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inflexible and rely heavily on fatty acid oxidation and
glutaminolysis to maintain OxPhos [27, 28].

Glycolytic disruptions in AML blasts and LSCs

As noted above, myeloblasts have high glycolytic activity
and its anabolic diversions, most importantly the
pentose-phosphate pathway, to provide nucleotides,
amino acids, and electron carriers, e.g., building blocks
that are necessary for rapid proliferation of leukemia
cells [29]. The first step of glycolysis, the conversion of
glucose to glucose-6-phosphate, is catalyzed by hexoki-
nases. Hexokinase II, the most common version of the
enzyme in insulin-sensitive tissues, is a key player in
controlling metabolic flux through this pathway. Unsur-
prisingly, it is also frequently upregulated in cancer cells
(reviewed in [30, 31]). One potential method to target
hexokinase is to use 3-bromopyruvic acid or 2-deoxy-D-
glucose (2-DG), both of which inhibit glucose metabol-
ism [32, 33]. Although targeting hexokinase with 2-DG
alone is generally ineffective, it can sensitize AML cells
to other drugs that affect mitochondria, including cytar-
abine, inhibitors of complex I of the ETC (such as rote-
none), the mitochondrial uncoupler CCCP, and BH3-
mimetic inhibitors of Bcl-2, like ABT-737 [13, 34, 35]
(see Figs. 1 and 2 for an overview of druggable mito-
chondrial targets).

The next rate-limiting, and first committed, step in
glycolysis is phosphorylation of 6-phosphofructose by
phosphofructokinase-1 (PFK1) to produce fructose 1,6-
bisphosphate. PFK1 is allosterically activated by the
compound fructose 2,6-bisphosphate, which is overpro-
duced in many cancer types by the overexpression of
PFKFB3, a dual function 6-phosphofructo-2-kinase/fruc-
tose-2, 6-bisphosphatase that is a therapeutic target itself
[36]. Overexpression of PFKFB3, including in leukemia
cells, drives increased activity of PFKI, enabling in-
creased glycolytic flux. Computational analysis demon-
strated that a novel tumor suppressor, 3-(3-pyridinyl)-1-
(4-pyridinyl)-2-propen-1-one (3PO), can competitively
inhibit PFKFB3, and decreases intracellular concentra-
tions of fructose 2,6-bisphosphate; this subsequently de-
creases glycolytic flux in various tumor models [37]. The
same group synthesized 73 derivatives of 3PO, one of
which (PFK15) was pre-clinically evaluated for targeting
resistant hypoxic cancer cells [37]. 3PO was shown to ef-
fectively reduce lactate production and cell growth in a
leukemia model [38].

A careful analysis of AML patients has revealed a var-
iety of different genetic contributions to disease progres-
sion, including some that alter glycolytic activity. One
commonly mutated gene is the FMS-like tyrosine kinase
3 gene (known as CD135 or FLT3). Although several
amino acid substitutions have been found, the most
common category of mutation identified is internal
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tandem duplication of one or more codons near the
transmembrane domain (known as FLT3-ITD). This
class of mutations is found in approximately one-third
of AML patients and is associated with poor prognosis
and increased risk of relapse [39-42]. Oncogenic muta-
tions in FLT3 trigger overactivation of the tyrosine kin-
ase, which promotes several pro-survival effects in cells,
including AKT-mediated upregulation of hexokinase—
increasing their glycolytic activity [43]. There has been
an explosion in treatments available for patients with
FLT3 mutations, including a number of tyrosine kinase
inhibitors like midostaurin and lestaurtinib (derivatives
of staurosporine that target multiple tyrosine kinases),
sorafenib, quizartinib, crenolanib, and gilteritinib [44].
Of these, only midostaurin and gilteritinib have received
approval from the US Federal Drug Agency, and the lat-
ter is the first drug identified to target both internal tan-
dem duplications and tyrosine kinase domain mutations
[45]. The metabolic shift caused by the mutation also
sensitizes these cells to glycolytic inhibitors like 3-
bromopyruvate, which potentiates treatment with tyro-
sine kinase inhibitors [34, 43].

Citric acid cycle disruptions in AML blasts and
LSCs

Targeting enzymes involved in the flux of pyruvate into
the mitochondrial metabolism or citric acid cycle (CAC)
is another fruitful anti-leukemia strategy. In the transi-
tion between glycolysis and the CAC cycle, pyruvate
needs to be decarboxylated and condensed with coen-
zyme A (CoA) to yield acetyl-CoA that can be combined
with oxaloacetate to yield citrate. Acetyl-CoA produc-
tion requires the pyruvate dehydrogenase complex
(PDC), which is comprised of three different enzymes
[46]. Interestingly, cancer tissues often exhibit increased
expression of PDC kinases, which limit CAC activity,
driving pyruvate toward conversion to lactate, with im-
portant implications for energy production and modifi-
cation of the tumor microenvironment. High expression
of PDKs in AML patients (particularly PDK3, which is
the most active isoform) is a negative prognostic factor
for survival [47].

Several synthetic inhibitors of PDKs have been identi-
fied, such as Nov3r, AZD7545, Pfz3, radicicol, and CPI-
613 [46]. The addition of CPI-613 to conventional
chemotherapy is a promising approach for older AML
patients and those with poor-risk cytogenetics [48]. Un-
fortunately, most of these compounds have ICs, values
in the low- to mid-millimolar range, suggesting that it
would be very difficult to deliver appropriate concentra-
tions of these compounds to tumor cells, particularly
without unacceptable levels of off-target effects.

Mutations in the isocitrate dehydrogenase (IDH) genes
of AML patients provided researchers with one of their
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