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Abstract

Acute myeloid leukemia (AML) is a cancer derived from the myeloid lineage of blood cells,
characterized by overproduction of leukemic blasts. Although therapeutic improvements have
made a significant impact on AML patient outcomes, survival rates remain low due to high
incidence of relapse. Similar to how wildfires can reignite from hidden embers not extinguished
from an initial round of firefighting, leukemic stem cells (LSCs) are the remaining embers after
completion of traditional chemotherapeutic treatments. LSCs exhibit a unique metabolic profile
and contain metabolically distinct subpopulations. In this review, we detail the metabolic features
of LSCs and how these characteristics promote resistance to traditional chemotherapy. We also
discuss new therapeutic approaches that target metabolic vulnerabilities of LSC to selectively
eradicate them.
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Improved AML therapies require novel targets

Acute myeloid leukemia (AML) is a cancer derived from the myeloid lineage of blood cells,
characterized by overproduction of leukemic blasts (see Glossary). Blasts replace normal
hematopoietic cells, which begins in the bone marrow (BM) but can spill out into peripheral
blood and spread to other organs.[1] AML is the most common acute leukemia in adults,
with nearly 120,000 global cases per year. Though therapeutic improvements have positively
impacted outcomes for younger patients, most cases present in patients over 65 and overall
survival rates of individuals diagnosed before the age of 40 are five-fold higher than patients
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diagnosed at 65 years or older.[2] AML is a genetically complex and heterogeneous disease
with many known drivers, and heterogenous mixtures of subclones with distinct
evolutionary patterns can exist in the same individual [3]. Risk groups are often defined by
the presence or absence of specific cytogenetic abnormalities and acquired genetic mutations
in patient samples. Complex karyotypes are most frequently observed in elderly patients and
are associated with poor prognosis.[4] Point mutations in driver genes are the most common
lesion, and are enriched in intermediate risk AML patients[3]. Several point mutations have
also been identified in genes that act as drivers of therapeutic resistance.[5] Autonomous
proliferation of AML blast cells is also a predictor of survival, with increased proliferation
resulting in decreased probability of survival due to enhanced growth rate and rapidity of
relapse, as well as greater potential for acquiring additional mutations.[6]

Since 2012 there have been more drugs in development for leukemia than almost all solid
tumors, but between 1979 and 2017 few new drugs were approved for use in AML.[7]
Therapeutic developments have historically focused on optimization of existing traditional
chemotherapeutics, so novel therapeutic targets are crucial for improved patient outcome.
Since 2017, numerous novel therapeutics for AML have been approved, but most are not
associated with widespread, deep, or durable responses. Leukemic stem cell (LSC)
eradication is required to prevent relapse in AML, so this review discusses the unique
metabolic characteristics and potential to therapeutically target LSCs: quiescent,
chemotherapy-resistant cells with self-renewal capacity that regenerate AML. In addition,
we discuss implications of metabolic reprogramming and comment on potential for
therapeutic targeting.

LSCs are a therapy-resistant, long-term reservoir for AML

Hematopoiesis is a complex, highly regulated multi-step process through which
hematopoietic cells are created from a small pool of self-renewing hematopoietic stem cells
(HSC) in the BM. This hierarchical process ultimately gives rise to all blood lineages,
including mature myeloid cells.[8] (Fig. 1). In AML, transforming mutations result in
evolution of HSCs and/or their progeny into LSCs which lie at the top of their own unique
hierarchy and compete against normal hematopoiesis. (Fig. 1). LSCs exhibit aberrant self-
renewal capacity and indefinite proliferation. They also overproduce leukemic blasts, which
are extremely proliferative[9], fail to fully mature, and exhibit limited function[10]. These
blasts block the function and development of mature blood cells in all lineages.[11] Hence,
one of the initial goals of treatment is the rapid removal, or ‘de-bulking’ of blast cells to
promote hematopoietic recovery.[12]

The current standard of care for AML patients fit enough to receive it involves intensive
chemotherapy, which is commonly comprised of a combination of cytarabine and an
anthracycline, named “7+3” for 7 days of cytarabine treatment with 3 days of an
anthracycline. Cytarabine functions as a DNA synthesis inhibitor, incorporating into DNA in
place of deoxycytosine. Anthracyclines function through DNA intercalation.[13], [14] These
traditional chemotherapeutics (Table 1) are widely cytotoxic to most hematopoietic cells, but
as they especially target proliferating cells through inhibition of DNA synthesis, leukemic
blasts are uniquely susceptible.
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However, while traditional chemotherapeutics may eliminate most bulk tumor cells, their use
is limited to patients fit for chemotherapy, which excludes the majority of the AML patient
population[15]. Further, they are rarely effective at eliminating LSCs, leading to disease
relapse [16]. Relapse represents a significant clinical problem: disease recurs in ~60% AML
patients in the favorable risk category and >85% patients in the adverse risk category,
defined by the 2017 European LeukemiaNet (ELN) classification [17]. Within the last two
decades a wide range of therapies have been proposed, including targeting
immunophenotypic markers, specific mutations, epigenetic deregulation,
microenvironmental alterations, proteasome activity, and others. Examples of targeted
therapies commonly used in AML treatment are listed in Table 2. However, in the clinic,
most approaches show limited potential to eradicate LSCs. A body of recent work has
focused on identifying unique metabolic characteristics found in therapy-resistant relapse
LSCs as well as in LSCs from refractory de novo AML.[18] Here, we describe key
metabolic characteristics and potential targets of LSCs contributing to therapeutic resistance
and relapse.

LSCs tightly control ROS levels

One major similarity between HSC and LSC populations is their tight regulation of reactive
oxygen species (ROS), highly reactive byproducts of aerobic metabolism that cause
peroxidation of nucleic acids, amino acids, lipids, and carbohydrates[19]. (Fig. 2) ROS
contribute to stem cell aging, force cells out of quiescence, and compromise their ability to
maintain the stem cell population. ROS levels are regulated in part by localization to
hypoxic microenvironments. There exists a decreasing oxygen gradient with increased depth
in the BM[20]; the lowest oxygen levels correspond with deeper perisinusoidal regions.[21]
HSC localization within this hypoxic microenvironment implies hypoxia is critical to stem
cell function.

HSCs and LSCs also tightly regulate expression of hypoxia-inducible factors (HIFs),
essential for the cellular hypoxic response. In the BM, factors such as thrombopoietin (TPO)
and stem cell factor (SCF) promote HIF1a stabilization[22], [23]. HIFs bind hypoxia
response elements (HRES) in regulatory regions of genes responsible for self-renewal,
apoptosis, redox homeostasis, and metabolic reprogramming[24] (Text Box 1). In HSCs,
HIFla promotes glycolysis by binding HRESs in the promoter region of genes coding for
glycolytic enzymes such as pyruvate dehydrogenase kinases (PDKSs), preventing entry of
pyruvate into the mitochondrial TCA cycle[20] and acting as an enforcer of HSC quiescence
through indirectly inhibiting oxidative phosphorylation (OXPHQOS). Interestingly, LSCs
are “pseudohypoxic” — HIF1a is activated even in normoxia, allowing LSC generation and
maintenance.[25] However, HIF function in LSCs has not been fully elucidated. A recent
study suggests HIFs exert transcriptional control of glycolysis but not OXPHOS in leukemic
cells, and HIFs may not control a specific glycolytic step but instead ensure proper
expression of necessary components during hypoxia[20]. Moreover, loss of HIF activity in
leukemic cells does not affect glucose consumption or lactate production, suggesting
glycolytic regulation through oncogenes can occur independently of HIF.[20] On the other
hand, HIF1a knockout in MLL-AF9-driven AML enhanced disease progression after
chemotherapy.[26] Thus HIF1a can serve as an oncogene or tumor suppressor,[27] and the
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outcome may be governed by autophagy. Autophagy, driven by HIF1a, in cancer cells
represses tumor growth[28], but as will be discussed, autophagy is critical to LSC survival in
AML. Therefore, additional work is needed to address the role of HIFs in LSC metabolism
and understand the interplay between hypoxic signaling and LSC maintenance.

FOXO transcription factors (FOXO1, 3, 4, 6) are also common ROS regulators in HSCs and
LSCs. These factors govern HSC regenerative potential through regulating transcriptional
responses to oxidative stress and controlling quiescence and survival.[29] FOXO3a regulates
mitochondrial expression of superoxide dismutase (SOD2) [30], which converts the
superoxide radical to oxygen and hydrogen peroxide. Further, FOXO3a is necessary for
autophagy, which mitigates oxidative stress through removal of toxic proteins and damaged
mitochondria.[31] The role of FOXOs in limiting oxidative stress is well defined in HSCs.
[29] However, FOXOs are active in ~40% AML patient samples regardless of genetic
subtype[32], suggesting their importance for maintaining low ROS in LSCs. In fact, FOXO3
knockdown increases expression of myeloid differentiation and apoptosis markers.[33]
Further, glutamine synthetase is transcriptionally regulated by P1(3)K-PKB-FOXO
signaling[34], and glutamine metabolism is critical to redox balance through glutathione
(GSH) production.[35] GSH scavenges free radicals and other ROS. Additionally, ATP
generation in OXPHOS is dependent on glutathionylation of succinate dehydrogenase
(SDH), the second enzyme complex of the electron transport chain (ETC), and glutamine
metabolism is vital to de novo LSC survival.[36] Despite FOXO protein involvement in
leukemia-relevant pathways, like HIF proteins they can act as tumor suppressors due to their
ability to arrest the cell cycle through p27 and p21 induction, and induce apoptosis through
upregulation of pro-apoptotic genes including Bim and FasL.[37], [38] Further, elevated
FOXO3A phosphorylation results in nuclear exclusion and degradation[39], and may be a
targetable, independent adverse prognostic marker in AML.[40] Studies also show FOXO
inactivation is crucial to the apoptosis arrest in AML[39]. The role of FOXOs in reducing
oxidative stress in LSCs may be critical to disease progression. However, evidence for
FOXO inhibition in reducing apoptosis in AML suggests FOXO transcription factors require
additional investigation to disentangle their role in LSC metabolism and determine whether
they offer a suitable therapeutic target.

Although not a transcription factor, the polycomb complex protein B cell-specific Moloney
murine leukemia virus integration site 1 (BMI-1) is also critical to self-renewal and
quiescence in HSCs and LSCs[41], as well as leukemic programming in myeloid progenitor
cells[42]. Further, BMI-1 regulates both mitochondrial function and ROS homeostasis[41]
and is overexpressed in AML and other hematologic malignancies.[43] As maintenance of
low ROS levels as well as mitochondrial function are required for LSC stemness, BMI-1
overexpression may allow increased LSC survival through these mechanisms.

LSCs actively engage mitophagy

As mitochondrial metabolism differs between HSCs and LSCs, mitochondrial clearance
does as well. Autophagy-mediated mitochondrial clearance, or mitophagy, is critical to
cellular function and its dysregulation is implicated in a variety of hematopoietic disorders
including AML..[44] In self-renewing HSCs, mitophagy is critical for HSC expansion [45]
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and function[46]. Active mitochondria, the main source of cellular ROS, can be detrimental
to HSC maintenance so mitochondrial clearance is critical to allow activated HSCs to return
to a low-ROS, quiescent state.[46] Indeed, impaired autophagy in aged HSCs is associated
with high ROS and decreased stem cell capacity[47]. Strikingly however, HSCs not only
have a larger mitochondrial mass than lineage-committed progenitors and mature cells, but
also a relatively low mitochondrial turnover capacity.[48] As mitochondria drive OXPHOS
and calcium-induced apoptosis[49], are the location of fatty acid oxidation[50], and are
sources for ROS signaling[51], increased mitochondrial mass in HSCs may point to a much
larger role of mitochondria in HSC biology than originally considered. This surprising
discovery was made very recently, so implications in AML have yet to be elucidated.
However, LSCs have increased dependence on mitophagy compared with HSCs[52]. As we
have mentioned, LSCs are uniquely reliant on mitochondrial OXPHOS despite the necessity
to remain ROS-low, so proper mitochondrial regulation and clearance are crucial to their
survival. This is underscored by a study showing knockdown of mitochondrial fission
regulator FIS1, a mitochondrial fission and apoptosis regulator, reduces mitophagy and
increases myeloid differentiation, cell cycle arrest, and glycogen synthase kinase-3 (GSK3)
inhibition, a serine/threonine protein kinase whose signaling is critical to self-renewal
potential. AMP kinase (AMPK) upregulates FIS1 and is intrinsically activated in LSC
populations. AMPK inhibition produces similar results to FIS1 knockdown. Through Ulk1
phosphorylation, AMPK contributes to mitochondrial targeting to the lysosome.[53]
Together, these data suggest FIS1 critically mediates mitophagy and LSCs use AMPK/FIS1-
mediated mitophagy as a survival mechanism by maintaining self-renewal potential.[54]
Mitophagy is also implicated in the survival of other cancer stem cells (CSCs): hepatic CSC
mitophagy mediates p53 degradation and favors proliferation, and BNIP3L-mediated
mitophagy contributes to therapeutic resistance in colorectal and breast cancer CSCs.[55],
[56] Further, the PML-PPARS&-FAO pathway, upregulated in LSCs[57], also promotes
mitophagy[58] which suggests the they are interconnected and work together to promote
self-renewal in HSCs and LSCs alike.

LSCs are uniquely reliant on OXPHOS

In low oxygen environments, such as the hypoxic BM niche, glycolysis oxidizes glucose to
produce ATP and regenerate NADH[50]. Glucose can also enter the TCA cycle through
acetyl-CoA oxidation[50]. While glucose is the most common fuel for the TCA cycle, amino
acids can also be catabolized through the TCA cycle and fatty acids undergo fatty acid p-
oxidation (FAQ) to produce Acetyl-CoA[50]. (Fig. 3, Key Figure) The TCA cycle generates
reducing equivalents that sustain formation of proton gradients and ATP synthesis via the
ETC and OXPHOS. ETC Complex Il (SDH) plays a dual role by transferring electrons to
Complex Il in the ETC as well as converting the TCA cycle intermediate succinate to
fumarate[50]. (Fig. 3) These pathways are critical to cellular function, but they play
especially important roles in hematopoietic regulation.

While HSCs and LSC populations both use OXPHOS, they do so in distinct ways. HSCs
generally avoid mitochondrial OXPHOS and instead rely on anaerobic glycolysis for ATP
production. But during differentiation, HSCs activate OXPHOS to meet increased energetic
requirements, then revert to glycolysis to prevent HSC pool exhaustion[59]. LSCs, however,
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are “metabolically inflexible”: they are uniquely reliant on OXPHOS for energy production
and do not activate glycolysis [60]. This characteristic is seemingly inconsistent with
limiting oxidative stress, as mitochondrial respiration is the primary source of ROS.[51] The
purpose of this phenomenon has yet to be fully elucidated, although it is a unique metabolic
property in CSCs[61]. One theory suggests OXPHOS acts as an adaptation to maintain
survival through decreased metabolic rate[60], but a recent study suggests activation of the
sublethal integrated stress response (ISR), highly activated in LSCs[62], suppresses
glycolysis.[63] Due to decreased glycolytic activity, one of three metabolic fuels for the
TCA cycle — glucose, amino acids, and fatty acids — is how unavailable, and LSCs must rely
on amino acids and/or fatty acids to fuel OXPHOS. Despite OXPHOS being a slower energy
production mechanism than glycolysis, it is significantly more efficient and may allow LSCs
to survive by more effectively utilizing nutrients with limited availability[60].

The unique reliance on OXPHOS has driven many studies focusing on its pharmacological
inhibition[16], [36], [60], [64]. Targeting mitochondrial function using tigecycline, a
mitochondrial protein synthesis inhibitor, results in Ara-C sensitivity through induction of
apoptosis, although human AML cells may metabolically adapt through increased
glycolysis.[65] Another example is the selective sensitivity of LSCs from de novo AML
patients to amino acid depletion, leading to OXPHQS inhibition.[16] This sensitivity is
elicited through a combination of venetoclax, a BCL-2 inhibitor, and azacitidine, a DNA
methyltransferase inhibitor (ven/aza)[36]. In LSCs from de novo AML patients, ven/aza
significantly decreased OXPHOS through amino acid depletion and ETC complex Il
inhibition[36]. It is currently not understood why BCL-2 inhibition results in impairment of
amino acid uptake and metabolism. One explanation lies in BCL-2 inhibition allowing
increased formation of mitochondrial permeability transition pores[66], resulting in
increased mitochondrial membrane leakage and decreased amino acid catabolism.
Regardless, this combination is extremely effective in older AML patients, a population with
historically poor outcomes due to the high toxicity of traditional chemotherapeutic agents. In
fact, this regimen has been shown in a Phase 3 study to allow for deep and durable
remissions and represents the new standard of care for older newly diagnosed AML patients
[67]. Notably, the therapeutic effect of venetoclax is largely independent of LSC genetic
background in de novo AML, indicating venetoclax targets a distinct metabolic state rather
than a specific lesion.[67] This is unique relative to other targeted therapies that inhibit
specific proteins with oncogenic roles such as mutant FLT3 and IDH1/2. Interestingly,
excess 2-hydroxyglutarate (2-HG) produced by IDH mutant AML cells confer susceptibility
to venetoclax due to ETC dysregulation; patients with IDH mutant AML in turn have more
robust responses to ven/aza.[67] On the other hand, IDH inhibitors appear to reduce this
sensitivity.[68] Conversely, FLT3 mutations have no known impact on outcomes of patients
treated with ven/aza. Interestingly, BCL-2 upregulation is a mechanism of FLT3 inhibitor
resistance, though the relevance to LSC metabolism has not been characterized[69]. Further
studies will be needed to fully elucidate the relationship between targeted therapies such as
FLT3 and IDH inhibitors and LSC metabolic function.

While ven/aza is an exciting option for de novo AML patients, its efficacy in the relapsed/
refractory (R/R) AML setting is significantly lower.[70] This phenomenon is also observed
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ex vivoin LSCs from R/R AML patients. While ven/aza still inhibits BCL-2 and amino acid
import and metabolism, R/R LSCs are able to metabolically compensate through
upregulation of at least one alternative pathway to sustain mitochondrial demands: fatty acid
metabolism (Fig. 3B). R/R LSCs show significantly increased overall fatty acid levels and
OXPHQOS function compared to de novo LSCs upon ven/aza treatment, suggesting fatty
acids contribute to OXPHOS and their survival.[16] In a subsequent study, genetic and
pharmacological targeting of fatty acid transport resensitized R/R LSCs to ven/aza both ex
vivoand in a primary patient xenograft model.[71] LSC resistance to ven/aza may also result
from loss of BCL2 expression occurring in phenotypically monocytic AML, which
subsequently rely on MCL1, another BCL2 family member, to mediate OXPHOS.[72]
While de novo LSCs are metabolically inflexible, R/R LSCs exhibit metabolic plasticity and
alternative mechanisms of mediating OXPHOS, allowing for therapeutic resistance.

LSCs use amino acid metabolism to drive OXPHOS

Recent clinical and basic science studies have resulted in a major leap in understanding the
metabolic underpinnings of LSC therapeutic resistance. As discussed, LSCs depend on
OXPHOS for ATP production. However, until recently it had not been determined how
OXPHOQOS is fueled in these cells. Recent work shows de novo AML LSCs display increased
amino acid levels and uptake[16], and likewise rely on amino acid metabolism for their
survival (Fig. 3A). When de novo LSCs from AML patients are treated with ven/aza, which
inhibits amino acid uptake and metabolism, then supplemented with all common amino
acids, LSC viability and relative oxygen consumption rate were rescued. This underscores
the requirement of amino acids for OXPHOS in de novo AML LSCs.[36], [71] Amino acids
fuel the TCA cycle, and therefore OXPHOS, through conversion to TCA cycle
intermediates[16]. For example, arginine, glutamine, histidine, and proline are precursors to
glutamate, which is converted to a-ketoglutarate by glutamate dehydrogenase.[50] The
production of these intermediates drives TCA cycle function, which in turn drives OXPHOS
through production of NADH and succinate, the substrate for ETC complex 11[50]. While
studies have hinted at the role of amino acids in leukemic pathogenesis, this is the first
reported example of LSCs using amino acids to directly fuel OXPHOS.[16]

Cysteine, essential for intracellular redox balance, also plays a unique role in LSC function.
Glutathione (GSH), crucial for regulating intracellular ROS[73], is a tripeptide consisting of
glutamate, cysteine, and glycine[50], and multiple GSH regulatory pathways are
overexpressed in AML[73]. As previously mentioned, ETC complex Il glutathionylation is
required for OXPHQOS function in LSCs[36]. Cysteine is a non-essential amino acid[50], but
synthesis of endogenous cysteine is often insufficient to maintain GSH levels. As a result,
uptake of cysteine and cystine, the oxidized dimer form of cysteine[50], becomes essential to
prevent oxidative stress[64]. Indeed, enzyme-mediated depletion of serum cysteine and
cystine in mice and non-human primates suppresses AML proliferation through inactivation
of the antioxidant cellular response.[64] Enzyme-mediated cysteine depletion has also
succeeded in prostate cancer, breast cancer, and chronic lymphocytic leukemia models.[74]
Interestingly, a recent study determined that decreased polyamine pathway activity, or the
trans-sulfuration pathway, sensitized cancer cells to cysteine depletion[75] and may offer an
additional therapeutic mechanism of cysteine depletion. Beyond what is described here,
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studies investigating cysteine depletion are limited, but with additional examination it may
offer a novel therapeutic mechanism.

Branched-chain amino acids (BCAAs), leucine, isoleucine, and valing, also impact HSC and
LSC survival. Valine is required for HSC maintenance[76], [77], but the metabolic role of
valine in HSCs has yet to be determined, and limited research exists regarding the role of
amino acid metabolism in HSCs. In de novo AML, however, BCAAs produced by BCAT1
(BCAA transaminase 1) contribute to malignant growth.[78] BCAT1 is a cytoplasmic
aminotransferase that transfers a-amino groups from BCAAS to regulate cellular a-
ketoglutarate, and is significantly overexpressed in LSCs[79]. The transfer of an amino
group from a BCAA to a-ketoglutarate produces glutamate[80], which can be imported into
mitochondria to fuel OXPHOS. It also results in hypermethylation of a-ketoglutarate-
dependent dioxygenases such as Egl-9 family hypoxia inducible factor 1 (EGLN1) and the
ten-eleven translocation (TET) family of DNA demethylases, similarly to IDH-mutant LSCs.
Further, BCAT1 expression is significantly higher in relapse LSCs than de novo LSCs.[79]
Mutations producing enhancer of zeste homolog 2 (EZH2) deficiency, the enzymatic
component of polycomb repressive complex 2 which represses BCAT1, also result in
progression of myeloproliferative neoplasms to highly aggressive AMLs in mice through
enhanced mammalian target of rapamycin (mTOR) signaling.[81] This occurs by conversion
of leucine to Acetyl-CoA, which positively regulates mMTOR complex 1 (mTORC1)
activity[82]. BCAA metabolism has been explored as a pharmacological target and shows
promising primary AML cell inhibition[83], underlining the critical role of amino acids in
AML.

Relapse LSC can switch to FAO to drive OXPHOS

FAO, the breakdown of fatty acids into Acetyl-CoA producing NADH and FADH,, fuels
OXPHOS but regulates HSC fate. In HSCs, increased FAO promotes asymmetric division
and HSC self-renewal.[84] This process is regulated via a PML-PPARS-FAO axis, which
acts as a metabolic switch where PML promotes PPARS activation, which activates the FAO
transcriptional program. [57]

However, FAO plays contrasting roles in R/R LSCs. R/R LSCs are resistant to venetoclax,
and display increased fatty acid levels[16] and fatty acid transporter CD36 expression[89].
Based on studies inhibiting FAO through mitochondrial translocase carnitine
palmitoyltransferase 1 (CPT1), FAO negatively regulates the BAK-dependent mitochondrial
permeability transition, critical for cytochrome-c dependent promotion of apoptosis[85].
Venetoclax (Table 2) relies on mitochondrial apoptotic pathways, so aberrations within these
pathways suggest a mechanism of therapeutic resistance[36], [86], [87]: venetoclax-resistant
R/R LSCs compensate for amino acid loss by using fatty acids to fuel OXPHOS. Fatty acids
enter mitochondria, then undergo beta oxidation to produce Acetyl-CoA. Beta oxidation also
produces NADH and FADH,, used by the ETC to produce ATP.[50] While LSCs rely on
autophagy for cell function, mitochondria-controlled autophagy also regulates fatty acid
availability in OXPHOS through mitochondria-endoplasmic reticulum contact sites[88].
Recent studies have investigated LSC eradication through FAO inhibition: pharmacologic
inhibition of CPT1 with etomoxir decreases refractory LSC function[71], and etomoxir
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restores eradication of ven/aza resistant LSCs.[89] Further, mitochondrial FAQO inhibition
and specific cytotoxic activity toward primary AML cells has been achieved using avocatin-
B, although AML cells may adapt through fatty acid uptake from BM adipocytes[90],
underlining the importance of performing studies within a relevant microenvironmental
context. The inhibition of FAO and its role in fueling OXPHOS will likely become an
exciting new direction in fighting therapeutic resistance in AML.

While fatty acids are critical to mitochondrial metabolism in R/R LSCs, they also contribute
to proliferation, signaling, and other survival mechanisms. Aberrant lipid metabolism in
cancer cells supports proliferation through increased availability of energy, structural cellular
membrane components, and lipid-based signaling molecules. However, some cancer cells
may rely on an alternative fatty acid desaturation pathway, increasing their metabolic
plasticity and contributing to therapeutic resistance.[91] Alterations in lipid metabolism may
also affect oncogenic signaling through the Wnt/B-catenin and Hippo/YAP pathways,[92]
and proteins including fatty acid desaturases and mevalonate pathway enzymes have recently
garnered attention for their roles in CSCs[93], [94]. Novel lipid detection methods are
allowing for increased understanding of the role of fatty acids and lipids in cancer
biology[93], and the discovery of targets involved in aberrant lipid metabolism in AML may
offer a much needed mechanism of targeting R/R LSCs.

Concluding Remarks

Prior to 1995, AML patients faced survival rates ranging from 5-15% [95]. However,
research within the last two decades has made impressive contributions to our understanding
of leukemia biology and novel therapeutic targets, several of which have resulted in FDA
approvals for AML treatment. (Clinician’s Corner, Text Box 2) Consequently, the overall
survival rate has more than doubled, but gaps in our knowledge must be filled to continue
this progress. (Outstanding Questions) Current treatments are successful in putting out the
wildfire of leukemic blasts in AML. However, much like remaining embers can reignite the
blaze, quiescent LSCs resistant to these therapies result in disease relapse and require a
targeted approach to extinguish. Metabolic pathways fueling OXPHOS act as kindling for
these outbreaks and will likely become key therapeutic targets in the fight to improve
outcomes for patients with AML and other hematologic malignancies.
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An anti-apoptotic protein commonly upregulated in AML. BCL-2 localizes to the outer
membrane of the mitochondria and acts to inhibit mitochondrial membrane permeabilization
and release of cytochrome C and reactive oxygen species (ROS)

de novo
Describes a patient or cells from a patient who has been diagnosed with AML for the first
time and has not yet undergone chemotherapy

Glycolysis
The process through which ATP is formed by the conversion of glucose into pyruvate,
occurring in the cytosol

Hematopoiesis
The multistep, highly regulated process by which the cellular components of blood are
formed

Leukemic blasts
Highly proliferative, immature myeloid blood cells that are unable to differentiate and
function normally. Produced by leukemic stem cells (LSCs)

Leukemic stem cells (LSCs)

A cell originating from a normal stem or progenitor cell after undergoing leukemic
transformation. Like a normal stem cell, LSCs are quiescent and have the capacity for self-
renewal but produce leukemic blasts and are resistant to traditional chemotherapies

Mitophagy

The selective degradation of mitochondria by autophagy, the highly regulated cellular
mechanism allowing removal of dysfunctional or unnecessary cellular components. It
promotes mitochondrial turnover and prevents accumulation of dysfunctional or overactive
mitochondria, limiting oxidative stress

Oxidative Phosphorylation (OXPHOQOS)

The process through which ATP is formed by the transfer of electrons through the electron
transport chain (ETC), located in the inner membrane of the mitochondria. It is fueled by the
TCA cycle

Quiescence

A reversible cellular state in which the cell does not proliferate but can be “activated” to
become proliferative. This state allows resistance to traditional chemotherapies targeting
actively proliferating cells

Reactive Oxygen Species (ROS)
Chemically reactive molecules including peroxides, superoxide, hydroxyl radicals, etc. that
are the normal metabolic byproducts. High levels can result in cellular damage

Relapsed/Refractory (R/R)
Describes a patient or cells from a patient who has either been previously diagnosed with
AML and has experienced disease recurrence or is resistant to treatment upon first diagnosis
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Outstanding Questions

LSCs activate HIF1a even in normoxia, but the role of HIFs in LSC survival
is unclear. While HIFs are known to control glycolytic gene programs in
HSCs, this may occur independently of HIFs in LSCs. Further, HIF1a can
serve as an oncogene or tumor suppressor gene in different contexts
depending on the importance of autophagy, but this connection is also not
well understood.

FOXO transcription factors also play seemingly contrasting roles in both
driving leukemic pathogenesis and acting as tumor suppressors. FOXO3a has
been implicated in the prevention of myeloid differentiation and apoptosis, as
well as the prevention of oxidative stress. However, FOXOs have also been
shown to arrest the cell cycle and induce apoptosis, so further investigation is
required to disentangle its role in LSC pathogenesis.

While the combination of venetoclax and azacitidine has proven to be
effective in older de novo AML patients, their independent and combined
mechanism of targeting LSCs remains unclear. Further, ~30% of AML
patients have LSCs that do not respond to this regimen, so future studies will
be critical to address this shortcoming.

The metabolism of R/R LSCs is unique, but their intricacies are only just
beginning to be examined. The contributions of increased metabolic
flexibility via fatty acid metabolism to therapeutic resistance as well as the
role of aberrant lipid metabolism in LSCs requires additional investigation.

Aging, inflammation, and their role in the development and pathogenesis of
AML have also been at the forefront of leukemia biology. However, the role
of inflammatory cytokines in AML is not well understood. The immune
response is closely linked to metabolism, so pro-inflammatory cytokines may
have a significant impact on metabolic aberrations in AML.
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Highlights

Despite advances in our understanding of leukemia biology, rates of relapse
and poor outcome for AML patients remain high as conventional treatments
do not eliminate disease-initiating LSCs.

LSCs display unique metabolic features: they are resistant to traditional
chemotherapeutics, employ a variety of molecular and metabolic mechanisms
to maintain a ROS-Low state, and rely on OXPHOS for the production of
high-energy compounds.

Successful treatment of AML requires the elimination of LSCs, and the recent
successful therapies directly target de novo LSC metabolism.

R/R LSCs remain therapeutically resistant by utilizing alternative metabolic
pathways to fuel OXPHOS, but recent advancements suggest targeting these
pathways may provide novel therapies and improve patient outcome.
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Text Box 1:
HIF Target genes

The target genes for HIF1a and HIF1p cover a wide array of cellular processes, many of
which have been linked to poor outcomes in AML. One category of HIF target genes are
those involved in stemness and self-renewal, critical for the maintenance of LSCs.
Adrenomedullin (ADM) is a regulatory peptide involved in cellular growth that increases
leukemic migration with excess levels in the bone marrow[113]. Aberrant signaling of
vascular endothelial growth factor signaling (VEGF), which promotes angiogenesis, is
also associated with poor outcome in AML[114], and insulin-like growth factor 2 (IGF2)
is a critical component of the IGF2/IGF1R/Nanog signaling pathway, which regulates
LSC proliferation.[115] HIF targets also include several genes regulating apoptosis.
BNIP3L well-known as a regulator of apoptosis, but also mediates mitophagy, which is
critical to LSC survival[52]. Further, Phorbol-12-myristate-13-acetate-induced protein 1
(also known as NOXA) is a member of the BCL-2 protein family and has been implicated
in the mechanism by which the combination of azacitidine and venetoclax so effectively
targets de novo LSCs.[116] The anti-apoptotic protein MCL1 has also been implicated
for its involvement in the formation and persistence of AML.[117] Controlling ROS is
also critical to LSC survival in AML, and HIF targets many genes involved in redox
homeostasis. Glutathione peroxidase 3 (GPX3) detoxifies hydrogen peroxide, and
increased expression is associated with poorer outcomes in AML. [118] Heme
oxygenase-1 (HMOX1) has been shown to suppress apoptosis in AML cells[119], and
superoxide dismutase (SOD?2) is critical to cellular redox balance.[30]
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Text Box 2:
Clinician’s Corner

. AML is the most common acute leukemia in adults. Since 1995, the overall
survival rate has more than doubled. However, the median age at diagnosis is
68, and the five-year survival rate for this patient population remains very
poor.

. Traditional chemotherapeutics may eliminate the majority of bulk tumor cells,
but they do not typically eliminate disease initiating LSCs, leading to relapse
in over 65% of patients.

. Recent developments in therapeutic targeting have allowed for the inhibition
of unique metabolic characteristics found in LSCs, which contribute to
therapeutic resistance in relapse as well as the initial refractory nature of some
AML patients.

. De novo LSCs are known to be “metabolically inflexible”: they are uniquely
reliant on OXPHQOS and cannot activate glycolysis. They also rely on amino
acid metabolism to fuel OXPHOS, and the broad depletion of amino acid
import by the combination of venetoclax and azacitidine has been extremely
effective in clinical trials for elderly patients.

. R/R LSCs are also uniquely reliant on OXPHQOS but are resistant to many
therapies, including venetoclax. They may be able to activate fatty acid
metabolism to fuel OXPHOS in addition to amino acids, leading to
therapeutic resistance.
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Figure 1: Comparison of normal and leukemic myeloid hematopoietic hierarchies.
Hematopoietic stem cells (HSCs) self-renew and primarily exist in a glycolytic state during

quiescence but switch to oxidative phosphorylation (OXPHOS) upon differentiation. HSCs
differentiate into multipotent progenitors (MPPs), which lose the ability to self-renew but
have increased frequency of cell cycle progression and differentiation activity. The MPP
then differentiates to a common myeloid progenitor (CMP), which can become a
megakaryocyte—erythroid progenitor (MEP), generating erythrocytes and platelets, or a
granulocyte-macrophage progenitor (GMP), generating granulocytes. Both HSCs, MPPs,
and CMPs can potentially become a leukemic stem cell (LSC) through the acquisition of
transforming mutations. LSCs also have the capacity for self-renewal and are uniquely
reliant on OXPHOS. They differentiate to produce leukemic blasts, which lose the ability to
self-renew but can use both glycolysis and OXPHOS. While leukemic blasts are sensitive to
traditional chemotherapy, LSCs require targeted therapies for their eradication. Created with
BioRender.com.
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Figure 2: Mechanisms regulating ROS in LSCs.
Leukemic stem cells (LSCs) display several mechanisms that function to maintain low levels

of reactive oxygen species (ROS). LSCs reside in the hypoxic bone marrow niche, limiting
oxidative stress. Hypoxia-inducible factors (HIFs), essential to the cellular response to
hypoxia, are activated even in normoxia in LSCs and niche factors such as thrombopoietin
(TPO) and stem cell factor (SCF) promote HIF stabilization. FOXO transcription factors
also maintain low ROS levels by regulating mitochondrial expression of superoxide
dismutase (SOD2) and glutamine synthetase. Glutamine, along with cysteine, is critical to
the production of glutathione, which scavenges free radicals and other ROS. FOXO TFs are
also required for autophagy and mitophagy, which mitigates oxidative stress through
removal of toxic proteins and damaged mitochondria. AMP kinase (AMPK), which
upregulates mitochondrial fission regulator FIS1 and therefore mitophagy, is intrinsically
activated in LSCs. The PML-PPARS-FAO pathway, upregulated in LSCs, also promotes
mitophagy.
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Figure 3: Metabolic features of LSCs.
A) de novo LSCs are described as metabolically inflexible as they are unable to activate

glycolysis and are uniquely reliant on OXPHQOS for energy production. As a result, glucose
can no longer be used as a fuel source for the TCA cycle and de novo LSCs are instead
reliant on amino acids as a fuel source. Amino acids enter the TCA cycle through conversion
to TCA cycle intermediates such as oxaloacetate and alpha-ketoglutarate. The combination
of venetoclax and azacitidine (Ven+Aza) successfully inhibits amino acid import and
metabolism as well as OXPHQS, allowing de novo LSCs to be eradicated.

B) Relapsed/refractory (R/R) LSCs are also unable to activate glycolysis and are also
uniquely reliant on OXPHQOS for energy production. While glucose is not available as a fuel
source for the TCA cycle, R/R LSCs can use both amino acids and fatty acids to fuel the
TCA cycle and OXPHQOS. Fatty acids are converted to Acetyl-CoA through beta oxidation
in the mitochondria. While Ven+Aza remains biologically active in these cells, the ability of
R/R LSCs to use fatty acids as a fuel source allows for therapeutic resistance by
compensating for the loss of amino acids. Created with BioRender.com.
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Table 1:

Traditional Chemotherapeutics.
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Name

Cytarabine (AraC)
[96]

Daunorubicin [96]

Mechanism of action

Nucleoside analog; inhibitor of DNA

polymerase

Inhibitor of DNA topoisomerase 11

(also used to manufacture

Approved usage

Remission induction in acute non-lymphocytic
leukemia.

Remission induction in acute non-lymphocytic
leukemia, with other approved anti-cancer

Median OS

With standard-dose dau =
16.6 mo

With

high-dose dau = 25.4 mo

With AraC, standard-
dose = 16.6 mo

doxorubicin, idarubicin) drugs, in adults With
AraC, high-dose = 25.4
mo
7+3 (cytarabine + Combination of cytarabine (7 days) + First line therapy for de novo AML 5.95 mo
anthracycline) [97] daunorubicin, doxorubicin, or
idarubicin (3 days)
CPX-351 (Vyxeos) Liposomal formulation of cytarabine +  De novo AML-MRC and t-AML in patients 9.56 mo

unable to tolerate 7+3

Off-label use: (1) de novo AML with 11 mo

[97] daunorubicin at fixed 5:1 molar ratio

Fludarabine (Fludara)  Inhibitor of DNA synthesis through

1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

[98] DNA polymerase, ribonucleotide cytarabine + G-CSF + idarubicin (FA, FLAG,
reductase, DNA primase and DNA or FLAG-IDA regimens) (2) R/R or high-risk
ligase | patients with cytarabine and filgrastim +

Etoposide (VP-16)
[99], [100]

6-thioguanine (6TG)
[101]

Hydroxyurea (Droxia)
[102]

Azacitidine (Vidaza)
[103]

Decitabine (Dacogen)
[104]

Inhibitor of DNA replication and
transcription through topoisomerase 11

Purine analog; inhibitor of DNA

synthesis

Purine analog; diphosphate reductase

inhibitor

Pyrimidine analog; DNA
methyltransferase inhibitor

Pyrimidine analog; DNA
methyltransferase inhibitor

idarubicin [FLAG, FLAG-IDA regimen]
Off-label use: with mitoxantrone + cytarabine
in R/R AML

Single agent for remission induction,
remission consolidation, maintenance therapy
in AML, also with 7+3 in DAT regimen

Off-label use: single agent for cytoreduction in
adults with AML
Myelodysplastic syndromes

Myelodysplastic syndromes

With LDAC = 8.7 mo
With 7+3 =8.4
mo

With AraC + Dau = 3.7
mo

With etoposide

+ idarubicin = 9.9 mo

7.0 mo

10.3 mo

8.09 mo
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Table 2:
Targeted AML Therapies.
Name Mechanism of action Target cell Approved for... Combined with... Median OS
type
Midostaurin Inhibitor of FLT3, PKC, Blasts + De novo FLT3-mutated AML 7+3 induction, With 7+3=74.7
(Rydapt) [105] serine/ threonine + LSCs HiDAC mo.
tyrosine kinases consolidation,
azacitidine
Gilteritinib Inhibitor of FLT3 Blasts + R/R FLT3-mutated AML Single agent 9.3 mo.
(Xospata) [106] LSCs
Ivosidenib Inhibitor of IDH1 Blasts + De novo AML in patients >75  Single agent De novo = 8.8 mo.
(Tibsovo) [107], LSCs years or R/R IDH1 mutated R/R
[108] AML - 12.6 mo.
Enasidenib (Idhifa)  Inhibitor of IDH2, Blasts R/R IDH2-mutated AML Single agent 8.8 mo.
[109] induces terminal
differentiation
Gemtuzumab Anti-CD33 monoclonal  Blasts + De novoor RIR CD33+ AML  Daunorubicin or With dau/Ara-C =
0zogamicin humanized antibody CMPs cytarabine, or single  17.3 mo.
(Mylotarg) [110] agent Single agent
=4.9 mo.
Venetoclax Inhibitor of BCL-2 Blasts + De novo AML in patients >75  Azacitidine 17.5 mo.
(Venclexta) [111] LSCs years or with comorbidities
Glasdegib Inhibitor of the Blasts + De novo AML in patients >75  Low-dose 8.8 mo.
(Daurismo) [112] Hedgehog pathway LSCs years or with comorbidities cytarabine (LDAC)
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