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Abstract

Metabolic homeostasis is a fundamental property of cells that becomes dysregulated in cancer to 

meet the altered, often heightened, demand for metabolism for increased growth and proliferation. 

Oncogenic mutations can directly change cellular metabolism in a cell-intrinsic manner, priming 

cells for malignancy. Additionally, cell-extrinsic cues from the microenvironment, such as 

hypoxia, nutrient availability, oxidative stress, and crosstalk from surrounding cells can also affect 

cancer cell metabolism, and produce metabolic heterogeneity within the tumor. Here, we highlight 

recent findings revealing the complexity and adaptability of leukemia cells to coordinate 

metabolism.
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1. Introduction

Metabolic alterations have long been recognized in cancer cells. A finding made nearly a 

century ago by Otto Warburg that tumors consume glucose at markedly increased level has 

not only spurred research aimed to understand this peculiar metabolic behavior of tumors, 

but also has found its way into clinical application as 18F-fluorodeoxyglucose positron 

emission tomography for cancer diagnosis [1]. The reliance of cancer cells on glucose and 

its preferential consumption through glycolysis even in the presence of oxygen (aerobic 

glycolysis) was initially hypothesized to be due to defective mitochondria [2]. However, 

more recent studies have established that many cancer cells harbor and are dependent upon 

functional mitochondria [3–6]. The question of why cancer cells preferentially use 

glycolysis, an uneconomical route to produce ATP compared to mitochondrial oxidative 

phosphorylation, is beginning to be addressed in cancer cells. Glycolysis is not the dominant 

mechanism for many cancer cells to produce ATP, and ATP production is not the limiting 

factor for proliferation [7]. Rather, glycolysis offers cancer cells with metabolites essential 

for rapid division through metabolic pathways that branch away from glycolysis. For 

example, glucose-6-phosphate can be diverted to the pentose phosphate pathway (PPP) to 

produce reducing agents NADPH and ribonucleotides [8]. Additionally, 3-phospho-glycerate 
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can enter the one-carbon cycle to generate amino acids, lipids, and reducing agents [9]. 

Thus, increased glycolysis meets the demand of proliferative cancer cells for anabolism, 

producing metabolic intermediates through multiple branching pathways. The decision of 

how cancer cells divert glycolysis intermediates remains elusive, but it is likely to be 

affected by cellular metabolic state and the environment in which the cancer cells are 

exposed.

The metabolic milieu of the tumor microenvironment dictates the behavior of tumors. 

Tumors are exposed to nutrient- and oxygen-poor conditions as they grow exponentially due 

to insufficient vascularization [10]. Metabolic adaptation to these stress conditions is vital 

for tumor survival and expansion, and as such multiple metabolic regulators that enable 

metabolic adaptation are dysregulated in cancer. These include the components of the 

phosphatidylinositol 3-kinase (PI3K)/Akt signaling that feeds into the mechanistic target of 

rapamycin (mTOR) pathway, AMP-activated protein kinase (AMPK), and hypoxia inducible 

factor 1 (Hif1). The effects of the microenvironment on cancer cell metabolism may apply to 

hematological malignancies, since leukemia and lymphoma cells often expand in hypoxic 

areas such as the bone marrow or the thymus [11, 12]. Thus, considering cancer cell 

metabolism within the context of metabolically constrained tumor microenvironment is 

critical in understanding tumor development and progression. In this review, we will discuss 

mechanisms by which hematological malignancies dysregulate metabolism and how they 

adapt to metabolic stresses found in the native microenvironment in which they reside.

2. Increased glucose metabolism supports anabolism and redox 

maintenance in leukemia

Despite the fact that different hematological malignancies harbor distinct genetic lesions and 

reside in different microenvironment, increased glucose consumption is a conserved 

hallmark in hematological malignancies (Figure 1). Multiple hematological malignancies, 

including multiple myeloma [13], acute lymphoblastic leukemia (ALL) [14], chronic 

lymphatic leukemia (CLL) [15], and AML [16] exhibit increased glucose consumption and 

upregulated glycolysis. Pharmacological inhibition of glycolysis using 2-deoxyglucose (2-

DG) [14, 17] or 3-bromopyruvate [18, 19] can arrest leukemia cell proliferation and 

synergize with chemotherapeutic agents. Genetic studies in mouse models also support the 

importance of glycolysis in initiation and maintenance of myeloid malignancies. Deletion of 

a pyruvate kinase isoform (PKM2) expressed specifically in embryonic tissues and cancer 

cells or lactate dehydrogenase A (LDHA), both of which catalyze the final steps in 

glycolysis, significantly attenuated the initiation and maintenance of murine CML and AML 

[20]. Moreover, increased glycolysis may confer increased drug resistance to leukemia cells, 

as has been found in patients [16], as well as in leukemia cell lines [17, 21]. As discussed 

above, glycolysis not only offers rapid ATP production but also gives cancer cells access to 

metabolic pathways that branch from glycolysis, such as the PPP that produces 

ribonucleotide and NADPH.

The PPP pathway branches from glycolysis after the production of glucose 6-phosphate and 

is composed of two phases; the oxidative and the nonoxidative phase (Figure 1). During the 
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oxidative phase, glucose 6-phosphate is oxidized to produce NADPH and ribose-5-

phosphate. In the nonoxidative phase, the pentose phosphates produced during the oxidative 

phase are recycled into glucose 6-phosphate. By providing cells with ribonucleotides for 

nucleic acid synthesis, and NADPH for lipid synthesis and redox homeostasis, PPP plays a 

critical role in cancer cell metabolism and often become activated in various cancers 

including solid tumors [8], AML [22], multiple myeloma [23], and lymphoid leukemias 

[24]. Inhibition of PPP in cancer cell lines reduces NADPH levels, lipid synthesis, and also 

reprograms metabolism by increasing oxidative phosphorylation [22] or glycolysis. 

Blocking the PPP also activated AMP-activated kinase (AMPK) to suppress proliferation, 

pointing to the importance of this metabolic pathway in cancer cell proliferation. Increased 

flux through the PPP enabled by increased glucose utilization thereby supports continuous 

cancer proliferation.

Recent evidence supports the idea that AMPK confers cancer cells with the ability to cope 

with metabolic stresses by regulating glucose metabolism. AMPK is a heterotrimeric kinase 

complex that becomes activated upon energy stress, as sensed as an increase in AMP levels 

in response to ATP depletion. Activation of AMPK, either pharmacologically or by 

metabolic stress, suppresses the growth and proliferation of cancer cells through multiple 

mechanisms, including activating p53, inhibiting the growth promoting mechanistic target of 

rapamycin complex 1(mTORC1) pathway (Figure 2), or causing transcriptional responses 

[25]. AMPK activation can also promote metabolic homeostasis by activating multiple 

catabolic processes such as glucose uptake [26, 27], glycolysis [28], fatty acid uptake and 

oxidation [29], and mitochondrial biogenesis [30, 31]. Of note, AMPK activation promotes 

redox homeostasis by promoting NADPH production [32]. Therefore, AMPK appears to 

have both tumor suppressive and promoting roles, in a contextual dependent manner (Figure 

3) [33–35]. In an Eμ-myc-induced lymphoma model, deletion of the α1 catalytic subunit of 

AMPK promoted lymphomagenesis but rendered the tumor cells sensitive to metabolic 

stress [36]. In mouse models of AML and CML, deletion of the two α-catalytic subunits of 

AMPK depleted leukemia-initiating cells and prolonged leukemia free survival [37]. AMPK 

deletion attenuated glucose uptake and metabolism through glycolysis and the PPP, resulting 

in the depletion of reducing agents NADPH and GSH. This increased oxidative stress and 

DNA damage accumulation in the leukemia-initiating cell population (Figure 3). 

Collectively, these results suggest that AMPK is a critical regulator of metabolic 

homeostasis in hematological malignancies, such that AMPK inhibition renders leukemia 

cells sensitive to metabolic stress.

Dietary restriction (DR) is a conserved mechanism that prolongs lifespan of multiple 

organisms, and reduces the incident of tumors in mammals [38–44]. One mechanism by 

which DR suppresses tumorigenesis appears to be through reducing insulin or insulin-like 

growth factor 1 (IGF1) levels, since tumors with activating mutations in the 

phosphoinositide 3-kinase (PI3K) pathway, which mediates the effects of insulin/IGF1 

stimuli, were insensitive to DR [41, 42]. Activating mutation in the PI3K pathway is 

common in T-ALL [45] and while these mutations are rare in AML, activation of this 

pathway is commonly observed in AML [46]. In a murine model of AML induced by the 

MLL-AF9 oncogene, DR caused metabolic stress upon AML as indicated by the activation 

of AMPK but did not prolong leukemia free survival of recipient mice [37]. However, this 

Jiang and Nakada Page 3

Int J Hematol. Author manuscript; available in PMC 2018 May 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



resistance to DR was not accompanied by activation of the PI3K/Akt pathway [37, 47]. 

Remarkably, either genetic deletion or pharmacological inhibition of AMPK synergized with 

DR to suppress AML progression. This was accompanied by synergistic increase in 

oxidative stress and DNA damage in LICs with these two treatments, possibly caused by 

reduced glucose concentration in the bone marrow by DR. Thus, AMPK inhibition 

combined with metabolic stress, either by dietary manipulation or pharmacologically, has 

profound anti-leukemic effects. These results indicate that DR-resistant cancers can be 

rendered sensitive to the metabolic stress caused by DR by inactivating AMPK.

3. Glutamine metabolism: leukemia’s umami taste bud

Glutamine is an abundant resource of carbon and nitrogen that many cancer cells become 

addicted to [48]. Glutamine is a versatile metabolite that can be used to produce amino 

acids, fuel the mitochondria via producing α-ketoglutarate, upon which cells can use to 

synthesize pyruvate, NADPH, acetyl-coA, or citrate. These intermediate metabolites can 

then contribute in building macromolecules to support rapid cancer cell growth. Multiple 

cancer cell lines, such as pancreatic cancer, glioblastoma multiforme, small cell lung cancer, 

breast cancer, and AML, exhibit dependence on glutamine supplementation, and glutamine 

deprivation leads to growth arrest or apoptosis [49–52]. L-asparaginase, which suppresses 

ALL by depleting circulating asparagine [53], has recently been shown to suppress AML by 

its know deamination activity towards glutamine [50]. AML cells deprived of glutamine, 

either through glutamine withdrawal, pharmacological depletion of glutamine by L-

asparaginase, or knockdown of glutamine transporter blocked glutamine uptake, suppressed 

mTORC1 pathway, and inhibited protein translation. Furthermore, blocking glutamine 

metabolism synergized with chemotherapy or BCL-2 inhibitors to suppress leukemia [50, 

54].

A key regulator of glutaminolysis is the transcription factor Myc, one of the most frequently 

mutated genes in human cancer [55]. Myc regulates the expression of factors regulating 

glutaminolysis, such as glutamine transporters [56] and glutaminase, an enzyme that 

converts glutamine to glutamate for further processing in the TCA cycle [57]. Myc is a 

direct transcriptional target of Notch1 and supports Notch1-induced T-ALL pathogenesis 

[58–61]. A recent study using a Notch1 induced T-ALL model demonstrated that inhibition 

of Notch1 by gamma secretase inhibitor treatment attenuated glutaminolysis, making them 

reliant on autophagy to support metabolism and survival [62]. Pharmacological or genetic 

blockade of glutaminase synergized with Notch1 inhibition, highlighting the importance of 

glutaminolysis in T-ALL. Interestingly, deletion of Pten, a negative regulator of the PI3K 

pathway frequently mutated in pediatric T-ALL [63, 64], conferred T-ALL resistance against 

Notch1 inhibition by upregulating glycolysis. Consistently, deletion of Pten from murine 

hematopoietic system causes T-ALL [65, 66] through activation of the Akt pathway, a 

critical regulator of glucose uptake and glycolysis [67, 68]. Similar to the inhibition of 

AMPK rendering myeloid leukemias sensitive to lowered glucose levels [37], inhibition of 

Notch1 renders T-ALL cells particularly sensitive upon perturbed glutaminolysis. 

Combinatorial therapies aimed to expose and target the metabolic vulnerability of cancer 

cells may have significant therapeutic potential.
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4. 1. Leukemia microenvironment and metabolism

The prevailing view in cancer biology was that oncogenic mutations confer cells with 

unlimited proliferative potential, making them independent from extracellular growth factors 

to survive and proliferate. However, it is now recognized that the non-tumor elements, such 

as the tumor infiltrating immune cells, the vasculature, and the stromal cells, participate in 

the process of tumorigenesis from the initiation, progression, and metastasis of tumors. 

Although much of what we know about the roles of tumor microenvironment comes from 

studies in solid tumors [69–71], recent evidence indicate that leukemias are no exception and 

are regulated by the microenvironment during leukemia initiation and progression [72–74].

The cellular components of the leukemia niche are still elusive. Recent studies on HSC niche 

are mostly consistent with the perivascular niche model, in which endothelial cells and the 

perivascular mesenchymal stromal cells retain and provide critical ligands to HSCs [75–80]. 

On the other hand, lymphoid progenitors reside in close proximity to the endosteum and are 

regulated by osteoblasts [78, 81, 82]. The niche of myeloid progenitors largely remains 

unknown. Since some LICs of lymphoid or myeloid leukemias share characteristics with 

their proposed normal progenitor counterparts (lymphoid and myeloid progenitors, 

respectively [83–85]), it is possible that these LICs also reside in the same 

microenvironment as these normal progenitors. On the other hand, it is also possible that 

LICs acquire a spacial preference similar to that of a more immature progenitor, such as that 

of HSCs. A recent study revealed that Notch1-driven murine T-ALL cells reside in close 

proximity with endothelial cells (where normal HSCs reside) and not in contact with 

osteoblasts (where normal lymphoid progenitors reside) [86]. A challenge for future 

investigation will be to dissect the contribution of the leukemia niche component on 

leukemia initiation versus maintenance, and also to determine to what extent full-blown 

leukemias remain niche dependent. As discussed below, leukemias may escape the 

constraints provided by the microenvironment and also may rearrange the microenvironment 

to gain growth and survival advantages.

Leukemia cells dysregulate signaling pathways to become independent of extracellular 

growth factors, but also become insensitive to signals produced by the microenvironment 

that limits their proliferation. Activating mutations in cytokine receptors such as KIT, FLT3, 

JAK2, IL7R are frequently found in leukemias [87]. Key signaling pathways such as the 

PI3K and Ras pathways function downstream of these receptors, and upregulate metabolism 

for growth and survival [88]. Leukemias with constitutively activating mutations in these 

receptors enjoy cell-autonomous activation of metabolism independent of the extracellular 

cues. Leukemias can also escape from differentiation-inducing signals from the 

microenvironment. JunB-deficient hematopoietic progenitors become insensitive to Notch 

and TGF-β signaling that limits myeloid differentiation, and go on to develop myeloid 

malignancies [89]. Consistently, deleting 3 out of 4 Notch receptors from hematopoietic 

cells expands myeloid progenitors and cause chronic myelomonocytic leukemia-like 

disorders [90]. Although mutations in the TGF-β pathway components are rare, many 

leukemias, such as those induced by AML-ETO or Evi-1, suppress the TGF-β pathway 

activation [91].
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Leukemia can also remodel the microenvironment to further promote leukemogenesis. 

Similar to solid tumors, AML can induce angiogenesis [92, 93] and this correlates with poor 

prognosis [94, 95]. Primary leukemia blasts or leukemia cell lines proliferate more rapidly 

and exhibit increased chemotherapy resistance when co-cultured with endothelial cells [96, 

97]. AML can also cause neuropathy in the bone marrow. The bone marrow is innervated by 

both myelinated and non-myelinated nerve fibers [98]. Non-myelinated schwann cells and 

the sympathetic nerves system regulate HSC mobilization and quiescence [80, 99–101]. 

Myeloid malignancies cause sympathetic neuropathy in the leukemic bone marrow and 

treatment with neuroprotective agents attenuates leukemia progression [72, 102]. 

Sympathetic neuropathy impairs differentiation of MSCs, decreasing stromal cells that 

support HSCs while expanding cells that promote leukemogenesis [72]. Taken together, 

leukemia induces sympathetic neuropathy in the bone marrow to create a leukemogenic 

environment while inhibiting HSC supportive environment. The ability of leukemias to 

change their responsiveness to extracellular factors that limit their expansion, and their 

ability to rearrange the microenvironment to promote expansion may pose a challenge in 

using therapies targeting extracellular signaling factors.

4.2. Metabolic effects of the leukemia microenvironment

To understand how metabolism is regulated in leukemia, we need to consider the variety of 

effects the leukemic microenvironment has on cells. Leukemia cell lines cultured in vitro are 

exposed to unphysiological levels of glucose, nutrients, and oxygen levels, all of which 

critically affects metabolism of cells [103]. Although the full elucidation of the metabolic 

milieu of leukemic microenvironment awaits further investigation, recent studies have 

revealed that leukemia microenvironment in the bone marrow is hypoxic, hypoglycemic, and 

that the cell-cell interaction of leukemia cells with stromal cells may affect cellular 

metabolism [20, 37, 104–109]. Thus, any perturbations to these cells, either genetic or 

pharmacologic, will likely have profoundly different effects when tested in culture or in 

vivo. Here, we will highlight some of the recent findings that are beginning to reveal 

metabolic interactions between leukemia cells and the microenvironment.

Hypoxia inducible factors appear to regulate adaptation of leukemia cells to different 

metabolic states. Studies using hypoxia indicator dyes or a nanoprobe to directly measure 

oxygen tension revealed that HSCs reside in hypoxic perisinusoidal regions [105, 106, 108]. 

These results were consistent with the findings demonstrating that HSCs have elevated levels 

of HIF-1α, which normally undergoes degradation by the proteasome when oxygen levels 

exceed 5% [105, 106]. Human AML specimen transplanted into immunocompromised mice 

preferentially homed to the endosteal region [110], which has been shown to be less hypoxic 

compared to the perisinusoidal HSC niche [108]. However, it is possible that expansion of 

AML cells convert the endosteal region hypoxic by disrupting the vasculature [111]. 

Homing to the endosteal region appears to confer chemoresistance and cell cycle quiescence 

to leukemia-initiating cells [112]. A hypoxia activated pro-drug called PR-104, which is 

reduced to a toxic agent under extremely low oxygen concentrations, was effective in 

suppressing leukemia cell proliferation in vitro and in vivo [111, 113] and is also under 

clinical trial with promising results [114]. Thus, leukemias appear to reside in hypoxic 

region at least at some point during their development. This may explain the mixed results 
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regarding the role of HIF in leukemia. Deletion of Hif-1α, Hif-2α, or both accelerates the 

development of AML, but are dispensable for the maintenance of established AML [115]. 

Consistently, deletion of Hif-1α accelerated AML in three different models [116]. On the 

other hand, knockdown of HIF-2α from human AML decreased engraftment ability [117]. 

Leukemias may rely on HIF to adapt to different metabolic conditions they experience upon 

stimulation by transforming oncogenes or upon migration.

Residing in a hypoxic region may maintain redox homeostasis in leukemia cells. 

Conventional chemotherapies induces oxidative stress, and tumors in hypoxic regions are 

protected from chemotherapy-induced oxidative stress [118]. LICs of human AML were 

enriched in cells with low ROS. These cells were also metabolically dormant, exhibiting low 

oxidative metabolism and low glycolytic rates [119], either allowing the LICs to reside in 

regions with low oxygen and nutrients, or reflecting their adaptation to such environment. 

Interestingly, although LICs maintained low oxidative stress, they depended upon 

mitochondrial OXPHOS to survive. The importance of intact mitochondrial function for 

leukemia is also supported by the finding that inhibition of mitochondrial translation either 

pharmacologically or genetically eradicates human AML [119]. A subset of AML 

overexpress a mitochondrial protease ClpP, the inhibition of which suppressed leukemia 

survival by inhibiting OXPHOS [120]. In addition to supporting OXPHOS, intact 

mitochondrial function may be essential for leukemia survival through fatty acid oxidation 

(FAO) [121, 122], a mechanism by which the mitochondria produces large amount of acetyl-

CoA and ATP [123]. Some leukemia cell populations, perhaps the more immature cells with 

leukemia-initiating capacity, may have more reliance upon mitochondrial metabolism than 

what has been anticipated.

Leukemia microenvironment can regulate redox homeostasis of leukemias by contributing 

substrates to generate antioxidants. Reduced glutathione is an important redox regulator and 

its synthesis is dependent upon the availability of cysteine, the unstable, reduced form of 

cystine [124]. Primary CLL cells have low GSH production and undergo ROS mediated cell 

death in vitro [125]. A recent study discovered that bone marrow stromal cells promoted 

GSH synthesis and alleviated oxidative stress of CLL cells in a co-culture system [126]. 

CLL cells had low capacity to uptake cystine for GSH production, and relied upon cysteine 

secreted from the stromal cells for GSH production. Pharmacological inhibition of cystine 

uptake, aimed to block stromal cells to produce and supply cysteine to CLL cells, reduced 

the disease burden in a CLL mouse model. Another amino acid provided by the leukemia 

microenvironment is glutamine. Adipocytes produce significant amount of glutamine, which 

allows ALL cells to resist the asparagine- and glutamine-lowering effects of L-asparaginase 

treatment [127], which may explain the association between obesity and poor outcomes in 

leukemia patients [128–130]. Targeting the leukemia microenvironment to disable the 

leukemia nurturing function therefore has important implications in cancer therapy.

Leukemia cells in different locations may encounter different levels of metabolic stress. 

AML is known to infiltrate various tissues, such as the spleen, liver, and the central nervous 

system [131], but whether distinct metabolic attributes are required to reside in different 

locations is unknown. We recently discovered that AMPK dependence distinguishes LICs 

residing in the bone marrow from those in the spleen [37]. Deletion of AMPK from MLL-

Jiang and Nakada Page 7

Int J Hematol. Author manuscript; available in PMC 2018 May 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



AF9-induced AML increased ROS in LICs residing in the bone marrow but not those in the 

spleen. Since culturing AMPK-deficient AML cells in low glucose condition is sufficient to 

increase ROS, and that the glucose concentrations in the bone marrow were lower than those 

in the blood or the spleens, the simplest interpretation is that AML cells depend upon 

AMPK to cope with the low glucose concentration in the bone marrow to efficiently 

suppress ROS. A similar change in oxidative stress in tumors residing in different locations 

has been demonstrated in primary melanomas and distant metastases [132, 133]. These 

results demonstrate the capacity of cancer cells to adapt to the different metabolic 

requirement at different locations, and underscore the importance of conceptualizing cancer 

metabolism within the context of the surrounding microenvironment.

5. Conclusion

Increased uptake and assimilation of glucose and glutamine allows leukemia cells to not 

only generate macromolecules essential for growth and proliferation, but also to maintain 

redox homeostasis. Key metabolic pathways such as the AMPK pathway enable leukemia 

cells to adapt to metabolically harsh environment such as those found in the bone marrow. 

These pathways could be therapeutically exploited to reveal metabolic vulnerability of 

leukemia cells. With a better understanding of the molecular and cellular identity of the 

leukemia microenvironment, additional metabolic targets that could be exploited to disable 

the metabolic symbiosis of the tumor and the microenvironment are likely to emerge. As has 

been the case for any therapies, future challenges will be to investigate the heterogeneous 

behavior of leukemia cells in response to metabolic stresses, such as that caused by 

mutations or metabolic heterogeneity contributed by the different microenvironment in 

which the cancer cells reside.
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Figure 1. 
Overview of the dysregulated metabolic pathways in leukemia. Leukemia cells exhibit 

upregulated glycolysis rates. Perturbing key enzymes such as PKM2 and LDHA suppressed 

leukemogenesis. Glutamine can fuel the TCA cycle through α-KG and through reductive 

carboxylation. This provides a mechanism to sustain cellular energy requirement and 

synthesis needs from TCA metabolites when glucose metabolism is limited or TCA cycle 

genes are deficient.
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Figure 2. 
A network of metabolic pathways that regulate leukemia. PI3K catalyzes the production of 

PIP3, which is negatively regulated by PTEN. PIP3 recruits Akt to the plasma membrane for 

activation, which leads to the activation of mTORC1. mTORC1 promotes protein translation 

via 4EBP1 and S6P. AMPK can inhibit mTORC1 through TSC or Raptor. Leukemogenic 

proteins such as Notch, Flt3 and BCR-ABL can converge on the PI3K/Akt pathway.
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Figure 3. 
Extrinsic regulation of leukemia metabolism. Cellular and non-cellular components of the 

leukemia microenvironment can regulate leukemia metabolism. Signaling from the stromal 

cells can affect leukemia and alter its metabolism. Non-cellular components such as 

oxygenation, glucose concentration and perfused nutrient availability also regulates 

leukemia metabolism. Differences in these components between the two hematopoietic 

tissues, bone marrow and spleen, offer a tool to study this differences. Upon dietary 

restriction and possibly other metabolic stress, the glucose concentration in the bone marrow 

microenvironment undergoes larger decrease compared to that in the spleen. As a 
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consequence, leukemia cells residing in the bone marrow depend upon AMPK more so that 

those in the spleen to maintain metabolic homeostasis.
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