is generally associated with transcriptional

repression and can suppress the expression of self-renewal genes or

genes that negatively regulate differentiation. DNMT3A activity

appears to be necessary for normal hematopoietic stem cell (HSC)

differentiation. Mutations in DNMT3A that disrupt enzymatic activity

may promote self-renewal and block differentiation of HSCs by

modifying DNA methylation at gene regulatory regions and thereby

increasing the transcription of self-renewal genes and negative

regulators of differentiation
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knock-in mouse models are required to fully address these

possibilities.

Taken together, this study provides experimental evi-

dence that complete loss of DNMT3A activity results in

enhanced self-renewal of HSCs and a block in their dif-

ferentiation. The findings support a model in which

acquisition of a DNMT3A mutation in an HSC promotes

its expansion into a pre-LSC clone by increasing self-

renewal (Fig. 1). The observation that all the cells in the

bone marrow of MDS patients with DNMT3A mutations

contain the mutation regardless of their blast count is

consistent with this model [10]. DNMT3A mutations have

also been shown to be remarkably stable in disease evo-

lution [14–16] which may be due to their persistence in the

pre-LSC compartment. As such, therapies that eradicate

pre-LSCs harboring DNMT3A mutations may be particu-

larly useful in the prevention of relapse. A recent provoc-

ative study reported that decitabine was associated with

complete response (CR) rate of 75 % in patients with

DNMT3A mutations as compared with a CR rate of 34 %

in patients with wild-type DNMT3A [17]. Although the

number of patients in this study was small, the results

suggest that hypomethylating agents may be effective in

targeting pre-LSCs harboring DNMT3A mutations.

TET2 mutations

The TET family of enzymes is composed of three members

(TET1, TET2, and TET3). They are Fe(II)- and a-keto-

glutarate-dependent enzymes that catalyze the oxidation of

5mC to 5-hydroxymethylcytosine (5-hmC) [18]. 5-hmC

appears to be an intermediate product in DNA demethyl-

ation mechanisms. Passive demethylation occurs when

DNMT1, which does not recognize 5-hmC, fails to copy

methylation patterns during DNA replication [5, 19]. An

active process that requires conversion of 5-hmC to other

intermediates (5-formylcytosine and 5-carboxycytosine)

followed by base excision repair pathway processing has

also been described [20, 21] (Fig. 3).

TET1 was originally discovered as the fusion partner of

MLL in AML patients with the t(10;11)(q22;q23) [22].

TET2 was later identified to be deleted or mutated in

diverse myeloid malignancies including AML, MDS,

MPN, chronic myelomonocytic leukemia (CMML), and

systemic mastocytosis [23–25]. The overall frequency of

TET2 mutations is about 10–20 % in AML [23] and as

high as 50 % in CMML patients [25]. TET2 mutations

include deletions, nonsense mutations, and missense

mutations at highly conserved residues and are predicted to

inactivate the function of the enzyme [23]. The vast

majority of patients have heterozygous mutations indicat-

ing that haploinsufficiency of TET2 is sufficient to drive

leukemogenesis.

Since the discovery of TET2 mutations, a number of

TET2 knock-out mouse models have been created to

delineate its role in hematopoiesis [26–31]. The mouse

models consistently showed an expansion of the hemato-

poietic stem/progenitor compartment in association with

increased self-renewal. Disruption of TET2 also resulted in

the skewing of differentiation to the granulomonocytic

lineages. Knockdown of TET2 with shRNA lentiviral

vectors in CD34? human cord blood progenitor cells also

skewed differentiation toward the granulomonocytic line-

age at the expense of lymphoid and erythroid lineages

ex vivo [32]. In some of the mouse models, an overt

myeloproliferative disease characterized by splenomegaly,

monocytosis, and extramedullary hematopoiesis developed

following TET2 deletion after a latency period of about

3–6 months [26]. The latency period suggests that the

acquisition of additional collaborating mutations is

required for the development of disease, and that the

acquisition of TET2 mutations is an early event in the step-

wise progression from HSC to myeloid malignancy.

Several lines of evidence now support the model that

TET2 inactivation is an early event in leukemogenesis and

results in clonal expansion of pre-LSCs in humans. Initial

genotyping studies of colonies derived from single

CD34?CD38- cells of MPN patients with both JAK2

V617F and TET2 mutations showed that the JAK2 muta-

tion was not observed in the absence of TET2 mutations

[23]. This observation suggests that the JAK2 mutation was

acquired after the occurrence of TET2 mutations. In

another study, Busque et al. [33] investigated the genetic

basis of age-associated skewing (AAS) which refers to

deviation from the 1:1 X-chromosome inactivation ratio

observed in normal female mammalian cells over time. The

skewing is most pronounced in the myeloid compartment.

They hypothesized that acquisition of somatic mutations

that confer enhanced self-renewal in HSCs leads to their

clonal expansion and skewing of the X-chromosome

inactivation ratio. They initially identified a missense

mutation in TET2 in an elderly woman with AAS, along

with mutations in 4 other genes including DNMT3A. They

subsequently sequenced the 5 genes in a larger number of

samples with and without AAS. TET2 mutations were

found in 5.6 % of the elderly women with AAS. The

mutations were found in the DNA from granulocytes but

not from lymphocytes, which is consistent with the gran-

ulomonocytic skewing of HSC differentiation observed in

mouse models. An alternative explanation is that a mye-

loid-committed progenitor, not an HSC, was the initial cell

that acquired the TET2 mutation, which led to its persis-

tence and expansion through enhanced self-renewal

capacity. Importantly, the individuals with TET2 mutations

did not have overt hematologic disorders. Results from this

study are consistent with the model in which disruption of
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TET2 results in expansion of a clonal pre-LSC population

prior to the onset of myeloid malignancy (Fig. 1).

A recent study from our laboratory provides additional

evidence that TET2 inactivation results in clonal expansion

of HSCs in humans and is an early event in AML leuke-

mogenesis [34]. Our earlier work demonstrated that HSCs

with the ability to engraft immunodeficient NOD/SCID/

IL2Rc-null mice and differentiate into lymphoid and

myeloid lineages are present in hematopoietic tissues of

AML patients [35]. These residual HSCs can be prospec-

tively purified from LSCs based on differences in their

surface immunophenotype. We found that residual HSCs,

Fig. 3 Mechanism of

dysregulated gene expression

induced by TET2 and IDH1/2

mutations. a TET2 catalyzes the

hydroxylation of

5-methylcytosine (5-mC) in

DNA resulting in the formation

of 5-hydroxymethylcytosine (5-

hmC). a-ketoglutarate (a-KG) is

an essential cofactor in this

reaction. 5-hmC appears to be

an intermediate product in the

DNA demethylation pathway

which involves enzymes in the

base excision repair (BER)

pathway. TET2-mediated DNA

demethylation may be necessary

for the expression of genes that

promote differentiation and

genes that suppress self-renewal

in normal hematopoiesis.

b Mutations that disrupt TET2

activity impair hydroxylation of

5-mC and consequently DNA

demethylation at gene

regulatory regions. This can

result in transcriptional down-

regulation of genes that promote

differentiation and genes that

negatively regulate self-

renewal. Mutant IDH1 or IDH2

gain a neomorphic activity that

catalyzes the conversion of

a-KG to the oncometabolite,

D-2-hydroxyglutarate (D-2-HG).

D-2-HG inhibits the activity of

a-KG-dependent dioxygenases

including TET2, which leads to

changes in DNA methylation

and gene expression similar to

those seen with TET2 mutations
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as defined by their ability to support bilineage engraftment,

were predominantly in the lineage- CD34? CD38- TIM3-

CD99- population. To investigate the serial acquisition of

mutations in HSCs of AML patients, we reconstructed the

history of events by genotyping individual colonies

expanded from single residual HSCs for mutations found

in the leukemic blast population. In the two patients with

biallelic mutations in TET2, we found that acquisition of

TET2 mutations were early events because the vast

majority of residual HSCs carried either one or both TET2

mutations. In contrast, FLT3 mutations were only detected

in frankly leukemic cells, but not in residual HSCs. Fur-

thermore, residual HSC clones harboring biallelic TET2

mutations were more numerous than clones with only one

mutation, and the TET2 heterozygous population was in

turn more numerous than HSCs lacking all mutations.

Taken together, our observations provide the most direct

evidence that disruption of TET2 activity confers

enhanced self-renewal in HSCs resulting in a competitive

advantage over non-mutated cells and expansion of the

mutated clone over time. Importantly, this pre-LSC pop-

ulation containing TET2 mutations may serve as a reser-

voir for relapse if it is not eradicated with AML therapy.

This hypothesis is supported by results of a recent study

that compared the mutation profiles of 34 AML patients at

diagnosis and at relapse [15]. The study showed that TET2

mutations were stable in the 4 patients who carried the

mutation. However, the number of patients in this study

was small and this pattern was not seen in another study

with a larger number of paired samples that reported fre-

quent loss of the original TET2 mutations at relapse [36].

Discrepancies between the two studies may be related to

differences in the sensitivity of the detection assays

employed. However, it is worth noting that in the latter

study, all the patients that had detectable TET2 mutations

at the time of morphologic complete remission eventually

relapsed. Whether the TET2 mutations resided in residual

HSCs, or in a small population of LSCs, is not clear.

Addressing this issue will require genotyping of residual

HSCs from remission samples. Nevertheless, this obser-

vation supports the possibility that at least in some cases,

pre-LSCs with TET2 mutations may contribute to relapsed

disease and will need to be targeted by AML therapies for

prevention of relapse. Notably, the presence of TET2

mutations has been associated with an 82 % response rate

to azacitidine [37]. The use of hypomethylating agents to

target the TET2-mutated pre-LSC population should be

evaluated in future studies.

IDH1/2 mutations

IDH1 and IDH2 are enzymes in the citric acid cycle that

catalyze the oxidative decarboxylation of isocitrate,

producing a-ketoglutarate (a-KG) and NADPH in the

process. A mutation in the IDH1 gene was identified by

whole-genome sequencing of an AML sample with normal

karyotype in 2009 [38]. This and other studies confirmed

that the mutation is recurrent and occurs not only in the

cytosolic IDH1 enzyme but also in IDH2, the mitochon-

drial homolog of IDH1 [38–42]. Overall, about 15 % of

AML patients have mutations in either IDH1 or IDH2 and

the mutations are enriched in patients with normal cyto-

genetics [43]. Mutations in IDH1/2 have also been found in

other myeloid malignancies including MDS and MPN at

lower frequencies [44, 45]. IDH mutations are highly fre-

quent (80–90 %) in low-grade malignant gliomas [39, 42].

A growing number of cancers have since been found to

harbor IDH mutations at varying frequencies including

cholangiocarcinomas, chondrosarcomas, and angioimm-

unoblastic T-cell lymphomas [46–48].

In almost all cases, IDH mutations are heterozygous and

occur at three highly conserved arginine residues: IDH1

R132, IDH2 R140 and IDH2 R172 [49]. These findings are

consistent with the mutations conferring a gain-of-function

phenotype. An important clue to the mechanism by which

IDH mutations cause malignant transformation came from

the observation that TET2 mutations are mutually exclu-

sive with IDH mutations in the vast majority of patients

[50, 51]. Mutual exclusivity suggests that the two muta-

tions are acting on the same pathways. The connection

between the two mutations became apparent when the

mutant IDH enzymes were shown to possess a neomorphic

activity that catalyzes the conversion of a-KG to D-2-hy-

droxyglutarate (D-2-HG), consuming NADPH in the pro-

cess [40, 41, 52]. D-2-HG is normally present at very low

levels in non-mutated cells, but accumulates to over

100-fold higher levels in IDH-mutated AML and glioma

cells [40, 52]. D-2-HG is structurally similar to a-KG and

was found to be a competitive inhibitor of multiple a-KG-

dependent dioxygenases including TET2 [50, 53]. In line

with these studies, overexpression of mutant IDH1 was

found to inhibit the hydroxylation of 5mC by TET2 in

293T cells [50]. Consistent with the role of 5-hmC in the

DNA demethylation process, IDH-mutated samples were

found to have a specific hypermethylation signature similar

to that of TET2-mutated samples, and 93 % of the genes

aberrantly expressed in TET2-mutated AMLs were also

aberrantly expressed in IDH-mutated AMLs [50]. Fur-

thermore, a recent study showed that TET2 knockdown

recapitulated the ability of mutant IDH1 and D-2-HG to

promote transformation of an erythroleukemia cell line

(TF-1) [54]. Taken together, the inhibition of TET2 activity

by D-2-HG produced by mutant IDH enzymes plays a

critical role in driving leukemogenesis (Fig. 3).

Several lines of evidence suggest that other a-KG-

dependent dioxygenases may also play a role in
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transformation of IDH-mutated cells. In vitro studies ini-

tially showed that D-2-HG can inhibit Jumonji-C domain

containing histone demethylases (JHDMs) [53, 55].

Accordingly, overexpression of mutant IDH in immortal-

ized astrocytes and 3T3-L1 cells resulted in a progressive

increase in global histone methylation, in particular H3K9

methylation, which is a repressive mark. The increase in

histone methylation was associated with a block in differ-

entiation in 3T3-L1 cells [56]. EglN prolyl hydroxylases

are a-KG-dependent dioxygenases that mark hypoxia

inducible factor-1a (HIF-1a) for proteasome-mediated

degradation. Surprisingly, D-2-HG was found to be an

agonist of EglN activity leading to diminished levels of

HIF-1a in some cellular contexts [57]. The decrease in

HIF-1a activity contributed to the transformation of

astrocytes in vitro. In contrast to TET2, the role of JHDM

inhibition and EglN activation by D-2-HG in the transfor-

mation of hematopoietic cells is less clear and requires

further investigation.

Initial studies investigating the effects of mutant IDH on

myeloid differentiation showed that stable expression of

mutant IDH2 in 32D cells increased the surface expression

of c-kit, which is more highly expressed in immature

progenitor cells [50]. Knockdown of TET2 expression also

led to an in increase in c-kit expression. Similarly,

expression of IDH2 R140Q in ex vivo cultures of murine

bone marrow cells impaired myeloid differentiation as

determined by Gr-1/Mac-1 expression and increased the

proportion of lineage-/Sca1?/cKit? (LSK) cells [50].

To investigate the effects of IDH mutations on hema-

topoiesis in vivo, Sasaki and colleagues [58] used the lox-

stop-lox system to generate conditional knock-in (KI)

mice, in which IDH1 R132H was inserted into the

endogenous Idh1 locus. The mutant gene was expressed

specifically in cells of the myeloid lineage with the LysM

promoter driving Cre expression. The proportion of LSK

cells in the bone marrow expanded by about fivefold in

42–46-week-old LysM-KI mice, but the proportion of

CMPs, GMPs, MEPs, and CLPs in the bone marrow was

not affected. Although the bone marrow cells from LysM-

KI mice had a higher serial plating capacity than control

cells, they did not have an advantage over wild-type cells

in competitive repopulation transplant assays. The hema-

tologic parameters of LysM-KI mice were remarkably

normal, except for a modest decrease in hemoglobin in

older mice. The mice developed splenomegaly over time

with histologic evidence of extramedullary hematopoiesis,

but their lifespans were normal. Progression to acute leu-

kemia was not reported, indicating that additional collab-

orating mutations are required. Thus far, this study is the

only mouse model of IDH mutation in the hematopoietic

system. Although there was clear evidence of expansion of

the hematopoietic stem/progenitor compartment, the

magnitude of the effect was small in comparison with

TET2-deficient mouse models. The difference in pheno-

type may be due to less effective inhibition of TET2

activity in IDH1-mutated cells compared with loss-of-

function TET2 mutations, and/or the involvement of other

pro-oncogenic pathways (e.g. inhibition of histone de-

methylases and HIF-1a signaling) in IDH1-mutated cells

that would not be expected to occur in TET2-mutated cells.

In addition, mutant IDH expression and D-2-HG accumu-

lation can have a negative effect on cell proliferation in

some cellular contexts [54, 59], which may explain the less

robust expansion of IDH1-mutated hematopoietic stem/

progenitor cells.

The expansion of LSK cells in IDH1-mutant mice sug-

gests that the acquisition of IDH mutations may confer

enhanced self-renewal in HSCs leading to their clonal

expansion over time (Fig. 1). The presence of IDH muta-

tions in pre-LSCs is supported by the persistence of these

mutations in AML patients in long-term complete remis-

sion following induction chemotherapy [60]. In addition,

IDH1 mutations appear to be stable during disease evolu-

tion. Paired analysis of IDH1-mutated samples showed that

the same mutations were present at both diagnosis and

relapse in 11 patients [61]. Mutations in IDH2 were also

found to be stable during disease evolution [62]. In our

recently published study of clonal evolution in pre-leuke-

mic HSCs, there was one sample with IDH1 mutation, but

this mutation was not found in sorted residual HSCs by our

deep sequencing assay which has a lower threshold of

sensitivity of \1 % variant allele [34]. There are several

possible explanations for this finding. The first is that the

size of the IDH1-mutated residual HSC clone was simply

below the sensitivity of our assay. The second is that the

acquisition of IDH1 mutations may be a late event in

leukemogenesis analogous to FLT3 mutations. Another

possibility is that the IDH1 mutation could have resided in

a more mature progenitor cell population that evaded our

sorting strategy for residual HSCs. Analysis of a larger

population of IDH1/2-mutated patients will be required to

better delineate the role of this mutation in the evolution of

pre-LSCs.

Unlike TET2 and DNMT3A mutations, IDH mutations

confer a neomorphic gain-of-function to the enzyme. This

represents a unique therapeutic opportunity because

inhibitors can be designed to specifically inhibit the mutant

enzymes. Importantly, a recent study showed that D-2-HG

is sufficient to promote growth factor independence and

block erythropoietin (EPO)-induced differentiation in TF-1

cells, and that the effects are reversible [54]. The devel-

opment of specific mutant IDH1/2 inhibitors and their

effects on AML cells have since been reported [54, 63, 64].

Exposure of TF-1 cells to EPO normally results in ery-

throid differentiation which can be monitored by increased
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expression of glycophorin A, hemoglobin, and the tran-

scription factor, KLF1. Expression of mutant IDH1/2 or

exposure to D-2-HG blocks this response to EPO [54, 63].

Treatment of IDH1 R132H expressing TF-1 cells with a

mutant IDH1 specific inhibitor (AGX-891) at least partially

reversed the differentiation block [54]. A similar effect was

observed using a mutant IDH2 specific inhibitor (AGI-

6780) on IDH2 R140Q expressing TF-1 cells [63]. The

mutant IDH2 inhibitor also increased the expression of

myeloid differentiation markers (CD11b, CD14, CD15,

myeloperoxidase) on ex vivo-cultured primary AML cells

harboring the IDH2 R140Q mutation, although the effect

and the number of samples tested were small [63]. Whether

these effects can be reproduced in vivo requires further

investigation. Nevertheless, these inhibitors have the

potential to eliminate LSCs, as well as pre-LSCs, by lim-

iting their self-renewal and promoting their differentiation

in vivo. Clinical trials involving the use of these com-

pounds in patients with AML and other malignancies with

IDH mutations will provide important insights into their

potential therapeutic value.

Conclusions

The identification of recurrent mutations in genes that

regulate DNA methylation in AML has fundamentally

transformed our understanding of the basis of the disease.

The generation of mouse models of these mutations has

begun to unravel the mechanisms by which these mutations

drive leukemogenesis. However, the impact of these

mutations on pre-LSCs is still largely unexplored and

speculative at this point. Furthermore, the effectiveness of

current therapies on the elimination of pre-LSCs is

unknown. Studying the role of these mutations in pre-LSCs

in primary human samples and the impact of targeted

therapies on this population is an important step towards

the development of more effective AML therapies.
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