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Acute myeloid leukemia (AML) cells modulate their metabolic state continuously as
a result of bone marrow (BM) microenvironment stimuli and/or nutrient availability.
Adipocytes are prevalent in the BM stroma and increase in number with age. AML
in elderly patients induces remodeling and lipolysis of BM adipocytes, which may
promote AML cell survival through metabolic activation of fatty acid oxidation (FAQO).
FAQ reactions generate acetyl-CoA from fatty acids under aerobic conditions and, under
certain conditions, it can cause uncoupling of mitochondrial oxidative phosphorylation.
Recent experimental evidence indicates that FAO is associated with quiescence and
drug-resistance in leukemia stem cells. In this review, we highlight recent progress
in our understanding of fatty acid metabolism in AML cells in the adipocyte-rich BM
microenvironment, and discuss the therapeutic potential of combinatorial regimens
with various FAO inhibitors, which target metabolic vulnerabilities of BM-resident,
chemoresistant leukemia cells.
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ACUTE MYELOID LEUKEMIA, THE BONE MARROW (BM)
MICROENVIRONMENT, AND METABOLISM

In the bone marrow (BM) microenvironment, AML cells modulate their metabolic state to respond
to extracellular stimuli, like hypoxia and nutrient availability, and can therefore undergo cell
kinetic quiescence, proliferation, or differentiation (1). Glucose is metabolized to pyruvate through
glycolysis during normal and pathological conditions, and, in the presence of oxygen, pyruvate
can be further metabolized to acetyl-CoA that is oxidized in the Krebs cycle to drive oxidative
phosphorylation (OXPHOS) and ATP generation. This process can generate 36 moles of ATP
per mole of glucose that is 18 times more than that generated by glycolysis alone. Interestingly,
OXPHOS is reportedly highly active in AML cells (2). In addition to glucose, proteins and fatty
acids can also be metabolized to acetyl-CoA to drive the Krebs cycle and OXPHOS in ATP
production (3) (Figure 1).

Acute myeloid leukemia (AML) is primarily a disease of the elderly, with 75% of AML patients
greater being over 60 years old at diagnosis (4). In adult BM, adipocytes are the dominant stromal
cell, which increase in number with advancing age. For example, it is estimated that adipocytes
occupy ~15% of the BM in a 20 years old and as much as 60% in 65 years old (5). Adipocytes have
been reported to support survival and growth of various types of tumor cells by stimulating FAO
and mitochondrial OXPHOS due to high energy fatty acid transfer (6). In fact, AML cells salvage
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FIGURE 1 | The bone marrow microenvironment reprograms energy metabolism in AML. AML cells utilize multiple metabolic pathways for energy production,
glycolysis, oxidative phosphorylation (OXPHOS), and if fatty acid is available, also undergo fatty acid oxidation (FAQO). In the oxidative stressed bone marrow (BM)
microenvironment, AML cells are supplied free fatty acids by abundant BM adipocytes, and utilize for FAO. FAQ involves a series of reactions to generate acetyl-CoA

from fatty acid under aerobic conditions. Acetyl-CoA enters the TCA cycle.

free fatty acids released by surrounding stromal adipocytes,
which are then used as substrates to generate energy (7, 8).

A recent study demonstrated that BM-resident adipocytes
markedly impaired the antileukemia efficacy of various
chemotherapeutic agents, and that the rate of relapse after
chemotherapy was higher in obese mice compared to their
normal-weight counterparts (6, 9, 10). Phenotypic switching of
ALM cells between the drug-sensitive and -resistant state
is thought to be controlled by growth factor signaling,
epigenetic regulation (11), and metabolic reprogramming
(12). Furthermore, BM-resident leukemic stem cells (LSCs)
exhibit a pro-inflammatory phenotype, express fatty acid
transporter CD36, and induce lipolysis in BM adipocytes to fuel
FAO in leukemic cells (13).

Although reports are increasing regarding the roles of
altered energy metabolism during tumor progression, including
AML tumorigenesis, studies focusing on fatty acid metabolism
in this process remain relatively rare, and the molecular
mechanisms associated with fatty acid metabolism and the
tumorigenic properties of AML progenitors or LSCs are poorly
characterized (14).

Interestingly, while it triggers various adaptive mechanisms
that contribute to survival of AML cells, inhibition of FAO
disrupts metabolic homeostasis, increases reactive oxygen species
(ROS) production, and causes apoptosis in AML cells (1).
Therefore, combinatorial regimens of chemotherapy with FAO
inhibitors may have promise as a potential strategy to target BM-
resident AML cells and LSCs. This review summarizes the current
understanding of the role of fatty acid metabolism in AML cells
in the adipocyte-rich BM microenvironment they occupy, and
relationships between fatty acid metabolism and LSCs focusing
on the potential molecular mechanisms through which AML

cells acquire stemness and therapy resistance. Further, we discuss
potential combinatorial regimens utilizing FAO inhibitors, which
are anticipated to target the metabolic vulnerabilities of BM-
resident, chemoresistant leukemia cells and LSCs.

THE BM MICROENVIRONMENT
REPROGRAMS ENERGY METABOLISM IN
AML CELLS BY SUPPLYING THEM
ABUNDANT FATTY ACIDS

Most tumor cells are reprogrammed to increase glucose
uptake for use in glycolysis, but they generally reduce the
proportion of glucose converted to acetyl-CoA that is oxidized
in the Krebs cycle (1, 2), and become more dependent
on FAO to drive this process (9). FAO produces over
twice as much ATP per mole compared to the oxidation
of glucose (15), contributes substantially to these processes
under metabolic stress in cancer cells (16). Additionally, the
pentose phosphate pathway utilizes glucose for the generation
of NADPH that is used in the maintenance of cytosolic
redox balance (17). Conversely, FAO and the Krebs cycle
are an essential source of mitochondrial NADH and FADH,
that are oxidized in the electron transport chain to produce
ATP (18).

Fatty acids are generally obtained from the extracellular
microenvironment through lipolysis of stored triglycerides
(19), and can act as a ligand for the peroxisome proliferator-
activated receptor y (PPARy) located in the nucleus (20).
Lipolysis of adipocytes is induced by activation of pB-
adrenergic receptor (21) and G protein-coupled cascade
that stimulate lipolytic enzymes such as hormone-sensitive
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lipase (HSL) (22) and perilipinA (23). It has been reported
that in the presence of ovarian cancer cells adipocytes
increased release of free fatty acid with upregulation
of HSL phosphorylation and Perilipin gene expression
(19). Furthermore, AML blasts has been shown to induce
phosphorylation of HSL and consequent activation of lipolysis
in BM adipocytes (24).

BM adipocyte-supplied fatty acids are internalized via
the leukemia cell scavenger receptor CD36 and transferred
to the nucleus by an intracellular lipid chaperone fatty
acid-binding protein 4 (FABP4) followed by ligation of
PPARy. Activated PPARy then induces downstream target
genes, including CD36, FABP4, and antiapoptotic BCL2 (25).
In fact, several reports have been published about the
functional relationship between adipocytes and vicinal tumor
cells, which is apparently mediated by FABP4-dependent
mechanisms (19, 26).

In mitochondria, fatty acids that are consumed in FAO are
imported in to the matrix by uncoupling protein 2 (UCP2), which
can cause mitochondrial inner membrane uncoupling with
the proton motive force dissipated as heat (9). Mitochondrial
uncoupling in leukemia cells shifts metabolism toward FAO that
negatively regulates Bak-dependent mitochondrial permeability
transition (9). In leukemia cells Bcl-2 has an antioxidant function
as a safeguard of mitochondrial integrity (27) by facilitating
glutathione import to the mitochondrial matrix (28) or by
directly reducing ROS generation (29), which results in the
protection from mitochondrial uncoupling-induced apoptosis
(30). Notably, it has been shown that Bcl-2 overexpression
promotes low ROS-producing quiescent leukemia stem cells
(31). Therefore, the combination of FAQO inhibition with
Bcl-2 inhibitors may improve the susceptibility of AML
cells (9).

BM adipocytes also increase adiponectin receptor expression
as well as its downstream target stress response kinase, AMP-
activated protein kinase (AMPK) (25), which is a key modulator
of energy metabolism and is activated under conditions of ATP
depletion. AMPK exerts long-term metabolic control, including
upregulation of fatty acid uptake, FAO, as well as autophagy
regulation (32, 33). BM-adipocytes, a major source of serum
adiponectin that increases during caloric restriction as well as
during cancer therapy (34), have been shown to contribute
to chemotherapy resistance via the secretion of adipokines as
well as AMPK-dependent autophagy activation in myeloma
cells (35, 36). Adiponectin-induced extracellular Ca’* influx
via AdipoRl1is necessary for the activation of AMPK (37). BM
adipocytes also activate a cancer-associated transcription factor
MYC and induce an antiapoptotic chaperone heat shock protein
(HSP) response in AML cells. MYC is known to stimulate
the uptake of catabolites, such as fatty acids (38). HSPs that
bind to denatured and unfolded proteins and promote protein
refolding or degradation are positively regulated by AMPK (33),
supporting AML cell survival. Thus, leukemic cells often utilize
fatty acids under metabolically stressed conditions, and the
NADH and FADH, that are generated support ATP production,
redox homeostasis, biosynthesis, as well as cell survival
and proliferation.

FAO IN LSCs

LSCs are a subpopulation of AML cells in the BM
microenvironment that become resistant to drugs by entering
a quiescent state, which is induced by growth factor signaling,
epigenetic regulation, and altered metabolism (11, 39). FAO
also participates in the pathophysiological interactions between
LSCs and BM stroma, which are associated with the dynamic
metabolic and phenotypic reprogramming of the LSCs (40).
Interaction between leukemic cells and stromal adipocytes
creates a disease-specific microenvironment supporting the
metabolic demands and survival of the LSC subpopulation
expressing the fatty acid transporter CD36 (13). These LSCs
have been shown to induce lipolysis in adipocytes, which drive
FAO in LSCs and facilitates their survival (13, 24). Therefore,
CD36 has an attracted attention as a new target of LSC. Sulfo-N-
succinimidyl oleate (SSO) binds to CD36 and effectively blocks
CD36-mediated fatty acid uptake into cardiomyocytes (41, 42),
which is, however, chemically instable (41). Recently, a CD36
neutralizing antibody was shown to impair metastasis of human
melanoma and breast cancer cells (43).

BM-resident LSCs exposed to adipocytes also exhibit a pro-
inflammatory phenotype inducing lipolysis in vicinal adipocytes
that further fuels FAO in the leukemic cells (13).

Adipocytes support survival and growth of various types of
tumor cells including prostate and breast cancers by stimulating
mitochondrial metabolism in tumor cells due to high energy lipid
transfer (44, 45). Nieman et al. (19) has shown that co-culture
of primary human omental adipocytes and ovarian cancer cells
promoted lipolysis in the adipocytes and B-oxidation, invasion,
and migration in the transformed cells. These activities has been
mediated by adipokines including interleukin-8 (IL-8) along
with upregulation of a lipid chaperone FABP4 both in omental
metastases ovarian tumors. FABP4 level is also increased in AML
cells cultured with BM adipocytes (25), and knockdown of a lipid
chaperone FABP4 prolonged survival of a Hoxa9/Meis1-driven
murine leukemia model (24). These findings suggest that FABP4
has a key role in cancer cells survival.

Recently, Jones et al. demonstrated enhanced amino acid
uptake and catabolism in LSCs, and that survival of these cells
isolated de novo from AML patients were dependent on amino
acid metabolism for oxidative phosphorylation (46). On the other
hand, LSCs obtained from relapsed AML patients have been
shown to acquire a compensatory ability to overcome the loss
of amino acid metabolism by increasing FAO (46), suggesting
that the eradication of chemoresistant LSCs could be achieved by
targeting LSC metabolic vulnerabilities such as FAO dependency.

THERAPEUTIC OPTIONS BASED ON
COMBINATORIAL REGIMES WITH FAO
INHIBITORS

As mentioned previously, AML cells are dependent on FAO
in the BM microenvironment (9). Thus, blocking FAO as a
potential strategy for AML therapy. FAO inhibition could disrupt
metabolic homeostasis, increase ROS, and induce the integrated
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FIGURE 2 | Interactions with adipocytes promotes fatty acid metabolism in AML.

AMPK and HSP chaperone proteins and modulation of transcription factors in vitro. (A) Fatty acids are obtained from the extracellular microenvironment through
lipolysis of stored triglycerides in adipocytes. (B) BM adipocytes induce upregulation of PPARy, CD36, and FABP4 gene transcription, which stimulates fatty acid
endocytosis. The networks of transcriptional regulation and fatty acid metabolism support AML cells in a quiescent state associated with activation of AMPK, p38 with
autophagy induction, upregulation of HSP anti-apoptotic chaperone proteins and chemoresistance. (C) In mitochondria, fatty acids are consumed for FAO, resulting in
decrease of mitochondrial ROS formation and intracellular oxidative stress. FAO inhibition induces the integrated stress response, which stimulates transcriptional
activation of ATF4 and facilitates apoptosis induction by chemotherapeutic drug. FABP4, fatty acid binding protein 4; AMPK, AMP-activated protein kinase; p38, p38
mitogen-activated protein kinase; ADIPOR1, adiponectin receptor 1; ATF4, activating transcription factor 4.

BM adipocytes prevent cell death of AML via FAO stimulation, with activation of

stress response mediator ATF4 in AML cells causing apoptosis
(47). Several studies have shown anti-AML effects of carnitine
O-palmitoyltransferase 1 (CPT1) inhibition, which is a key rate-
limiting enzyme in FAO (9, 47-50). CPT1 controls FAO initially
by conjugating fatty acids with carnitine for translocation into the
mitochondrial matrix. There are three known isoforms of CPT1,
CPT1A, CPT1B, and CPT1C (51). The expression of CPT1A
is reportedly regulated by PPARs and the PPARy coactivator
(PGC-1) (52), which is associated with histone deacetylase
activity and enhanced tumorigenesis of breast cancer cells
(51). CPT1A knockdown down-regulated mTOR signaling and
increased apoptosis, and the pharmacological CPT1A inhibitor,
etomoxir, sensitized leukemic cells to the chemotherapeutic drug
cytarabine (AraC) (9). Although etomoxir has been frequently
utilized to blockade free fatty acid entering mitochondria via
CPT1, an off-target effect of etomoxir such as inhibiting complex
I of the electron transport chain has been reported (52). ST1326,
anovel CPT1A inhibitor, induced dose- and time-dependent cell
growth arrest, mitochondrial damage, and apoptosis in primary
acute lymphoid leukemia (ALL), chronic lymphoid leukemia
(CLL) and particularly in AML cells (50). The association
between STAT3-induced CPT1B and chemoresistance in breast
cancer cells (53) as well as dysregulated CPT1B expression in
bladder cancer cells (54) has also been reported.

CPT1C is regulated by AMPK causing tumor growth during
metabolic stress in various cancer cell types, and CPT1C down-
regulation enhanced sensitivity to rapamycin in cancer cells (55).
Although etomoxir is no longer used clinically due to adverse
side effects (56), other CPT1 inhibitors, including perhexiline

(57), have demonstrated the ability to sensitize breast cancer
cells to paclitaxel (53). A novel FAO inhibitor derived from the
avocado fruit, avocatin B, decreased NADPH that is fueled by
FAO through acetyl-CoA and NADH production, and caused
ROS-dependent AML cell death (58, 59). The fatty acid synthase
inhibitor orlistat has been shown to exhibit similar inhibitory
effects on leukemia cell growth via apoptosis induction (1).

FAO inhibition can trigger reciprocal activation of bypass
metabolic pathways that contribute to AML survival in the
BM. This indicates possible limited efficacy of these so-called
“metabolic” inhibitors when used as single agents. For example,
co-culture with BM-derived adipocytes decreased the anti-
leukemia effects of avocatin B along with increased glycolysis,
and glucose and free fatty acid uptake in AML cells (47).
Compensatory glycolysis provided continued supply of ATP to
AML cells which induced pronounced lactate production. These
results are consistent with the finding of increased expression
of FABP4, CD36, and free fatty acid uptake in FAO-deficient
Abcbl1-knockout (KO) mice (60). These observations indicate
that FAO inhibition triggers various adaptive mechanisms to
enhance survival of AML in the BM microenvironment.

While FAO inhibition alone can trigger metabolic adaptation,
it has been shown that FAO inhibitors are highly synergistic
with conventional anti-tumor therapeutic agents like paclitaxel
(53). Farge et al. (61) showed AraC-resistant AML cells displayed
increased FAO and OXPHOS, and that the FAO inhibitor
etomoxir induced an energy shift from high to low OXPHOS,
which resulted in sensitization of these cells to AraC. Similarly,
FAO inhibition by avocatin B combined with AraC caused highly
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synergistic effects by increasing ROS production and apoptosis
in AML cells co-cultured with BM adipocytes (47). Endoplasmic
reticulum (ER) stress-induced activating transcription factor
4 (ATF4) activation by avocatin B contributed to apoptosis
induction by the combination treatment with AraC (47)
(Figure 2). These findings suggest increased dependence on FAO
in AML cells treated with AraC, which could be responsible, at
least in part, for the observed synergistic apoptotic effect.

Recent reports provided promising results for simultaneous
treatment with FAO inhibitors and various anti-leukemic agents.
For example, in childhood acute lymphoblastic leukemia cells, L-
asparaginase (ASNase), a key therapeutic target, hydrolyzed
plasma asparagine and glutamine to disrupt metabolic
homeostasis. ASNase also induces a compensatory increase
of FAO and cellular respiration to overcome metabolic stress,
and the inhibition of FAO by etomoxir markedly increased
the sensitivity of acute lymphocytic leukemia (ALL) cells to
ASNase (62).

Shinohara et al. reported that inactivation of BCR-ABL by the
tyrosine kinase inhibitor imatinib strongly suppressed glycolysis
and a compensatory increase of FAO by up-regulating CPT1C
in Ph-positive ALL and chronic myeloid leukemia (CML) cells.
The fatty-acid derivative and FAO inhibitor AIC-47 reversed
the TKI-induced upregulation of FAO and exhibited synergic
cytotoxicity with imatinib (63, 64). In chronic lymphocytic
leukemia (CLL), high-dose glucocorticoids (GCs), induced
activation of PPARa and downstream FAO that confer resistance.
Tung et al. demonstrated that PPAR« and FAO enzyme inhibitors
increased the cytotoxicity of dexamethasone in CLL cells in
vitro and in vivo (65). These findings highlight the potential of
combination regimens with FAO inhibitors that target metabolic
vulnerabilities of BM-resident chemoresistant leukemia cells.

CONCLUSIONS AND FUTURE
DIRECTIONS

Here we have described recent evidence for the role of fatty
acid metabolism and FAO in AML survival in the adipocyte-
rich BM microenvironment. Metabolic alterations in leukemia
cells have drawn increasing attention as an important therapeutic
objective, and encouraging results with reagents that targeting
fatty acid metabolism have been achieved in preclinical leukemia
models. Leukemic cells may be critically dependent on certain
metabolic pathways as their molecular heterogeneity suggest.
Hence, the metabolism changes in leukemia cells vs. their
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