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The importance of metabolism to cancer has increasingly been recognised and

this is particularly the case for leukaemia. This has opened the possibility of

targeting dysregulatedmetabolismwith the aim of increasing the effectiveness of

current therapies, some of which are anti-metabolites. One key challenge to be

addressed is avoiding negative side effects due to shared metabolic

dependencies between leukaemic and normal cells. This Mini Review will

discuss how our understanding of wide-ranging effects of metabolism is

continuing to evolve thanks to recent discoveries, as well as how metabolism

can both directly and indirectly affect leukaemia cell functions. This includes

introducing how metabolism is compartmentalised at levels ranging from

organelle to whole body as well as how the metabolome can modify other

‘Omes.’ This Mini Review also places a focus on the overlay inmetabolic demands

of normal haematopoietic and immune cells. Finally, how therapies targeting

metabolic processes have already delivered success, as well as the promise of

new therapies targeting metabolism that are currently being investigated in

clinical trials, will also be discussed.
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Introduction

The word metabolism derives from the Greek word metabole “a change”1. Metabolism

can be defined as the sum of life-sustaining chemical reactions in each cell of a living

organism2. These reactions are needed for meeting critical processes such as generating and

storing energy and synthesis of macromolecules such as DNA and proteins. Like other

biological processes, there are differences between the metabolic pathways which are active

in different cell types. The complexity of metabolism necessitates a certain level of
1 Online Etymology Dictionary

2 Britannica dictionary
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reductionism, such as using in vitro models including cell lines.

However, it is critical to consider metabolism at the level of the

whole body when aiming to translate in vitro findings. For instance,

while mitochondrial metabolism is critical to leukaemic cell

function and therapy relapse/escape, translating therapies

targeting this to the clinic has been difficult as normal cells and

tissues may also depend on the same pathway.
Multifaceted roles of cancer
metabolism: complexity and
multi-layers

In the context of cancer, the first and most well-known example

of dysregulated metabolism is a shift to glycolysis that was first

described by Otto Warburg in 1923 (1). During this process

tumours produce lactate (fermentation) from glucose even in the

presence of oxygen. This fermentation yields less energy than would

be obtained from the oxidisation of glucose in the mitochondria.

However, clinical targeting of this phenotype has not been

productive (2). The explosion in number of publications that

contain terms ‘cancer’ & ‘metabolism’ is quite recent, with a large

spike since the early 2000’s (Figure 1). While the link between

immunity and metabolism has been of interest as early as the late

1800s when physicians recognised that metabolic pathologies were

associated with infections, the functional requirement of

metabolism for immune function/dysfunction in the field of

‘immunometabolism’ research is more recent (3) (Figure 1).

Similarly, there also seems to be a recent increase in studies

where the words ‘cancer,’ ‘immune’ and ‘metabolism’ co-appear,

which is quite interesting given the importance of immunotherapy

in treating leukaemia.

While glycolysis produces less energy (ATP) than oxidative

phosphorylation/electron transport chain (OXPHOS/ETC)

(Figure 2), it has been reported that the higher rate of energy
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production when factoring in volume (glycolytic enzymes in cytosol

versus mitochondria) is required for maximal proliferation in cancer

(4). Interestingly, Bartman et al. showed that the Warburg shift is

present in primary solid tumours, but not in metastases or leukaemic

cells that have higher OXPHOS flux and ATP production (5).

New potential targets are being revealed by examining whether

cancer cells differentially uptake either metabolic inputs or

intermediates of biosynthesis pathways (2). These can be

exploited using restricted diet or enzymes to deplete cancer cells

of individual nutrients, as well as inhibitors that block their import

into the cell or their relative metabolism pathway inside the cell.

These vulnerabilities can be revealed by tracing the fate of nutrients.

Examples of these nutrients include glucose, amino acids and fatty

acids, some of which can be used for multiple purposes including

fuelling the tricarboxylic acid (TCA) cycle, as well as controlling

oxidative stress (Figure 2). In turn, the TCA cycle can be used to

supply intermediates for modification of the epigenome, such as

Acetyl CoA for acetylation and alpha-ketoglutarate for

demethylation (6). It is important to note that cofactors such as

NAD+, produced by metabolic enzymes such as lactate

dehydrogenase, are required by sirtuins for deacetylation (7). This

is just one example of energy production maintaining the necessary

redox balance for regulatory and biosynthetic enzymes.

Additionally, post-translational modifications using lactate

(lactylation), succinate (succinylation), nitric oxide (nitrosylation),

palmitate (palmitoylation) add to the potential for metabolic

intermediates to modulate control of other proteins’ activity

including metabolic proteins themselves (Figure 2). Adding to

this complexity is the concept of moonlighting, which is where a

metabolic enzyme can take a role beyond its main metabolic

activity. For example, Ma et al. recently reported that elevated

levels of glycolytic enzyme enolase 1 binds to choline kinase a to

prevent its ubiquitin-dependent degradation, thereby promoting

phosphatidylcholine production in multiple types of cancer

including glioblastoma (8).
FIGURE 1

PubMed was queried with the indicated search terms on the 17th of October 2023 and number of publications for indicated years is plotted.
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Finally, the role of compartmentalisation, both within the cell

and at the whole-body level, gives additional control of cellular and

whole-body metabolism, respectively. For instance, parts of

mitochondrial metabolic pathways such as the TCA cycle and one

carbon metabolism have corresponding cytoplasmic equivalents.

These include the malate-aspartate and glycerol shuttles that can

help maintain and balance cellular NAD+ levels. The lysosome is a

critical organelle in supporting oncogenic growth, especially in

nutrient limiting conditions (9). This organelle ensures the

turnover of macromolecules from processes such as autophagy,

serves as a reservoir for critical nutrients such as amino acids, lipids

and ions, and is the location at where the mechanistic target of

rapamycin complex 1 (mTORC1) is activated. Lysosomes have been

implicated in normal and abnormal processes. For example, Liang

et al. demonstrated that the maintenance of quiescence and

repopulation potential of hematopoietic stem cells (HSCs) is due

to elevated levels of large lysosomes. Conversely, targeting

lysosomal biology and autophagy in leukaemic stem cells has

shown promise in pre-clinical models of chronic myeloid

leukaemia (CML) (10, 11). Further insight into how metabolism

is organised has been gained with the discovery of multi-protein

complexes such as purinosomes and mitochondrial respiratory

super complexes (12, 13). Xu et al. recently discovered a further

example of compartmentalisation where a phosphate-sensing

organelle regulates phosphate levels (14). Given the critical role of

phosphate in signalling (phospho-proteome) in haematopoiesis,

immunity, and leukaemia, it will be interesting so see if this

organelle is important in these contexts. At the highest level,

animal models are invaluable in studying metabol ic

communication between organs with respect to whole body

metabolism. For instance, Hui et al. showed that most of glucose
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enters the TCA cycle via circulating lactate (15). Given that

metabolic therapies are often systemic and can reach multiple

organs and tissues, the information of these studies is critical to

determine whether effects of these therapies on leukaemic cells are

direct or indirect. The latter could be useful when predicating non-

specific toxicities.
Metabolic demands of leukaemic cells
vs normal cells

Similar to hyper proliferation of leukaemic cells necessitating

upregulation of multiple metabolic pathways, maintaining

haematopoiesis and a functional immune system imposes high

metabolic demands, some of which are context dependent (16).

For example, there is increased normal haematopoiesis after

myeloablative therapies or bone marrow transplants. Similarly, to

resolve infection, rapid expansion of cells of the adaptive immune

system or elevated antibody production is required. Here the

metabolic requirements needed to facilitate proliferation and

protein synthesis can overlap with leukaemic metabolism,

including leukaemic stem cells that can drive therapy relapse. For

example, while we have shown that mitochondrial pyruvate

metabolism can be therapeutically targeted in CML stem cells

(17), Ramstead et al. showed that pyruvate metabolism is

required for T-cell homeostasis (18). The nexus of leukaemic and

immune metabolism is critical when considering anti-cancer

immune therapies that are increasingly being employed against

leukaemia. While exploitation of arginine depletion is being tested

against several cancers, including acute myeloid leukaemia (AML),

Mussai et al. showed that arginine depletion impairs the
FIGURE 2

Schematic showing how inputs of metabolism not only fuel energy and redox metabolism, but how intermediates in these pathways can also
modulate the epigenome and post translational modifications (PTMs). PPP, pentose phosphate pathway; TCA, tricarboxylic acid; ATP, adenosine
triphosphate; Nad+, Nicotinamide adenine dinucleotide; ETC, electron transport chain.
frontiersin.org

https://doi.org/10.3389/frhem.2023.1353994
https://www.frontiersin.org/journals/hematology
https://www.frontiersin.org


Rattigan 10.3389/frhem.2023.1353994
effectiveness of Chimeric Antigen Receptor-T cell (CAR-T) therapy

against AML blasts (19). Interestingly, Mussai et al. had previously

shown that AML blasts secrete arginase that depleted arginine in a

way identical to arginine depletion therapy (20). This in turn

created an immunosuppressive microenvironment, highlighting

the importance of metabolic competition between normal and

leukaemic cells. While there may be overlap between metabolism

in normal and leukaemic cells, it is important to note that this can

be context dependent and there can still be therapeutic windows

to exploit.

Within leukaemic cells, while mutations in isocitrate

dehydrogenase 1 or 2 (IDH1 or 2) are a classic example of

aberrant metabolism causing disease (21), there are other

instances where dysregulated metabolism occurs downstream of

oncogenes such as Abelson murine leukaemia (ABL) and fms like

tyrosine kinase 3 (FLT3), the former being demonstrated to occur in

leukaemic stem cells (22, 23). These oncogenes, which are sufficient

to drive this metabolic reprogramming, can be targeted themselves

with highly specific tyrosine kinase inhibitors (24, 25). Given the

importance of oncoproteins to leukaemia initiation and

progression, this begs the question whether in these instances if

dysregulated metabolism is a driver of disease progression or

therapy relapse or simply an incidental passenger. Therefore, it is

important to not only evaluate the functional requirement of

aberrant metabolism in leukaemia, but also to assess if it persists

or is important in the presence of therapies targeting the

relevant oncogene.
Metabolism in the clinic: successes
in leukaemia

While targeting glycolysis or OXPHOS in cancer patients so far

has not been successful, inhibitors that target other metabolic

pathways are now commonly used to treat cancer patients.

Prominent amongst these are anti-metabolites, chemicals that

inhibit use of metabolites in normal metabolic pathways. This

includes analogues of metabolites in pyrimidine, purine and folate

metabolic pathways, which are needed for DNA synthesis and are

widely used in treating leukaemia. It is worth noting that rapidly

proliferating normal cells, including immune cells, are affected,

hence low blood cell counts is a common side effect of treatment. As

mentioned above, use of therapeutic enzymes to deplete amino

acids is already being used (i.e., asparaginase) in the clinic or tested

in clinical trials (arginase or arginine deiminase against leukaemia

(2). These types of therapies are widely used against metabolic

deficiencies or other non-cancer diseases with over 30 interventions

approved by the European Medicines Agency (EMA) (26). Finally,

IDH 1 and/or 2 mutant inhibitors ivosidenib (orphan status) and

vorasidenib, are currently approved by both the US Food and Drug

Administration and EMA as therapeutic options for IDH-

mutated AML.
Frontiers in Hematology 04
Future directions

The importance of metabolism for malignancies is now well

accepted with dysregulating cancer listed as a key hallmark (27).

While the anti-metabolite class of inhibitors is widely used in the

clinic, their adverse effects on normal cells, including

haematopoietic and immune cells leaves much to be desired. A

fuller understanding of metabolism itself from the subcellular to

whole body level is required to identify more selective targets for

therapies, predict side effects as well as identifying new targets. One

area of interest will be systematically identifying the substrates

(proteins) for the lesser studied post-translational modifications

and if any of these are relevant to leukaemia or solid tumours.

Similarly, given the recent discovery of organelles such as

purinosomes and phosphate-sensing organelles, it will be worth

investigating if these impact existing therapies that target nucleotide

and phosphorylation/dephosphorylation pathways, respectively. In

the case where existing therapies have some efficacy, it will be

important to ensure that metabolism that is dysregulated in patients

upon diagnosis is relevant upon relapse. It would be interesting in

the cases where frontline therapies are ineffective if metabolic

pathway inhibition might reveal new vulnerabilities.
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