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Aberrant epigenomic programming is a hallmark of acute myeloid leukemia. This is
partially due to somatic mutations that perturb cytosine methylation, histone post-
translational modifications and transcription factors. Remarkably, mutations in the
IDH1 and IDH2 genes perturb the epigenome through all three of these mechanisms.
MutantIDH enzymesproduce high levels of the oncometabolite (R)-2-hydroxyglutarate
that competitively inhibits dioxygenase enzymes that modify methylcytosine to
hydroxymethylcytosine and histone tail methylation. The development of IDH mutant
specific inhibitors may now enable the therapeutic reprogramming of both layers of
the epigenome spontaneously to revert the malignant phenotype of these leukemias
and improve clinical outcome for acute myeloid leukemia patients with IDH mutations.

First draft submitted: 23 January 2016; Accepted for publication: 7 April 2016;

Published online: 19 July 2016

Keywords: AML e DNA methylation e epigenomics e histone tail methylation
e hydroxymethylcytosine e IDH e leukemogenesis ® mutation e targeted therapy

e transcriptional regulation

Acute myeloid leukemia (AML) is a hetero-
geneous hematologic malignancy character-
ized by abnormal hematopoiesis and clonal
expansion of immature myeloid cells. As
compared with other tumor types AML
features a paucity of somatic mutations [1].
Conversely, epigenetic dysregulation and
epigenomic reprogramming have emerged
as a hallmark of AML and as central mecha-
nisms driving leukemogenesis. Perturba-
tion of the epigenome in AML is at least in
part due to specific somatic gene mutations,
which can provide critical information about
disease mechanism and help guide treatment
decisions [2]. A frequent category of genes
mutant in AML perturb epigenetic program-
ming through effects on cytosine nucleotides
(including, but not limited to 5-methylcyto-
sine and hydroxymethylcytosine, 5SmC and
5hmC, respectively) and histone tail modi-
fications, including point mutations of the
IDHI and IDH2 genes [1.3]. Understanding

how these mutant proteins work could have
fundamental implications for understand-
ing epigenetic mechanisms that can contrib-
ute to disease pathogenesis. Excluding acute
promyelocytic leukemia (4], there have been a
limited number of significant advancements
in treatments for AML patients (examples
include [5,6]). A better understanding of dis-
ease pathogenesis is required to expand upon
novel and effective therapeutic approaches
needed to improve clinical outcomes. The
following review aims to offer insight into
the molecular effects and biological down-
stream consequences of IDH mutations,
and address potential implications in AML
clinical treatment and outcomes.

Role of IDH1 & IDH2 in cellular
functions

IDHI and IDH2 contribute to generat-
ing and shuttling cellular pools of NADPH
used as reductive potential in a variety of
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biological processes. While IDH1 is cytosolic, IDH2 is
mitochondrial and functions within the context of the
tricarboxylic acid (TCA) cycle. These enzymes revers-
ibly catalyze the oxidative decarboxylation of isocitrate
while producing a-ketoglutarate (0-KG), NADPH
and carbon dioxide in the forward direction (Figure 1;
blue box). These reactions not only facilitate the func-
tion of a-KG dependent dioxygenases but also supply
NADPH necessary for lipid biogenesis and protection
from oxidative and radiation-induced damage 7).
Concurrent with its metabolic role in the TCA
cycle, a-KG functions as a central intermediate in glu-
tamine metabolism. Glutamine metabolism can sup-
ply a carbon source for cells and facilitate the use of
biosynthetic intermediates derived from glucose and

the TCA cycle. Through the process of glutaminolysis,
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glutamine-derived a-KG can be oxidatively metabo-
lized via the TCA cycle into lactate [8]. Alternatively,
cells can implement reductive carboxylation in which
glutamine-derived a.-KG can be converted into citrate.
This is in part mediated through reversible IDH1
enzymatic activity in the cytoplasm [9].

Mutant isocitrate dehydrogenase enzymes
in malignant disorders

Acquired mutations in IDH genes in malignant dis-
orders were originally reported in glioblastoma multi-
forme [10]. In AML, somatic mutations of /DHI were
first reported in a normal karyotype AML patient [3].
Studies profiling AML genetics have determined that
mutations in /DHI and IDH?2 are highly recurrent. For
example the overall incidence of mutations in /DHI

Figure 1. Overview of the IDH-TET2-WT1 leukemogenic axis. Mitochondrial and cytosolic IDH enzymes as well as a subset of normal
enzymatic steps from the TCA cycle are represented (blue box). In IDH mutant cells, IDH1 and IDH2 neomorphic enzymes (IDH1m and
IDH2m) produce the oncometabolite 2-HG at high levels. 2-HG can inhibit the function of dioxygenase enzymes, including epigenetic
modifiers (TET2, JMJC). TET2 and JMJC inhibition results in elevated levels of 5mC and histone lysine methylation respectively. These
changes result in transcriptional dysregulation, which facilitates the acquisition of proliferative advantage and/or cell differentiation
blockade. Malignant transformation can occur in IDHm cells in the presence of cooperative mutations. Mutations in WT7 (WT1m)
that disrupt TET2 recruitment to WT1-target genes result in an alternative mechanism for transcriptional dysregulation and cell
differentiation blockade.
o-KG: a-ketoglutarate; 2-HG: (R)-enantiomer of 2-hydroxyglutarate; HKme: Methylated histones; hmC: Hydroxymethylcytosine;
HMume: Unmethylated histones; IDHm: Mutant IDH enzymes; mC: Methyl-cytosine; TCA: Tricarboxylic acid.
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and /DH2 (IDH1/2) in the TCGA cohort was 9.5 and
10%, respectively (1. IDH1/2 mutations are almost
exclusively heterozygous and occur more frequently in
AML patients with normal cytogenetics [1.11-13].

The most frequently detected mutations of IDH
enzymes in AML include mutations in DNA codons
for Argl32 in IDHI (IDH1m) and Argl40 or Argl72 in
IDH2 (IDH2m) residues (Figure 2A & B). These affect
substrate-binding arginine residues within the enzyme
catalytic domain [14]. Subsequent studies have identi-
fied additional mutations (Figure 2A & B) at codons
encoding residues in or near the enzymes active site
and at other locations [15], however, their functional
outcomes are yet to be fully defined. While IDHIm
and IDH2m mutations impair the enzymes’ forward
catalytic activity by reducing the affinity for isocitrate,
they do not cripple enzymatic capacity completely. In
fact, these mutations enhance the enzymes’ capacity
to catalyze the conversion of 0-KG to the metabo-
lite (R)-2-hydroxyglutarate (2-HG) while oxidizing
NADPH to NADP+ (Figure 1) [1617]. This chemical
reaction occurs at low levels under normal conditions
with wild-type IDH enzymes but is greatly enhanced
in cells with mutant forms of IDH1 and IDH2. This is
biologically relevant since high serum 2-HG is present
in both mouse models of IDHm enzymes [18-20] and in
IDHIm and IDH2m AML patients [21].

IDH1 & IDH2 mutations in AML are
associated with a dysregulation of DNA
cytosine modifications

To better understand the possible role epigenetic dys-
regulation has in AML, cytosine methylation pat-
terning has been studied in large cohorts of AML
patients [1.24,25]. These studies established that aberrant
DNA cytosine methylation (DNA methylation) is a
hallmark of AML. In a cohort of 344 newly diagnosed
AML patients cytosine methylation was explored using
HELP (Hpall tiny fragment enrichment by ligation-
mediated PCR) microarrays. DNA methylation pat-
terning allowed AML to be classified into epigeneti-
cally defined disease subtypes, each of which features
specific DNA methylation signatures and distinct
clinical outcomes. Some of these epigenetically defined
AML subtypes were characterized by dominant hyper-
or hypo-methylation signatures while others displayed
more balanced changes in DNA methylation levels.
IDHI and IDH2 were not initially sequenced in this
cohort [24]. DNA methylation profiling using HELP in
a second cohort of 398 newly diagnosed AML patients
revealed similar clustering and included sequenc-
ing of IDHI and IDH?2 genes. In this cohort patients
with IDHIm and IDH2m tended to cluster together
based on cytosine methylation patterns. Compared

Mutant /IDH: a targetable driver of leukemic phenotypes

to normal bone marrow controls and AML patients
without IDHIm and IDH2m, these groups featured
dominant cytosine hypermethylation patterns [25]. The
hypermethylation signature was confirmed in studies
of AML patients using Illlumina arrays (1] as well as
enhanced reduced representation bisulfite sequencing
(ERRBS) [2627]. Mouse models expressing IDHIm
recapitulated the hypermethylation signatures. Impor-
tantly, the mouse and human signatures overlapped at
genes involved in hematopoietic cell proliferation and
differentiation, leukemogenesis and leukemic stem cell
maintenance [18].

5hmC, originally described as an intermediate dur-
ing 5mC demethylation [28], is now a recognized epi-
genetic modification with its own independent effects.
S5hmC has been identified as a mark within intergenic
regions, including distal regulatory elements (enhanc-
ers, CTCF binding sites, DNase hypersensitivity sites),
near transcription factor bindings sites, as well as within
genic regions [29-36]. Rampal ez a/. 26] reported the first
high-resolution genome-wide mapping of ShmC pat-
terns in AML patients. Genome-wide ShmC profiling
in IDHm AML patient samples revealed a dominant
pattern of focal and regional 5ShmC loss compared with
nonmutated AMLs, although there was also a smaller
subset of focal regions with increased 5ShmC compared
with normal bone marrow controls.

Based on these data, IDH1/2 mutations likely define
aunique subset of AML patients [2537]. /[DHI and IDH2
mutations were mutually exclusive, and their associ-
ated cytosine hypermethylation and hydroxymethyl-
ation signatures were highly overlapping [1125.26], sug-
gesting a common downstream mechanism of action
in AML. Likewise, differentially expressed genes in
IDHIm and IDH2m patients compared with normal
bone marrow controls also showed a significant over-
lap of gene sets involved in cell cycle, DNA repair pro-
cesses as well as hematopoiesis [25] suggesting a role in
leukemia pathogenesis.

Functional links between IDH1/2 & other
mutant genes in AML

TET2

The link between mutations in the genes encoding
the metabolic IDH1 and IDH2 enzymes located in
the mitochondria and cytoplasm, with cytosine hyper-
methylation and changes in hydroxymethylcytosine
patterning occurring in the cell nucleus, was initially a
puzzle. However, the clue to solving this puzzle was the
observation that /DHI and IDH2 mutations are almost
mutually exclusive with loss-of-function mutations
in TET2 (TET2m) [25.38]. TET2 is a member of the
ten-cleven translocation DNA hydroxylase family of
enzymes (TET1-3). These enzymes are dependent on
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Figure 2. IDH1 and IDH2 mutations in malignant disorders. cBioPortal [22,23] frequency plots of amino acid substitutions resulting
from mutations in IDH1 (A) and IDH2 (B) in malignant disorders (all cancer studies included). Green = missense mutations;

red = inframe mutations (inframe deletion or insertion); black = truncating mutations (nonsense, nonstop, frameshift deletion,
frameshift insertion, splice site); purple = other mutations (all other mutation types).

0-KG and Fe(Il) and catalyze the conversion of 5mC
to 5ShmC and other intermediate products in the pro-
cess of DNA demethylation [2839]. TET2 mutations in
AML are almost exclusively heterozygous and occur in
7.6% of patients [38]. AML patients with 7E72 muta-
tions tended to cluster with /DH1 and IDH2 mutant
cases in DNA methylation profiling suggesting com-
mon targets of aberrant cytosine hypermethylation [2s].
Furthermore, TET2m AMLs exhibited a dominance
of regional 5ShmC loss and aberrant gene expression sig-
natures compared with normal bone marrow controls
that highly overlapped with those of /DHI and IDH2
mutant cases [2526]. Given that TET2 is dependent
on 0-KG, and that 2-HG produced by IDHIm and
IDH2m enzymes is structurally similar to a-KG [17], it
was theorized that 2-HG might competitively inhibit
TET?2. In this way, loss of TET2 might constitute a
key target pathway downstream of /DHI and IDH2
mutations. To determine if TET2 could be affected by
this mechanism, SmC and 5hmC levels were assessed
in 293T cells expressing wild-type TET2 and IDH1m.
IDHI1m expression blocked TET?2 from increasing cel-
lular 5ShmC levels, resulting as well in accumulation of

global 5mC levels [2s]. This block was then confirmed
to be mediated by 2-HG functioning as a competitive
inhibitor [40]. Hence, hypermethylation signatures in
IDHI and IDH2 mutant AMLs are driven at least in
part by 2-HG inhibition of TET2 function (Figure 1).
However, since the magnitude of hypermethylation in
IDHm cases is greater than TET2m AML it cannot be
ruled out that part of the IDHm effect could be linked
to inhibiting TET1 and TET3.

WT1

Further evaluation of the mutational landscape in
AML revealed that mutations in the gene encoding
the transcription factor WT1 are also almost mutu-
ally exclusive with mutations in IDHI, IDH2 and
anticorrelated with mutations in 7ET2 [11,252641].
DNA methylation profiling in W77 mutant (WT1m)
AML patient samples revealed a cytosine methylation
pattern that featured hypermethylation compared
with normal bone marrow controls. There was a sig-
nificant overlap between CpGs affected by aberrant
cytosine methylation in WT1m patients with patients
harboring IDHIm and IDH2m as well as TET2m.
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Concordantly, 5hmC profiling in WT1lm patients
revealed a loss of the mark at a subset of regions identi-
fied in IDHm cases that significantly overlapped with
those lost in TET2m patients [26].

Given that 7E72 and W71 mutations are nearly
mutually exclusive in AML and associate with similar
5mC and 5hmC profiles, a functional interaction was
proposed. Targeting WT1 using small hairpin RNAs
resulted in a loss of 5ShmC in primary murine BM
cells. WT1 did not alter ShmC levels by changing the
expression level of TET2. Rather, WT1 could directly
interact with TET2, suggesting that these two factors
cooperate to regulate transcription [26]. TET2 loss of
function resulted in perturbed expression of WTT1 tar-
get genes [26,41] further supporting the hypothesis for a
functional link between these proteins. Indeed TET2
was found to not only be recruited to the target genes
by WTI, but to also facilitate enrichment for ShmC
and associate with H3K4me3 activating marks at those
loci [41]. Mutant forms of WT1 disrupted the function
of TET2 and resulted in reduced 5ShmC levels at these
loci (Figure 1) [26].

Collectively, these findings suggest that AMLs with
IDHI or IDH2 mutations and loss-of-function W71
and 7E72 mutations form a sub-type of disease. An
IDH-TET2-WT1 leukemogenic axis in which either
production of 2-HG by IDH1m or IDH2m, TE72 loss
of function or W71 mutations result in disruption of a
common set of genes through loss of ShmC and gain of
5mC (Figure 1). In spite of these clear functional over-
laps, it still must be underlined that the epigenomic
and biological impact of these somatic mutations are
not exactly equivalent to each other. For example,
unlike /DHI and IDH?2 mutations, neither 7E72 nor
WT1 mutations are expected to perturb global his-
tone modification patterns (see next section). It will be
critical to perform detailed analyses of methyl-histone
distributions in IDH1m and IDH2m cases and their
interrelationship with 5mC and 5hmC patterning to
fully resolve 2-HG’s full epigenetic effects.

IDH1m & IDH2m are associated with changes
in histone methylation patterning

Histone tail methylation is associated with both acti-
vation and repression of gene transcription depend-
ing on the identity of the residue modified and the
chromatin context of the modification [42.43]. Jumonji
C domain-containing (JMJC) proteins are histone
demethylases and similar to TET proteins, JM]JC
proteins are 0-KG-dependent dioxygenases. In vitro
enzymatic and cell-based assays established that 2-HG
inhibits the function of KDM7A (Histone [H] 3 lysine
[K] 9 and H3K27 demethylase), KDM2A (H3K36
demethylase) and KDM5B (H3K4 demethylase)

Mutant /IDH: a targetable driver of leukemic phenotypes

(Figure 1) (40,44]. While AML patient samples have not
been interrogated extensively for the effects of IDHI
and /DH2 mutations on histone methylation pattern-
ing, IDH2m expression in the cytokine-dependent
human erythroleukemia TF-1 cell line, was associated
with an increase in H3K4, H3K9, H3K27 and H3K36
methylation [45]. This is in agreement with reports of
IDHIm and IDH2m expression in other cell based
systems [46,47] and suggests that histone methylation
patterning may also be contributing to gene expression
aberrations in IDH1/2 mutant AMLs.

Potential mechanisms of aberrant gene
expression in IDH1 & IDH2 mutant AML cells
2-HG production in /DHI and /DH2 mutant AMLs
can potentially affect gene expression through several
mechanisms. The first is altered patterning of cytosine
modifications:

e DNA hypermethylation within genes and their
associated regulatory elements. While a gain in
gene body methylation could facilitate transcrip-
tional activation, increased 5SmC at gene promot-
ers could result in repression of gene transcrip-
tion. Indeed, there is a general inverse correlation
between cytosine methylation of gene promoters
and gene expression in IDHm patient samples [25].
Changes in 5mC can also impact transcription via
the induction of altered occupancy at distal regula-
tory elements, including enhancers [48]. One exam-
ple is the DNA methylation dependent chroma-
tin architectural protein CCCTC-binding factor
(CTCEF). CTCF can function as a transcriptional
regulator as well as an insulator between topologi-
cally associated chromatin domains [49]. In IDHm
glioma cells, CTCEF displacement from its insulator
binding site upstream of an oncogene (PDGFRA)
results in disruption of a topological domain. The
resulting juxtaposition of a constitutively active
enhancer leads to over expression of PDGFRA
which might contribute to the malignant transfor-
mation [50]. Another mechanism through which
5mC could impact transcriptional regulation is
hypermethylation at enhancers. TET2 loss of func-
tion was found to associate with a gain of DNA
methylation within enhancers in both an AML
mouse model (AMLI-ETO expression with TET2
loss of function) as well as within human TET2m
AML patient samples. The acquisition of DNA
methylation was associated with lower expression
of nearby genes [51];

e DNA methylation effects on gene splicing. Gene
splicing is a central mechanism by which cells can

Review

fsg

future science group

www.futuremedicine.com

949



Review

Garrett-Bakelman & Melnick

diversify their transcriptional landscape. 5mC
levels can regulate binding of CpG methylation
specific factors (CTCF and MeCP2) and result
in alternative exon inclusion via modulation of
RNA-polymerase II elongation rates [52];

e Cytosine hydroxymethylation within genes and
associated regulatory elements. 5ShmC is proposed
to contribute to gene expression regulation [3336].
In AML, 5hmC distribution is perturbed in
IDHm, TET2m and WT1m cases compared with
nonmutated cases and changes in 5ShmC levels at
gene body and distal regulatory regions had a posi-
tive correlation with gene expression [26]. Hence, in
IDHm AML cells, transcriptional repression may
be mediated via lower levels of ShmC.

The second mechanism by which IDHm could
impact transcription is via effects on histone modifica-
tions [53]. Inhibition of histone lysine demethylases by
2-HG in IDHm cells can result in the accumulation
of a number of methylated histone marks with func-
tional consequences. Transcriptional activation could
be mediated through H3K4me3 accumulation at gene
promoters and bodies. Conversely, transcriptional
repression could be mediated through H3K27me3
and/or H3K9me3 accumulation [54,55]. Additionally,
H3K36me3 can result not only in transcriptional
activation, but also in alternative exon splicing (54.56].
However, a cautionary note about the influence of
individual methylated lysines is warranted since the
context of other histone modifications present can
influence the transcriptional activity (e.g., bivalent
domains) [ss]. The full functional consequences of
histone lysine methylation are yet to be determined
in IDHm AML cells, however, accumulation of these
marks might have profound effects on transcriptional
regulation.

Transcriptional dysregulation could be targeted via
interactions between TET2 and specific transcrip-
tion factors. CCAAT/enhancer binding protein alpha
(C/EBPa) and PU.1 are key transcription factors that
regulate genes important in the myeloid lineage cell
differentiation [s7]. C/EBPa is a transcriptional activa-
tor of TET2, and transcriptional activation is associ-
ated with the acquisition of 5ShmC and loss of 5mC at
TET2 protein target gene promoters [58]. TET2 can
directly interact with the transcription factors PU.1 [59]
and WT1 [26,41] and likely cooperates to regulate their
target genes. Thus, 2-HG inhibition of TET2 activ-
ity could result in aberrant gain of 5mC at both PU.1
and WT1 target gene promoters resulting in gene tran-
scription repression. Interestingly, 5SmC patterning in
IDHm AML specimens was enriched for disruption

of PU.1 binding sites, as well as other hematopoietic
regulators such as GATA1 and GATA?2 perhaps indi-
cating an additional mechanism through which /DH1
and /DH2 mutations could antagonize transcription
factors [25-27).

An alternative mechanism by which 2-HG may
affect transcriptional regulation is independent of epi-
genetic marks. Hypoxia inducible factor (HIF) tran-
scription factors mediate responses to hypoxic stress in
normal and malignant tissues. Both HIF1o and HIF1f
have been implicated in oncogenesis. EgIN family
hypoxia-inducible factors are 0.-KG-dependent dioxy-
genases, which regulate the HIF transcription factor(s)
through targeting for polyubiquitination and subse-
quent proteosomal degradation. Under normal oxygen
conditions, HIF activity and transcriptional activity
regulated by HIFs is low, however, under hypoxic con-
ditions which malignant tumors are subjected to, HIF
target genes involved in angiogenesis, cell prolifera-
tion, and glucose metabolism can be upregulated [60].
Conflicting reports have been published about 2-HG
effects on EgIN function, some supporting a role for
the (S)-2-HG enantiomer in facilitating the competi-
tive inhibition in this case [14.44,61,62]. Further studies
are indicated to decipher the full functional impact
this mechanism may play in IDHm AML cells.

Are there combinatorial effects of cytosine
modifications in IDHm leukemias?

Little is known about the potential for cooperative or
opposing effects that 5SmC and 5hmC can have at the
level of individual genes. In the setting of mutations
that can affect the balance of 5SmC and 5hmC within
specific regulatory elements or genic regions, there is
potential for combinatorial regulation of transcrip-
tional activity by these marks. In IDHm AMLs 5mC
levels within gene promoters inversely correlate with
changes in gene transcription [25.26]. Strikingly, there
was a stronger positive correlation between changes
in gene expression and 5ShmC levels regardless of the
genomic region assessed. While there was some over-
lap between regions with 5mC gain and 5hmC loss
in IDHm AML cases, many of the changes localized
proximal to or more distal from transcription start sites
respectively [26]. While intra-tumor cell heterogeneity
may underlie these differences, the patterns detected
may truly represent a mixed epigenetic landscape
within the same cells. This raises the possibility that
5hmC might have an effect that is both distinct of and
potentially cooperative with 5SmC depending on the
genomic location. The available comparisons between
5hmC and 5mC were made using ERRBS [26], which
provides quantitative 5SmC levels at a base-pair reso-
lution, but is still a regional approach that does not
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provide full genomic coverage. Furthermore, the ShmC
profiling was performed using a genome wide enrich-
ment method [26] and quantitative measurements at
base pair resolution [30] are still not available for these
patients. Hence, additional studies are needed to
determine if the two marks can cooperatively regulate
specific gene loci.

There are, however, some indications for ways in
which 5mC and 5hmC may interact from the func-
tional standpoint. For example, Methyl-CpG binding
protein 2 (MeCP2) was originally identified as a 5mC
binding protein. It functions in the regulation of gene
transcription, chromatin topology and splicing [63.64].
In nerve cells, MeCP2 has been identified as both a
5mC and a 5hmC binding factor [65]. The functional
implications for this dual binding capacity in IDHIm
and IDH2m AML cells harboring an aberrant balance
of the two cytosine modifications are unknown. An
altered balance of 5SmC and 5ShmC might alter the bind-
ing kinetics of MeCP2 or its ability to form chromatin
modifying complexes and/or topological domains and
result in an altered transcriptional landscape. Finally,
it is unknown if CTCF occupancy is influenced by
5hmC as opposed to solely being regulated by 5mC
at its binding sites. ShmC was found to be enriched in
regions flanking CTCEF binding sites (30]. Future stud-
ies will determine if an altered balance between 5mC
and 5hmC in IDHm cells might also impact CTCF’s

insulator function.

IDH1/2 mutation role in leukemogenesis

The epigenomic effects of /DHI and IDH2 mutations
appear to play an important role in leukemogenesis.
Expression of IDH2 R140Q in primary murine bone
marrow cells resulted in inhibition of myeloid differen-
tiation and an increase in the proportion of immature
myeloid progenitor cells [25]. Concordantly, expression
of IDH2 R140Q or IDHI1 R132H in the cytokine-
dependent TF-1 human erythroleukemia cell line
induced cytokine independent growth and a block in
cell differentiation [45,62.6¢]. In the IDH1 R132H model
the phenotype required several passages to manifest,
was inducible upon exposure to a cell permeable 2-HG
and was reversible upon 2-HG withdrawal. Whether
5mC and/or histone methylation changes were the
driver in facilitating the cellular phenotypes was not
assessed. However, in a differentiation model of adipo-
genesis (3T3-L1 cell line), expression of IDH2 R172K
resulted in overproduction of 2-HG and increased his-
tone methylation (H3K9me3 and H3K27Me3) prior to
the gain of 5mC at gene promoters of transcription fac-
tors essential to adipogenesis (Cebpa and Pparg). Fur-
thermore, in immortalized human astrocytes, retroviral
transduction with IDH1 R132H resulted in a step-wise

Mutant /IDH: a targetable driver of leukemic phenotypes

gain of histone methylation (12 passages: H3K9me3
and later at 17 passages: H3K27me3 and H3K79Me2)
preceding a global gain in 5mC (passage 22) (47]. Col-
lectively these data support the hypothesis that epigen-
etic mechanisms may contribute to IDHm induced
phenotypes, perhaps in a stepwise manner.

A more detailed assessment of phenotype effects of
these mutations has emerged from the study of mice
engineered to express mutant /DHI or IDH2. Expres-
sion of IDH1 R132H or IDH2 R140Q in hemato-
poietic cells results in extramedullary hematopoiesis
and splenomegaly suggestive of a myeloproliferative
disease [1820]. By 12 months of age, the IDHIm con-
ditional knock-in mice developed reduced bone mar-
row cellularity. These mice had elevated proportions
of hematopoietic stem and myeloid lineage-specific
progenitor cells (Lin-/Scal+/cKit+ cells; LSK cells) in
the spleen and bone marrow. Bisulfite sequencing of
DNA isolated from bone marrow derived macrophage
cells revealed a gain of 5SmC. Furthermore, cell lysate
immunoblots revealed increased methylation of mul-
tiple H3 lysine residues (including but not limited to
H3K4me3, H3K79me2 and H3K36me3) in LSK cells
as well. The relevance of this model was suggested by
the fact that similar sets of genes involved in hematopoi-
etic cell functions (WNT, NOTCH and TGF-) are
hypermethylated in IDHm human AML patients [18].
Similarly, expression of IDH2 R140Q (in tetracycline-
inducible transgenic mice) induced expansion of LSK
cells, in vitro enhancement of self-renewal capacity and
block of erythroid differentiation potentially linked
to repression of GATALI transcriptional activity. The
cellular phenotype was reversible upon treatment with
AGI-6780, an IDH2 R140Q specific inhibitor, with
restoration of more limited self-renewal capacity, and
decreased intracellular 2-HG production [20].

In other experiments, overexpression of IDH2
R140Q and IDH2 R172K was achieved using retro-
viral transfection of cKit+ hematopoietic stem cells.
Competitive mouse transplantations using these cells
resulted in a differentiation block with decreased
myeloid progenitor cells and reciprocal accumulation
of immature cells (LSK). While this was not associ-
ated with global changes in 5mC or histone methyla-
tion, IDH2m overexpression resulted in elevated lev-
els of 2-HG production and a global loss of 5ShmC.
These mice developed a myeloid disorder, however,
with some dysplastic features [67]. Interestingly, trans-
plantation of LSK cells overexpressing IDH2 R140Q
using a different retroviral vector (MSCV) resulted in
a more heterogeneous set of phenotypes. In this case
some mice had no hematological abnormalities, oth-
ers developed either a myeloproliferative disorder, a
more myelodysplastic phenotype, or a B-cell (B220+)
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or T-cell (CD3*) lymphoma [68]. Indeed IDH muta-
tions have also been reported to occur in humans with
certain kinds of lymphomas [69], suggesting that per-
haps the levels or timing of IDH mutations might yield
perturbation of different hematopoietic lineages.

Collectively, these data suggest a role for IDHm in
preleukemic progenitor cell expansion due to enhanced
self-renewal and/or differentiation block. Furthermore
they show that 2-HG functions as an oncometabo-
lite in the hematopoietic system. However, the range
of 5mC, 5hmC and histone methylation changes
detected upon IDHm expression in cells raises ques-
tions about which epigenetic mark is necessary and/or
what order of change in the marks is required for the
cellular phenotype changes observed.

IDHmM cooperate with other oncogenes to
induce leukemogenic transformation

Despite the epigenetic reprogramming and hematopoi-
etic phenotype effects of IDHm, expression of IDH
mutant enzymes alone does not cause leukemic trans-
formation in mice. IDHm tend to occur in combina-
tion with other mutations in human AMLs [1,1125].
This suggests that /DHI and /DH2 mutations must
cooperate with other lesions to drive leukemogenesis.
Along these lines, IDHm enzymes have been tested
for cooperative effects with other leukemia oncogenes.
HoxA9/Meisla over-expressing mice develop a growth
factor-dependent oligoclonal acute myeloid leukemia
within three months [70]. Secondary transplants of
cells overexpressing HoxA9, Meisla and tetracycline-
inducible IDH2 R140Q developed AML within two
months. The malignant phenotype was reversible in
the majority of mice upon withdrawal of doxycycline,
as manifested by elimination of leukemia blast cells
and normal hematopoiesis restoration. Similarly, while
Hoxa9 expression alone resulted in a latent myelopro-
liferative disorder without leukemic transformation
in mice [70], co-expression of IDH1 R132C in Hoxa9
immortalized mouse bone marrow cells resulted in a
short-latency myeloproliferative disorder [19]. Fle3-ITD
transgenic mice also develop a myeloproliferative neo-
plasm but not acute leukemia [71]. Conversely, a com-
pound transgenic mouse of Flt3-ITD and IDH2m
R140Q developed both myeloid and lymphoid acute
leukemias [20]. Finally, NrasG12D expression in hema-
topoietic cells results in a latent myeloproliferative dis-
order [72]; however, co-expression of IDH2 R140Q or
R172K resulted in an acute leukemia [67]. Collectively,
these data suggest that the cellular and phenotypic
aberrancies resulting from IDHm enzymes are insuf-
ficient for oncogenic transformation. However, IDHm
can cooperate with additional mutations to accelerate
disease onset and/or facilitate leukemogenesis.

Therapeutic targeting of IDH mutant
enzymes

Direct IDHm inhibitors

Wang et al. (66] and Rohle et al. 73] reported small mol-
ecules (AGI-5198 and AGI-6780, respectively) that spe-
cifically inhibit two of the most common mutant IDH
isotypes (R132H mutant IDH1 and R140QQ mutant
IDH2, respectively). These were shown to reverse puta-
tive IDHm transforming effects, and promote cellular
differentiation in leukemia [45.66] and glioma (73] model
systems. The IDHIm inhibitor AGI-5198 was able
to significantly decrease intracellular 2-HG in glio-
blastoma cells [73] and intra- and extra-cellular 2-HG
levels in in vitro models of chondrosarcoma [74]. Since
these initial reports, additional inhibitors have been
developed. A distince IDH1 R132C chemical inhibi-
tor  (2-[2-[3-(4-fluorophenyl) pyrrolidin-1-yl]ethyl]-1,
4-dimethylpiperazine) impairs cellular proliferation
and induces leukemic cell differentiation in IDHI
mutated cells [75]. Furthermore, a selective IDH1 R132
mutant inhibitor (GSK321) also reduced intracellular
2-HG, was associated with significant reversal of DNA
cytosine hypermethylation, and myeloid cell differen-
tiation in human IDH1m AML cells in ex vivo culture
conditions. Importantly, GSK321 treatment of IDHIm
human AML cells mice xenotransplants resulted in a
reduction in leukemia blasts and a relative increase in
differentiated cells [76].

Clinical trials of some direct inhibitors are underway
for AML patients with /DHI and IDH2 mutations.
Early results from a Phase I clinical trial using a selec-
tive IDH2m inhibitor in patients with relapsed AML
(AG-221; NCT01915498) showed responses in 41%
of patients, including a subset that achieved complete
remission. Interestingly, rapid rises in neutrophil cell
counts after treatment initiation were detected, sug-
gesting induction of differentiation [77]. An IDH1 selec-
tive inhibitor is also in a Phase I clinical trial (AG-120;
NCT02074839). Finally, 2HG is being evaluated for
biomarker potential (NCT01385150) [78,79].

Indirect targeting of IDHm in AML

Data suggest that IDHm AML cases can also be effec-
tively targeted using indirect therapeutic approaches.
BET protein bromodomain inhibitors [80] are one
example. The BRD4 inhibitor JQ-1 can suppress the
growth of AML cells [81]. JQ-1 is especially effective in
IDH mutant AMLs. In the case of /DH2 mutant cells
isolated from the NrasG12D/IDH2R172K murine
AML model, JQ-1 was effective in facilitating rapid
differentiation of AML cells in vitro and in extend-
ing median survival of transplanted mice. While Myc
activity was inhibited upon JQ-1 treatment, there
was no significant change in 2-HG levels suggesting
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an effect independent to the direct inhibition of the
neomorphic enzyme activity [67].

A synthetic lethality screen was an alternative
approach utilized to discover potential therapeutic tar-
gets in IDHm cells. Using this approach, BCL2 was
identified as a top target. Treatment with a BCL2-
inhibitor in IDHm cell lines and ex vivo culture of
IDHm primary patient AML samples resulted in
higher cell death rates compared with nonmutated
controls. Furthermore, BCL2-inhibitor administra-
tion in mouse xenotransplants of human IDHm AML
cells resulted in reduced serial transplantation capacity
consistent with a reduced leukemia stem cell activity.
These results suggest that BCL2 is a downstream effec-
tor of mutant IDH enzymes and a potential therapeutic
target in mutated cases [s2].

IDH’s central role in cell metabolism raises the pos-
sibility that the oncogenic effects in IDHm cells may
not all result from epigenetic effects. Since IDHm cells
have reduced o-KG, they are potentially addicted to
glutamine-based metabolism. Indeed, exposure of pri-
mary IDH-mutated AML patient samples iz vitro to a
selective allosteric inhibitor of glutaminase resulted in
a significant induction of cell death in IDHm patient
samples compared with controls, without significant
changes in 2-HG levels [s3).

Together, these newly identified inhibitory approaches
may offer treatment opportunities in the event that resis-
tance develops to the direct mutant IDH enzyme inhibi-
tors. Further testing is needed to determine if alternative
therapeutic targeting approaches will have efficacious

Mutant /IDH: a targetable driver of leukemic phenotypes

impact on 2-HG levels in a de novo AML model and
serve as a viable alternative to direct IDHm targeting.
Regardless, since IDH2 R172K has been a challenging
target to date, these approaches open possibilities for
effective treatments in such cases.

Concluding remarks & future perspective

Somatic mutations in /DHI and IDH2 are recurrent
features in AML. While mutations in other enzymes
in the TCA cycle have been identified in malignant
disorders [84], IDHIm and IDH2m represent the first
identified in AML. They results in intra- and extra-cel-
lular elevations of 2-HG and changes in 5mC, 5ShmC
and histone methylation patterning. Hence, they rep-
resent the first somatic mutations that link metabo-
lism and epigenetics in AML. The altered epigenetic
landscape likely helps facilitate transcriptional repro-
gramming in the disease cells through direct effects
at gene regulatory elements and via indirect effects on
transcriptional factors. Despite the accumulating evi-
dence of 2-HG effects on epigenetic modifiers upon
expression of IDHIm or IDH2m enzymes, the pri-
mary epigenetic change that drives cellular effects in
AML remains largely unknown. Furthermore, how the
changes in the different epigenetic marks cooperate to
regulate disease-related gene sets in AML is yet to be
fully determined. Finally, while 2-HG production has
been a focus of study in recent years, the presence of
IDHIm/IDH2m results in the depletion and produc-
tion of additional metabolites [85], whose cellular effects
in AML are yet to be characterized. Future studies

Executive summary

Main characteristics of IDH1 & 2 mutant enzymes

cytosine hydroxymethylation.

2-HG can function as an oncometabolite.

expansion of immature cell populations.

oncogenes are needed.

in vivo models of acute myeloid leukemia.

treatment efficacy.

e IDH1 and IDH2 are recurrently mutated in acute myeloid leukemia.
e Mutations occur in the catalytic domain and result in enhanced production of (R)-2-hydroxyglutarate (2-HG).
e |IDH1 and IDH2 mutations are associated with a gain of cytosine and histone tail methylation and loss of

e 2-HG competitively inhibits dioxygenase enzymes, including Ten-eleven translocation DNA hydroxylase and
Jumonji C domain-containing proteins resulting in impaired DNA and histone demethylation respectively.

Role of IDH1 & IDH2 mutant enzymes in leukemogenesis

e IDH1 and IDH2 mutant enzyme expression in in vitro and in vivo models results in the overproduction of 2-HG;

e IDH1 and IDH2 mutant enzyme expression results in a block of hematopoietic cell differentiation and

e Genes targeted by aberrant epigenetic patterning and differential expression compared with controls in IDH1
and IDH2 mutant cells are functional in malignant transformation and hematopoietic cell differentiation.

e IDH1 and IDH2 mutant enzymes alone are insufficient to induce a malignant leukemia phenotype; cooperative

Selective IDH1 & IDH2 mutant enzyme inhibitors are under development
e Selective inhibitors can reverse cellular phenotypes and 2-HG production in IDHT and IDH2 mutant cells and

e AG-221 and AG-220 are direct IDH1 and IDH2 mutant inhibitors that are currently in clinical trials to determine

e Indirect inhibitors of IDH1 and IDH2 mutant enzymes are being developed and tested for efficacy.
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will determine the full range of cellular mechanisms
that facilitate the cellular transformation facilitated by
IDH1m/IDH2m.

Despite the gap in knowledge above-noted, in the
short time span since the discovery of malignant muta-
tions in IDHI and IDH?2 genes, great progress has
been made in developing potential therapeutic agents.
Current clinical trials are helping to pave the way to
potential effective treatment options in /DH mutant
myeloid malignancies. However, data from in vitro
models of AML suggest that the acquisition of a
pathogenic mutation in /DHI or IDH?2 is insufficient
to drive leukemogenesis independently. Furthermore,
IDHI and IDH2 mutations in human AML patients
frequently co-occur with mutations in other genes.
Together, these findings suggest that it is likely that
combination therapies will be required to successfully
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